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Fiber metal laminate (FML) is a kind of lightweight material with excellent mechanical properties combining advantages of
metal laminates and fiber reinforced composites. It has been widely used in the aerospace and transportation fields and is
especially used as structural material such as aircraft skins, wings, and tails. However, under complex service conditions,
interlaminar failure in FMLs greatly reduced mechanical properties of the material, even leading to serious economic and safety
disasters. +e failure and destruction of important structural parts of aircraft and other manned transportation vehicles are
extremely unsafe for people. +erefore, it is of great significance to summarize the interlaminar failure behavior of FMLs and
find ways to avoid these defects. +is review paper is a collection of various researches done by many groups, which sys-
tematically discuss the interlaminar failure behaviors and their control methods of FMLs. +e application status of several
common FMLs in aircraft structures was given. +e common interlaminar failure modes of FMLs and the testing and
evaluation methods of interlaminar properties were stated. +e failure mechanisms and the corresponding control methods
were analyzed. Finally, the future developments of FMLs were also discussed by the authors. +rough this review article,
readers can obtain new research progress about the control method, the mechanism and future development on the failure
behavior of FMLs in a more efficient way.

1. Introduction

In recent years, many countries including the United States,
Japan, Germany, and China have promulgated related
policies on energy conservation and emission reduction. As
“energy conservation and emission reduction” [1–3] has
become a popular topic, lightweight materials have been
widely applied to many important fields such as aerospace,
automobile transportation, architecture, and pipeline
transportation [4, 5]. Lightweight aircraft and automotive
structures can not only greatly reduce fuel consumption and
environmental pollution but also effectively improve the
service life of key components [6, 7]. Among them, FML,
which was made of metal plates and fiber composite ma-
terials through hot pressing and curing, has attracted the

attention of researchers for its excellent mechanical prop-
erties and weight reduction effect [4, 8–15], as shown in
Figure 1.

In the 1980s, aramid fiber reinforced aluminum alloy
laminates (ARALL) [16, 17] were first implemented as wing
skin of Fokker Aircraft’s F-27. Subsequently, Douglas
Company of the United States began to use the ARALL
laminate to manufacture the cargo door of C-17 large
military transport helicopter, and the weight was reduced by
26%. +e anticorrosion performance, impact resistance, and
fatigue resistance of the laminate were stable during the
service time [18, 19]. However, due to the poor interlaminar
shear strength of the ARALL, it can only be applied to the flat
structure or the single curved surface with small curvature of
the aircraft [18]. In the 1990s, glass reinforced aluminum
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laminates (GLARE) started to be used in some big aircrafts
because of the excellent properties [20–25]. For the first
time, the bulkhead on the rear of the A340 passenger aircraft
was made of GLARE laminates and three radial crack
locking devices were also made of GLARE laminates [26].
+en, the A380 aircraft also used a large number of GLARE
laminates throughout the upper fuselage skin, fairing,
trailing edge, upper fuselage wall, and upper wall [26–29]. At
the same time, American Boeing Aircraft Corporation used
GLARE laminates to make cabin floors for Boeing 757 and
Boeing 777 [30].+e application of titanium/graphite hybrid
laminates (TIGR) in aircraft also began in the 1990s [31]. To
solve the problems of high temperature resistance and fa-
tigue resistance of supersonic aircraft component materials
[32–34], TIGR laminates were installed on the wing and
fuselage skins of the Boeing 787 [35–38] and the hatches of
the V-22 engine [39]. In recent years, some scholars have
replaced the 2024-T3 aluminum alloy used in traditional
GLARE laminates with a new aluminum-lithium alloy as a
metal substrate, and they have developed new glass fiber-
aluminum-lithium alloy superhybrid composite laminates
(NFMLs), which can increase the stiffness by 8%–12% and
significantly improve the fatigue property of the material
[40–42].

However, there are still many problems to be solved in
the forming and using process of FMLs. Under shear stress,
bending stress, impact stress, and axial stress, the strength
and stiffness of the FMLs will be significantly reduced and
cause interlaminar failure behavior such as debonding and
delamination, which will cause the overall failure of the
material and eventually cause serious damage. +erefore,
analyzing the failure mechanism and control methods of
FMLs can control the failure of materials to some extent.
However, in general, there are not enough articles sys-
tematically introducing the failure behavior, evaluation
method of interlaminar property, and failure mechanism
and control methods of FMLs.+erefore, it is very necessary
to summarize the mentioned subjects of FMLs
systematically.

In this review article, the application status of several
common FMLs in aircraft structures was given. +e com-
mon interlaminar failure modes of FMLs and the testing and
evaluation methods of interlaminar properties were stated.
+e failure mechanisms and the corresponding control
methods were analyzed. Finally, the future developments of
FMLs were also discussed by the authors.

2. Main Failure Mode and Control
Method of FMLs

+e failure of FMLs is mainly caused by the accumulation
of damage. +e failure modes mainly include fiber-resin
matrix debonding, fiber fracture, resin matrix crack
propagation, metal layer/fiber layer interlaminar delami-
nation, and metal fracture failure [43]. When materials are
used in aircraft or automobile structures, they are often
subjected to complex stress conditions such as axial stress,
bending stress, shear stress, and impact stress. For example,
when extrusion occurs between parts or temperature
changes greatly, FMLs are often subjected to tensile stress
or compressive stress. When an airplane or a car is strongly
impacted, the structure often needs to bear huge shear
stress and bending stress. When the aircraft encounters
bird strikes or drop of tools, the aircraft structure needs to
bear great high-speed impact stress [44, 45]. Several
common stresses are shown in Figure 2. Depending on the
applied stress, the main failure modes of the FML have a
more complex form of expression. +e common failure
modes of FMLs and their control methods are summarized
below.

2.1. Failure and Control Method under Shear Stress. +e
interlaminar shear strength refers to the bonding strength
between fibers and the matrix resin in FML [46]. +e in-
terlaminar shear strength of composites is closely related to
the interlaminar bonding quality of materials [47, 48]. When
the shear stress is greater than the maximum interlaminar
shear stress, the composite material will be damaged or fail
[49, 50].

+e interface of the FML is extremely sensitive to the
shear stress, and one of the most typical failure mechanisms
of laminar composites is debonding delamination. Liu [51]
studied the interlaminar shear failure behavior of GLARE
laminates and found that the effective interlaminar shear
failure was the debonding delamination failure near the
neutral layer, which was manifested by shear misalignment,
end opening, or local shear debonding, as shown in Figure 3.
In the experiment, if the span-to-thickness ratio was below 8,
the pure shear failure occurred. If the span-to-thickness ratio
was greater than 10, the failure mode was bending failure
[26, 51, 52].

+e interlaminar shear strength of the FML can be ef-
fectively improved by surface treatment of the metal and
adjustment of different layer design. Ti/CF/PMR polyimide
superhybrid laminate is a high-temperature-resistant FML
that uses CF/PMR polyimide as a prepreg. A study of Ti/CF/
PMR polyimide superhybrid laminates by Hu found that the
treated laminates had higher interlaminar shear strength
[53]. Since the fiber/resin interface and the metal/resin in-
terface were closely related, the interface between the surface
treated metal and the resin had excellent adhesion. He et al.
[54] found that the samples after anodizing, annealing, and
primer treatment were superior to the original samples in
terms of shear strength and specific elongation. Goushegir
et al. [55] tested on aluminum-based laminates after
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Figure 1: Composition of FML.
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different surface treatments, such as mechanical grinding,
sand blasting, acid pickling, conversion coating, and elec-
trochemical pretreatment.+e results showed that all surface
pretreatments increased the interlaminar shear strength of
FMLs, and phosphoric acid anodizing-primer specimens
demonstrated the highest increase in shear strength.

+e interlaminar shear test of laminates with different
ply angles showed that the interlaminar shear strength of
FMLs with unidirectional ply angle was the highest. It was
confirmed by Hu’s test that Ti/CF/PMR polyimide super-
hybrid laminate with unidirectional ply angle had the
highest interlaminar shear strength, and the ±45° laminate
had a lower interlaminar shear strength [56].

2.2. Failure and Control Method under Bending Stress.
+e bending property can reflect the bending failure be-
havior and damage mechanism of the laminate under stress.
Under the bending stress, the laminate is subjected to both
normal stress and shear stress. +erefore, the failure mode is
more complicated, and the changes in structure and layer
design will affect the failure behavior of the material [48, 57].

Under the bending stress, the failure of the FML mainly
manifests as the failure of fiber layer and metal layer under
the normal stress, interlaminar shear failure, and the mixed
failure under normal stress and shear stress [58], as shown in
Figure 4. Yurgartis and Sternstein [59] discovered that the
shear stress and bending stress on the transverse section of
GLARE laminate worked together during bending defor-
mation, resulting in the simultaneous existence of normal
stress and shear stress.

+e interlaminar failure behavior of FMLs was con-
siderably affected by ply angle. +e longitudinal fibers in
FMLs increase the bending stiffness and strength [60]. +e
control of bending failure defects can be realized by using
unidirectional FMLs. Hu concluded from bending test
curves that the laminates would have different flexural
strength when different layers were used. According to the
metal volume fraction (MVF) theory [37], the flexural
strength of the Ti/CF/PMR polyimide superhybrid laminate
was lower than that of the unidirectional laminate due to the
introduction of the metal layer. Comparing the flexural
strength of Ti/CF/PMR polyimide superhybrid laminates
using different ply angles, it could be found that FMLs with
unidirectional ply angle have better flexural strength along
the fiber direction [61].

In addition, good interlaminar bonding strength can also
improve failure behavior under bending stress. Xu et al. [62]
found that there were two ways to improve the bonding
strength between the metal layer and the fiber layer. +e first
method was to make surface treatment on the metal before
preparation to remove dirt on the metal surface and loosen
the surface oxide film to increase surface roughness. +e
second method was to use adhesive [63–65] to improve the
bond strength between metal and prepreg. Hu et al. [66]
found that the bending property of the carbon fiber rein-
forced PMR polyimide FMLs was significantly improved
after the titanium surface was treated by anodic oxidation
method.

Khalili et al. [67] studied basalt FMLs and found that the
presence of steel layers had a good effect on improving the
bending strength and tensile strength of FMLs.

2.3. Failure and Control Method under Axial Stress. Axial
stress can be further divided into tensile stress and com-
pressive stress. Under the two different stresses, FML will
have different failure behaviors. Under the longitudinal
tensile stress, failure behaviors of the laminate were shown as
resin matrix cracking, fiber breakage, fiber/resin interfacial
debonding, and so forth [68, 69]. Sharma et al. [70] prepared
FML with metal layers placed at different locations along the
thickness and evaluated its tensile response through tensile
testing. +ey found that the failure modes of unidirectional
laminates include fiber breakage, metal breakage, and
necking. However, when it came to orthogonal laminate,
mixed failure including fiber layer delamination, fiber
breakage, and metal breakage may occur.
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Figure 2: Five common stress diagrams. (a) Tensile stress, (b) compressive stress, (c) bending stress, (d) shear stress, and (e) impact stress.

Figure 3: Failure of FMLs under pure shear stress [51].
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Under the compressive stress, the test found that FMLs
would buckle. First, the metal layer buckled in the same
direction. +en, under the shear stress, the resin deformed,
and the metal/fiber layer interface began to delaminate
[71, 72]. After buckling, local deformation would cause
matrix interlaminar and intraply failure forms such as
matrix failure, fiber failure, delamination, and debonding, as
shown in Figure 5.

Because the fibers have different properties in different
angles, this leads to the phenomenon of anisotropy. Due to
the anisotropy of fibers, FMLs also have different mechanical
properties in different directions [70, 74]. +erefore, the
tensile properties of the FML can be improved by means of
two-way reinforcement. In the study of the tensile properties
of the GLARE laminate, some scholars concluded that, due
to the strength difference between fiber and metal in the
transverse and longitudinal directions, the tensile property
would be reduced in both directions. +e decrease of tensile
property would aggravate the possibility of tensile failure.
However, when the glass fiber was used for bidirectional
reinforcement, the tensile property of the GLARE laminate
in both the transverse and longitudinal directions would
increase, and the degree of improvement was related to the
fiber content [75, 76].

With the increase of metal volume fraction, the elastic
modulus of the laminate increases and the tangent modulus
decreases. Meanwhile, the tensile strength of the material
decreases with the increase of metal volume fraction.
+erefore, it is also possible to effectively control the tensile
defects by changing the volume fraction of the metal [77].

+ermal cycling can also improve the tensile property
of FMLs. Khalili et al. studied the effect of thermal cycling
on the tensile property of FMLs. +ey found that the
tensile strength of the material could be improved whether
it was subjected to low- or high-temperature cycling [78].
+eir results revealed that more-layered FML was more
affected by the thermal cycles in comparison with less-
layered FML.

2.4. Failure and Control Method under Impact Stress.
Besides the properties of high strength and high stiffness,
FMLs still need to have good impact resistance. Impact
damage is an important form of damage failure in aircraft
and automotive structural parts [79]. It consists of low-
velocity impact and high-velocity impact.

Since most composite materials are brittle, they can only
absorb energy during the elastic deformation. +erefore,
under the condition of no plastic deformation, the low-ve-
locity impact damage is concealed, but it may cause the overall
failure of the structural members as the damage accumulates
[80]. Under the low-velocity impact stress, the failure modes
of FMLs include metal layer cracking, fiber layer fracture, and
interfacial debonding [81, 82]. +e interfacial debonding
under the impact stress generally includes debonding between
different fiber layers and debonding between the fiber layer
and the metal layer, as shown in Figure 6.

High-velocity impact can lead to complete failure of the
FML and even lead to penetration [83, 84]. Chen et al. found
that as the impact velocity increased, the damage area of the
GLARE laminate gradually increased. Under ballistic im-
pact, GLARE laminates mainly release absorbed impact
energy through plastic deformation, metal cracking,
debonding, and fiber breakage. +e way GLARE laminates
are damaged is related to the initial velocity of the bullet,
including metal cracking, brittle fracture of the fibers, and
damaged areas. At the same time, the failure mode of
GLARE laminates under impact stress is also significantly
affected by constraints. For example, the ballistic limit ve-
locity of the GLARE laminates impacted at the corner of the
plate was found to be much less than that impacted at the
middle location of the plate [85].

+e impact resistance property of the FML is related to the
thickness of the laminate, the fiber diameter, and the ply
angle. In a comprehensive study of the low-velocity impact
response of GLARE laminates, Morinière et al. concluded that
as the number of layers increased, the metal volume fraction
decreased gradually, and the specific absorption of the

(a) (b)

(c) (d)

Figure 4: Failure of FML under bending stress [58]. (a) Fiber layer failure; (b) metal layer failure; (c) interlaminar shear failure; (d) mixed
damage.
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laminates was gradually increased [87]. It indicates that the
fiber layer plays an important role in improving the specific
absorption energy of the laminate [56]. However, due to the
different structures of the laminate, the thickness cannot be
adjusted at will. +erefore, changing the ply angle is still the
first choice to control the impact failure defects [88, 89].

+e treatment of the metal surface also improves the
impact resistance of the material. Prashantha Kumar con-
cluded in the impact test on the magnesium alloy fiber
composite laminates that the impact resistance of the material
was effectively improved after the surface treatment of the
metal layer [90]. Mehr’s team [45] also found that the com-
bination of forest product laboratory etching (FPL) or sulfuric
acid anodizing (SAA) treatment after sand blasting had a
positive impact on the low-velocity impact behavior of FML.

Bahari-Sambran et al. [60] studied the effect of adding
surface-modified nanoclay on the mechanical behavior of
basalt fiber-epoxy resin/aluminum laminate composites.
+ey found that the addition of clay gave FMLs higher
impact strength. +is may be due to the improved inter-
laminar property.

3. Method for Evaluating Interlaminar
Properties of FMLs

According to the above analysis, interlaminar failure is the
most serious failure of FMLs. +e interlaminar properties of
FMLs are closely related to the bonding interface between
resin and fiber or resin and metal. +erefore, the accurate
evaluation and accurate test of the failure behaviors of FMLs
are of great importance, as can be seen in Table 1.

3.1. Short-Beam Method. +e short-beam method (SBS) is
simple to operate and it can save material. It can be used not
only as a primary means to evaluate the interlaminar shear
property of FMLs but also to evaluate interlaminar fracture

toughness and to test bending property by using three-point
bending SBS [48].

At present, a variety of methods have been developed to
evaluate the interlaminar shear property of composites
[49, 52, 91, 92], and the SBS is one of the most common
evaluation methods [93, 94]. +e main short-beam shear test
standard is ASTM-D2344, which is primarily for high
modulus fiber reinforced composites. Liu [51] used the
GLARE laminate to compare the superiority of the double-
beammethod with the SBS andmade the improved SBSmore
suitable for the evaluation of interlaminar shear property. As
shown in Figure 7, the three-point bending SBS was also used
to study the GLARE interlaminar failure behavior [95]. Reyes
and Cantwell also used three-point bending SBS in the test to
study the interlaminar shear property of FMLs [8].

+e SBS can also be used to evaluate the fracture
toughness between layers. Interlaminar fracture of FMLs
usually starts at the interface. When the stress in the thickness
direction exceeds its strength limit, delamination fracture will
be induced on the laminate interface. Since the crack prop-
agation of the delamination fracture depends on the inter-
laminar fracture toughness of the laminate, the researchers
have tested and evaluated the interlaminar fracture toughness
of various bimaterial interfaces. Under different stress, the
interlaminar fracture toughness can be measured by the
following three methods: three-point bending SBS, four-point
bending SBS, and double cantilever beam method (DCB).
When the above three evaluation methods are used, different
stresses need to be applied to different parts of the sample,
respectively. +e three-point or four-point bending SBS is
mainly to obtain the critical fracture toughness of the in-
terlaminar failure under the shear stress, as shown in Figure 8.

3.2.CantileverBeamMethod. +e cantilever beammethod is
often divided into single cantilever beam method (SCB) and
DCB, which is mainly used to evaluate the interlaminar

(a) (b) (c)

Figure 5: Destruction of fiber metal materials under axial compression stress [73]. (a) Skin buckling, (b) long buckling, and (c) overall
instability of the siding.
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fracture toughness of composite laminates. Interlaminar
fracture toughness is one of the important criteria for
evaluating the interlaminar adhesion property of FMLs.

+e SCB test is a simple and effective method for eval-
uating the fracture toughness of laminates [96–100], as shown
in Figure 9. Meanwhile, DCB is usually used to measure the
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Figure 6: Damage view of unidirectional composites subjected to impact stress [86].
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critical fracture toughness of interlaminar failure under
normal stress [38, 101, 102], as shown in Figure 10.

3.3. Fiber Bundle Composite Test Method. +e interlaminar
properties of the FML are closely related to the bonding strength
of the interface. +e interlaminar state of the FML not only
affects the fatigue properties of the laminate but also determines
the failure behavior. Xu [58] found that the higher the bonding
strength of the GLARE laminate interface, the lower the fatigue
crack growth rate and the better the fatigue performance of the
laminate. When the interlaminar bonding strength is high, the

delamination failure occurs inside the fiber layer, and the width
of the delamination area is small. When the interlaminar
bonding strength is low, the delamination failure form is mixed
failure including the failure at themetal/fiber layer interface and
the failure of the fiber layer, and the width of the delamination
area is large. It can be proven by the above evaluation analysis
that the interlaminar bonding strength has a huge influence on
the interlaminar properties of the composite material.

In recent years, researchers have begun to use fiber bundle
composite (FBC) tests to evaluate the interlaminar bonding
strength between fibers and matrix in fiber reinforced
composites, as shown in Figure 11. +e FBC test can simulate
the stress situation when the unidirectional laminate fails, and
it is convenient to test and the test results are more con-
centrated. +e FBC test is mainly divided into fiber bundle
tensile test, fiber bundle shear test, and fiber bundle pull-shear
coupling experiment. Among the fiber bundle tensile tests,
Ageorges et al. studied the bonding property between surface-
modified carbon fibers and epoxy resins [104]. Zham et al.
first proposed a model for testing the shear strength of fiber
bundles and substrates by tensile tests [105]. Qi et al. first
proposed a 45° oblique fiber bundle tensile test piece and
found that the fracture section was also at the interface be-
tween the fiber bundle and the matrix. +e tensile-shear
coupling effect can be achieved at the interface [92].

+e evaluation of interlaminar properties fundamentally
characterizes some properties of FMLs and provides guidance
for the analysis of interlaminar failure behavior of FMLs.

Table 1: Method for evaluating interlaminar property of FMLs.

Types of
methods

Common
applications Schematic diagram

Short-
beam
method
(SBS)

Evaluate
interlaminar

shear
property;
Evaluate

interlaminar
fracture

toughness;
Test bending
property.

Cantilever
beam
method

Evaluate the
interlaminar
fracture
toughness

Fiber
bundle
composite
test
method
(FBC)

Evaluate the
interlaminar
bond strength
(transverse
tensile

strength and
interlaminar

shear
strength)

Loading nose

Specimen

Supports

4mm 4mm

6mm4mm

Figure 7: Short-beam method shear experiment [51].
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4. Mechanism Analysis of Interlaminar Failure

From the mentioned research results, it can be seen that the
failure behavior of FMLs has greatly damaged the material
properties and even caused the material to be scrapped. +is
has seriously affected the service performance of FMLs as
various structural parts. +erefore, it is very important to
analyze and study the interlaminar failure mechanism of the

FMLs [46, 84, 107–111]. +e main damage failure mode of
composites is interlaminar failure, which refers to the
separation between the fibers and the adjacent metal layers.
+is phenomenon mostly occurs in the vicinity of the
openings, the thickness transition areas and free edges, and
also stress concentration areas [112–114].

4.1.Mechanisms of Interlaminar Shear Failure. According to
the SBS test principle, the interlaminar shear stress of the
composite laminate near the neutral layer is the largest.
When the shear stress on the laminate is greater than its
ultimate shear stress, local debonding may occur.
Debonding in the composite and metallic sections can
further expand to entire delamination. +e specific per-
formance of the failure is the end opening of the interme-
diate metal layer and the fiber layer, local shear debonding,
and shear misalignment.

+e end opening is one of the typical pure shear failure
modes. Liu [51] observed the microscopic appearance of
the open shear surface and found that the resin matrix
appeared to roll up and shrink. +is was the interlaminar
failure behavior caused by the interlaminar shear force.
Since the interlaminar shear stress played a leading role in
the condition that the composite layer and the metal layer
were laid in the same angle, the specimen had a pure shear
failure.

Local shear debonding often occurs in cross-ply
laminate and angle-ply laminate, and the fiber-matrix
debonding mechanism plays a key role in the failure be-
havior of nonunidirectional laminates. Under the shear
stress, debonding between the single fiber and the resin
matrix occurred in many places at first. +en, the number
of debonded fibers increased and the matrix between the
debonded fibers also began to crack. Finally, the shear
delamination failure occurred. +e initial failure of the
cross-ply laminate under the interlaminar shear stress also
originated from the debonding between the individual
fibers and the resin matrix. Subsequently, the debonding
surface between the fiber and the substrate was continu-
ously increased, and the matrix between the debonded
fibers also began to crack, eventually leading to inter-
laminar shear failure of the laminate, as shown in
Figure 12.
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4.2. Mechanisms of Interlaminar Bending Failure. When the
FML is subjected to bending stress, the shear stress and the
bending moment existing simultaneously on the transverse
section work together, resulting in the simultaneous exis-
tence of the shear stress and the normal stress.+e outside of
the laminate is subjected to tensile stress, and the inner side
is subjected to compressive stress. As the deflection in-
creases, the laminate continues to bend and deform. When
the bending deformation reaches the strain limit or the
normal stress reaches the stress limit, the fiber layer or the
metal layer may be broken, resulting in bending failure.

Different ply angles lead to different failure behaviors.
Tao Gang studied the curved section of the GLARE lam-
inate and the SEM images of the fiber/metal interface in
three different ply angles [95]. With the increase of bending
stress, the side of the unidirectional laminate near the stress
was subjected to compressive stress. +e metal layer began
to yield and shrink, while the fiber layer remained elasti-
cally deformed. As the bending stress continued to in-
crease, a large amount of fiber breakage occurred. When
the bearing limit was reached, interlaminar delamination
failure occurred in the metal/fiber layer. After studying the
bending property of GLARE laminates, Xu [58] concluded
that the difference between unidirectional laminates and
cross-ply laminates was that, with the increasing of bending

stress, the cross-ply laminates not only had damage in the 0°
layer but also included crack expansion in the 90° layer, as
shown in Figures 13 and 14. When the stress limit is
reached, interlaminar delamination failure will occur. If the
stress continues to increase, it will eventually lead to metal
breakage. Ye et al. [115] analyzed the fiber reinforced
composite material using multiscale modeling; it was found
that crack firstly appeared in the 90° layer. As the external
load continues to increase, the crack accumulated along
with the layer direction for − 45° layer, 45° layer, and 90°
layer.

Similarly, Hu [56] found a similar result when studying
Ti/CF/PMR polyimide superhybrid laminates. Under the
bending stress, the main failure modes of the specimen were
delamination failure and local buckling failure, as shown in
Figure 15.

4.3. Mechanisms of Delamination between Interfaces. In
addition to the above two forms of failure defects, debonding
is one of the most typical failure mechanisms for layered
composites. Debonding occurs mostly between the metal
and fiber layers [116]. As the damage degree intensifies and
the fiber deforms along its length, the fiber will gradually be
pulled out [117]. Interfacial debonding and fiber pull-out of

Cast matrix

Demould

Silicone rubber mould

Polished TFBT specimen

1

2

Stretched fib
er bundle

(a)

1

Polished FBIS specimen

Cast matrix

Demould

Silicone rubber mould 2

Stretched fib
er bundle

(b)

Figure 11: Preparation of TFBT and FBIS test pieces for fiber bundle test [106].

Fiber-matrix
debonding

30μm

(a)

30μm

Fiber-matrix
debonding
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Figure 12: Debonding failure mechanism of short-beam fiber matrix, observed by SEM (FEI Quanta 200) [51]. (a) Angle-ply laminate;
(b) cross-ply laminate.
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FMLs are issues of great concern, which interact with each
other and ultimately lead to material failure.

+ere are many factors affecting the debonding and
delamination of materials, including interlaminar shear

stress, different properties, stress type, stress increment, and
bonding strength of different material interfaces. FMLs with
insufficient rigidity and poor interlaminar shear strength are
easy to buckle and lose stability when subjected to shear

Continuous matrix

Fiber continuous

(a)

Matrix cracking

Monofilament break

(b)

Local fracture of fiber layer

(c)

Layered damage

(d)

Figure 14: Microstructure of each stage of cross-ply laminates bending test observed by SEM (FEI Quanta 200) [51]. (a) Elastic phase.
(b) Plastic phase. (c) Fiber failure segment. (d) Layer failure segment.

Fiber continuous

(a)

Monofilament break

(b)

Local fracture of fiber layer

(c)

Layered damage

(d)

Figure 13: Microstructure of laminates in each stage of unidirectional laminate bending test observed by SEM (FEI Quanta 200) [51].
(a) Elastic phase. (b) Plastic phase. (c) Fiber failure segment. (d) Layer failure segment.
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stress. +e extrusion-shear failure mode occurs under small
span, resulting in debonding and delamination at multiple
interfaces [51]. In the study of GLARE laminates, Liu [51]
found that when the GLARE laminate had a span ratio of 8,
an effective interlaminar shear failure mode occurred, which
was manifested in the local shear debonding of the metal
layer and the fiber layer, as shown in Figure 16.

Jingming et al. [118] obtained that if the FML was lat-
erally subjected to torsion, local debonding may occur,
which led to delamination experimentally. It was found that
the fiber layer could not effectively transfer the load to the
underlying aluminum alloy when subjected to axial com-
pression; it would result in cracks and eventually lead to
debonding and delamination.

For FMLs, interfacial debonding and fiber pull-out occur
simultaneously, as shown in Figure 17. +e failure process
starts with the occurrence of cracks in the metal matrix, and
then the cracks propagate until the debonding failure occurs.
From the beginning of the metal matrix cracking, the com-
positematerial can continue to bear part of the additional load
because the load has not yet reached the critical strength of the
fiber-metal interface. When the applied stress reaches the
critical value, the interface near the matrix crack will debond
with the increase of the crack size of the metal matrix. In the
process of continuous loading, the interlaminar crack is
continuously widened, the fiber deformation is intensified
along length direction, and the fiber will be gradually pulled
out. In essence, the process of interfacial debonding is always
accompanied by interface slip and crack growth [119].

Interlaminar delamination is a typical failure mode of
FMLs, which is caused by normal peeling stress and low
shear strength of the materials. +e interlaminar damage of
FMLs is often accompanied by delamination damage. Once
delamination damage occurs, the structural stiffness and
strength will be greatly reduced; in particular the com-
pressive strength will be significantly reduced [50]. Common
factors causing delamination of FMLs are shown in Table 2.

Among them, Ye et al. [121] studied the effect of tem-
perature and humidity on the strength of composite ma-
terials. A microscopic mechanical model was developed to
investigate the failure of composite structures subjected to
coupled thermomechanical condition, which provided mi-
croscopic stress distribution of the material under the
coupled thermomechanical loading for failure analysis. It
showed that a higher ambient temperature variation would
generally cause stiffness degradation for laminates. Com-
pared with the macromechanical method, they found that
microscopic mechanical model can reveal the physical
mechanisms of deformation for the composites [122].

Some scholars have also studied the ultimate stress at the
notch of FMLs and the form of interlaminar failure. To
observe the damage initiation at the notch corner in hybrid
FMLs, a 90% of effective stress of the failure strength was
applied on the notched samples. At this stress, the surface
aluminum layers and glass fibers remained intact, while
multiple cracks of boron fibers took place in the hybrid FMLs.
However, the X-ray radiography images of the delamination
zone in notched samples showed some differences. As shown
in Figure 18, dark zone represented the delamination region
between the composite and aluminum layers. In order to
validate the result of X-ray radiography, the aluminum layers
of fractured samples were chemically removed. Figure 19
presents images of the delamination profile of notched
samples after removal of the aluminum layers and revealed
the transverse direction of failure propagation. It was also
found that the notch sizes not only influenced the strength but
also affected the delamination sizes on the samples [123].

Researchers found that when the crack of the metal layer
of the FML expanded, there was no crack growth in the
prepreg layer [124]. +erefore, while the prepreg hinders the
growth of the tip crack by the bonding, part of the load that
the metal layer should be carried in the main crack region is
transferred to the prepreg layer.+e transferred load is called
the bridging stress. Bridging stress causes shear deformation
between the metal layer and the prepreg layer, resulting in
delamination. Due to the great difference between the
properties of the fiber layer and the metal layer, the inter-
laminar property is easy to be affected, resulting in de-
lamination damage between the layers and causing
structural damage and failure during the manufacturing and
using process [50].

5. Development Trend of FMLs

At present, FMLs have been extensively researched and
developed. However, in thematerial preparation process, the
failure behavior caused by factors such as processing
technology, forming methods, and surface treatment can be
avoided or reduced to some extent. +erefore, there are still
many optimizations that need to be discussed.

New constitutive models of FMLs under complex
conditions are in need to improve the reliability and effi-
ciency of the research. A new research presented a modeling
technique based on a biphasic decomposition of the com-
posite material into idealized fiber and matrix phases, which
can describe different types of matrix damage with a unique
constitutive law. +e objective of the approach is to model
the damage mechanisms in the matrix within the same

Delamination

(a)

Local bucking

(b)

Figure 15: Ti/CF/PMR polyimide superhybrid laminate bending failure mode [56]. (a) Delamination failure; (b) local buckling failure.
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element by using a single constitutive law [25]. A research
group [125] found that multiscale method, including the
microscopic scale [126], the laminar scale, and the structural
scale, could be used to capture internal cracks and reveal
damage evolutions of the material frommicroscopic damage
to macroscopic fracture. It was concluded that the multiscale
modeling strategy could be used to predict some mechanical
properties of composite structures in an effective way [127].

More accurate testing methods are in need to obtain the
mechanical properties of FMLs and predict the service be-
haviormore accurately. A new experimental investigation was
designed to determine the impact of thermal shocks on the
mechanism of composite destruction in the three-point SBS
test. +e damage characteristics were observed by SEM to
assess failure modes. It was found that both the failure mode
and interlaminar shear strength depended on the number of
thermal shock cycles. Under the influence of cyclic temper-
ature changes in the test samples, the observed reduction in
the strength of the layer subjected to thermal shocks is mainly
caused by significantly different values of thermal expansion
of the composite materials [46]. Due to the complicated
loading conditions of impact and fatigue failure, the current
research in this area mainly focuses on the dynamic response
research under low-velocity impact [12, 110, 128, 129], but
there are few detailed simulation models for analysis, and
there are few studies on the impact of high-velocity impact on
material properties [24, 85]. +is requires scholars to thor-
oughly study themechanical behavior of materials under two-

dimensional and three-dimensional stress conditions and
further improve the establishment of three-dimensional
damage models of composite materials.

+e service environment of the FMLs varies a lot in
many industries; researchers need to highly restore the
service conditions in order to obtain more accurate ex-
perimental results. For example, after exposure to ultraviolet
or humid air, the chemical composition of the surface of the
material may change, thereby greatly reducing the life of the
material [14, 130–132]. +erefore, it is suggested that the
influence of environmental factors on FMLs in future re-
search work should be studied.

It is urgent to improve the interlaminar bonding quality,
because the interlaminar properties of FMLs are related to
the bonding quality of the material interface. Many scholars
have begun to realize that the addition of some chemical
substances in a certain volume fraction, such as the addition
of multiwalled carbon nanotubes and clay, can effectively
improve the interlaminar properties, interlaminar fracture
toughness, and bending property of FMLs [60, 133, 134]. In
the further research, researchers need to find out the sub-
stances that can be added and their corresponding im-
provements in certain aspects of laminate properties.

+e advanced forming methods of FMLs also have a
significant impact on their interlaminar failure behavior. In
particular, there are certain problems in the formation of
curved parts. In order to overcome the failure behavior of fiber
layer and metal layer cracking, new forming methods have
appeared in recent years, including hot forming process,
creep-curing composite formingmethods, high speed forming
methods, and self-resistance heating forming methods [135].
A granted patent of China in this respect has been proposed by
the authors: an integrated preparation method of curing/
forming/heat treatment for curved surface parts of carbon
fiber aluminum alloy laminates (ZL201811101687.2) [136].
Using double-sided hot gas forming technology, the FMLs can
be deformed and cured simultaneously with high mechanical
properties and low springback. However, the research on the
above new methods is still not mature enough, and further
research and optimization are needed.

Selecting a matrix material with excellent property,
safety, and environmental protection is more conducive to

Bare fibers

200μm

(a)

200μm

Aluminum alloy sheet
surface

Epoxy matrix
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Figure 16: Micromorphology of interlaminar shear debonding surface, observed by SEM (FEI Quanta 200) [51]. (a) Composite material
layer shear surface; (b) aluminum alloy layer shear surface.
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Figure 17: Mechanism of interfacial debonding and matrix
cracking of fiber reinforced resin matrix composites [120].
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achieving energy conservation and environmental protec-
tion. +ermoplastic FMLs have higher toughness and good
impact resistance and are recyclable [23, 24, 137]. From the
current research, there are few studies on the tensile property
and fatigue property of the surface-treated thermoplastic
FMLs. +e related research on the influence of fiber content
and fiber braiding structure on the performance of ther-
moplastic FMLs is also obviously insufficient. It is believed

that comprehensive research on the mechanical properties
of thermoplastic FMLs will have higher value in the future.

+rough continuous exploration in recent years, it has
been discovered that FMLs have achieved unprecedented
development. As the FML can meet the characteristics of
high strength and light weight at the same time, it will be
widely used in the field of transportation in the future. At the
same time, some more accurate modeling methods and

Table 2: Common factors causing delamination damage of FMLs.

Origin Common types

Manufacturing process

Residual stress during manufacturing
Machining (such as drilling)
Hot and humid environment

Low-velocity impact
Out-of-plane load

Material and structural discontinuity in the design

Free edges
Openings

+e skin-web connection position
Structural corners

Sudden changes in layer thickness
Switching position of solid material/sandwich material

(a) (b)

Figure 18: X-ray images of the damage zone in samples with 1/8 in. Notch diameter of (a) type I hybrid FMLs and (b) type II hybrid FMLs
[123].
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comprehensive enhancement methods need to be integrated
and applied. It is believed that, after conducting a more
comprehensive study, the interlaminar failure behavior of
FMLs can be effectively controlled.

6. Conclusion

+is review paper is a collection of various researches done
by many groups. +e main conclusions are as follows:

(1) +e application status of several common fiber metal
laminates (FMLs) in aircraft structures was given. At
present, FMLs are mainly used as large aircraft
structural materials, including aircraft skins, wings
and tails, fairings, cabin floors, upper fuselage panels,
and upper wall girders.+e types of FMLs used in the
aerospace field are mainly aramid fiber reinforced
aluminum alloy laminates (ARALL) and glass
reinforced aluminum laminates (GLARE). TIGR

10mm

(a)

10mm

(b)

10mm

(c)

10mm

(d)

10mm

(e)

10mm

(f )

Figure 19: Images of delamination profiles after chemical removal of aluminum layers of type I hybrid FMLs with notch size of (a)D� 1/8 in.,
(b) D� 1/4 in., and (c) D� 1/2 in. and type II hybrid FMLs with notch size of (d) D� 1/8 in., (e) D� 1/4 in., and (f) D� 1/2 in. [123].
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laminates have also been widely used in large civil
aircraft in Europe.

(2) +e common interlaminar failure modes of FMLs
were stated. Under pure shear stress, the failure
behaviors that are likely to occur in the metal layer
and the fiber layer are shear misalignment, end
opening, or partial shear debonding, and so forth.
Under bending stress, interlaminar shear failure or
resin matrix crack failure and mixed failure may
occur. Under axial stress, the laminate will have a
variety of complex interlaminar and intraply failure
modes, such as resin matrix cracking, fiber break-
age, and fiber/resin interlaminar delamination and
peeling. Under impact stress, metal layer cracking,
fiber layer breakage, and interfacial debonding may
occur. Among them, the interfacial debonding
generally includes debonding between different fi-
ber layers and between the fiber layer and the metal
layer.

(3) +e testing and evaluation methods of interlaminar
properties were stated. +e short-beam method
(SBS) can be used to evaluate interlaminar shear
property and interlaminar fracture toughness, in-
cluding the three-point bending and four-point
bending SBS. +e SBS is simple to operate and saves
material. +e three-point bending SBS is also a good
method for testing bending property. +e cantilever
method can be used to evaluate the interlaminar
fracture toughness, including the single-cantilever
method and the double-cantilever method. Canti-
lever method is simple and versatile. +ere is also a
new method for evaluating the interlaminar bonding
strength between fibers and the matrix in fiber
composites—the fiber bundle composite test
method. +is method is also convenient to test and
the test results are more concentrated.

(4) +e failure mechanisms and the corresponding
control methods were analyzed. Due to the anisot-
ropy of the material (such as the difference in vertical
and horizontal strength), when the FML is loaded in
different directions, the property defects of the fiber
or metal layer cause the FML to fail. Due to the lack
of reinforcement in the thickness direction, the in-
terlaminar property of the FML is much lower than
its intraply property. +e material properties of the
fiber layer and themetal layer are quite different. Due
to the great difference between the properties of the
fiber layer and the metal layer, the interlaminar
property is easy to be affected, resulting in delami-
nation damage between the layers and causing
structural damage and failure when subjected to
external loads. In addition, the interlaminar failure of
FMLs may be caused during the manufacturing
process.

(5) In order to control the above defects, the metal
surface treatment (including mechanical polishing
and electrochemical corrosion) or the use of adhe-
sives can effectively improve the adhesion between

the layers. For different loading conditions, we can
choose the appropriate ply angle to effectively
control the failure behavior. It can also effectively
change the property of the laminate by adjusting the
volume fraction of the metal or fiber and then
control the interlaminar failure of the FMLs.
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[119] J. Bieniaś, P. Jakubczak, B. Surowska, and K. Dragan, “Low-
energy impact behaviour and damage characterization of
carbon fibre reinforced polymer and aluminium hybrid
laminates,” Archives of Civil and Mechanical Engineering,
vol. 15, no. 4, pp. 925–932, 2015.

[120] Q. Meng, “Meso-mechanical analysis of problems related to
composite tensile/impact failure,” Doctoral dissertation,
Harbin Engineering University, Harbin, China, 2015, in
Chinese.

[121] J. Ye, Y. Wang, Z. Li et al., “Failure analysis of fiber-rein-
forced composites subjected to coupled thermo-mechanical
loading,” Composite Structures, vol. 235, Article ID 111756,
2020.

[122] J. Ye, Y. Hong, H. Cai, Y. Wang, Z. Zhai, and B. Shi, “A new
three-dimensional parametric FVDAM for investigating the
effective elastic moduli of particle-reinforced composites
with interphase,” Mechanics of Advanced Materials and
Structures, vol. 26, no. 22, pp. 1870–1880, 2019.

[123] P.-C. Yeh, P.-Y. Chang, J.-M. Yang, P. H. Wu, and M. C. Liu,
“Blunt notch strength of hybrid boron/glass/aluminum fiber
metal laminates,” Materials Science and Engineering: A,
vol. 528, no. 4-5, pp. 2164–2173, 2011.

[124] D. J. Shim, R. C. Alderliesten, S. M. Spearing, and
D. A. Burianek, “Fatigue crack growth prediction in GLARE
hybrid laminates,” Composites Science and Technology,
vol. 63, no. 12, pp. 1759–1767, 2003.

[125] J. Ye, C. Chu, H. Cai et al., “A multi-scale model for studying
failure mechanisms of composite wind turbine blades,”
Composite Structures, vol. 212, pp. 220–229, 2019.

[126] J. Ye, Y. Wang, Y. Wang, B. Shi, Y. Li, and X. Qiao, “Mi-
croscopic modeling and effective properties evaluation of
glass/epoxy plain woven composites,” Materials Research
Express, vol. 5, no. 10, Article ID 105303, 2018.

[127] Q. Meng, B. Li, T. Li, and X.-Q. Feng, “Effects of nanofiber
orientations on the fracture toughness of cellulose nano-
paper,” Engineering Fracture Mechanics, vol. 194, pp. 350–
361, 2018.

[128] L. Yao, C. Wang, W. He, S. Lu, and D. Xie, “Influence of
impactor shape on low-velocity impact behavior of fiber
metal laminates combined numerical and experimental
approaches,” :in-Walled Structures, vol. 145, Article ID
106399, 2019.

[129] Z. Wang and J. Zhao, “Low velocity impact response of
GLARE laminates based on a new efficient implementation
of Puck’s criterion,”:in-Walled Structures, vol. 144, Article
ID 106321, 2019.

[130] Y. Hu, H. Li, X. Fu, X. Zhang, J. Tao, and J. Xu, “Hygro-
thermal characterization of polyimide-titanium-based fibre
metal laminate,” Polymer Composites, vol. 39, no. 8,
pp. 2819–2825, 2018.

[131] W. Zhao, Y. Huang, H. Song, and C. Huang, “Residual
strength and damage mechanisms of laminated carbon fiber
reinforced polymer under thermal environments and laser
irradiations,” Polymer Engineering & Science, vol. 58, no. 12,
pp. 2311–2319, 2018.

[132] F. Moleiro, E. Carrera, G. Li, M. Cinefra, and J. N. Reddy,
“Hygro-thermo-mechanical modelling of multilayered
plates: hybrid composite laminates, fibre metal laminates and
sandwich plates,” Composites Part B: Engineering, vol. 177,
Article ID 107388, 2019.

[133] A. A. Khurram, R. Hussain, H. Afzal, A. Akram, and
T. Subhanni, “Carbon nanotubes for enhanced interface of
fiber metal laminate,” International Journal of Adhesion and
Adhesives, vol. 86, pp. 29–34, 2018.

Advances in Polymer Technology 19



[134] K. Jin, H. Wang, J. Tao, and X. Zhang, “Interface
strengthening mechanisms of Ti/CFRP fiber metal laminate
after adding MWCNTs to resin matrix,” Composites Part B:
Engineering, vol. 171, pp. 254–263, 2019.

[135] J. Liu, J. Zhang, G. Yue, and Z. Ge, “Research on forming
technology for curved parts of fiber metal laminate,” Avia-
tion Manufacturing Technology, vol. 62, pp. 46–52, 2019, in
Chinese.

[136] Y. Chen, Z. Liu, H. Wang, Z. Hu, and L. Hua, Integrated
Preparation Method for Solidifying/Forming/Heat-Treating
Curved Parts of Carbon Fiber Metal Laminate, 2018.

[137] C. Zopp, A. Dittes, D. Nestler, I. Scharf, L. Kroll, and
T. Lampke, “Quasi-static and fatigue bending behavior of a
continuous fiber-reinforced thermoplastic/metal laminate,”
Composites Part B: Engineering, vol. 174, Article ID 107043,
2019.

20 Advances in Polymer Technology


