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Fiber metal laminates (FMLs) are a novel type of structural material that has been extensively applied in the aerospace field. These
laminates are sandwich-type composite materials that comprise alternate metal and fiber-reinforced resin layers. Because of the
structural characteristics of the material, it has high-impact resistance from the metal layer and increased fracture toughness and
excellent fatigue and damage tolerance properties from the fiber layer. To further develop and apply this new composite
material, it is essential to understand the research status on the stress analysis of each component in FMLs and the tensile
strength properties of FMLs. Therefore, in this study, the current research status on the residual stress and applied stress of the
component materials in FMLs and the tensile strength of the laminates is summarized. The relationship between the applied
stress of each layer and the remote stress of laminates and the relationship between the tensile properties of laminates and the
component material properties in laminates are clarified. Additionally, the theoretical basis and direction of development of the
related models are analyzed and studied. Consequently, all of the above are aimed at laying a foundation for further
investigations of the laminate theory and for the improvement of the theoretical research system.

1. Introduction

Fiber metal laminates (FMLs) constitute a joint scientific and
technological achievement of Delft University, Fokker Air-
craft Company, and the National Aerospace Laboratory of
the Netherlands [1]. They are sandwich-type composites that
comprise alternate metal and fiber-reinforced resin compos-
ite layers. They have high-impact resistance, increased frac-
ture toughness, excellent fatigue, and damage tolerance
properties and have attracted the attention of numerous
enterprises and research institutes worldwide [2].

Different material properties can be obtained by chang-
ing the thickness, quantity, and type of the metal layer, the
direction and system of fibers, and the thickness, quantity,
and layup order of the fiber layer. While these composites
perfectly combine the performance advantages of two differ-
ent materials, FMLs also improve and remedy the individual
deficiencies of the two materials. That is, they overcome the
shortcomings of low-fatigue strength of aluminum alloys

and the low ductility and impact strength, increased cost,
and poor processability of fiber layers [3]. Compared to
traditionally used aluminum alloy materials in aviation,
FMLs can reduce weight by 25%–30% and increase fatigue
life by a factor of 10–15 [4]. Their performance meets the
requirements of the new generation of aviation equipment,
although their manufacturing is complex and costly [5, 6].
Because of their light weight and high-damage tolerance,
FMLs are currently used in aerospace structures instead of
high-strength aluminum alloys [7], with examples including
the fuselage, leading edge, and other parts of the Airbus
A380 [8–10].

As shown in the schematic in Figure 1, the metal layers of
FMLs can be accompanied by the fibers that resist crack
growth [11, 12]. When cracks are generated and propagate
in the metal layer, the fiber layer has a bridging effect that
transfers a part of the load in the metal layer, and the stress
of the metal layer and the stress intensity factor of the crack
tip are reduced. It has also been reported that, in the process
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of fatigue, the stress in the metal layer plays a major role prior
to the occurrence of the bridging mechanism, with the metal
layer and bridging stresses working together upon the initia-
tion of the bridging mechanism [13–16]. Therefore, the stress
analysis of each layer in FMLs is critical when studying their
fatigue properties. In addition, the study on the static
strength properties of FMLs is based on stress analysis of
each layer. In other words, the stress analysis of each layer
in FMLs is a precondition and basis for studying their static
and fatigue strengths.

Fiber metal laminates have unique structures and damage
characteristics that yield the aforementioned advantages.
However, FMLs also exhibit a number of characteristics that
could, to a certain extent, restrict the application of laminates
in the aerospace industry. Currently, a feature of Glass Rein-
forced Aluminum Laminates (GLARE) is their low Young’s
modulus compared to monolithic aluminum [8]. Young’s
modulus of the glass fiber layer is lower than that of the
aluminum layer, and the combination of the aluminum and
glass fiber layers inevitably results in a lower Young’s modu-
lus than that of a single aluminum alloy. Each layer with
different material components has a different stiffness in
the laminates. During a fatigue stress cycle, the layer with
larger stiffness will generate more stress [12, 18]. The alumi-
num layer has a greater stiffness compared to the laminates,
which will result in a higher stress level than the applied
stress of the laminate. Another problem of FMLs is the
existence of residual stresses. The FMLs are cured at an
elevated temperature. After they cool down to room temper-
ature, residual stresses will be generated in all layers of the
cured laminate because of the differences in the thermal
expansion coefficients. The residual stress in the aluminum
layer of GLARE is tensile [12]. These two factors will result
in a considerable increase in metal layer stress in the lami-
nates under tensile loads. Therefore, it is essential to properly
determine the stress of the metal layer in FMLs.

As an important structural material in the aerospace
field, FMLs are primarily used as key fatigue parts. Although
their fatigue performance constitutes a focus of material

research studies, the static strength constitutes a basic
mechanical property of materials, and its investigation is
equally important. To further develop and apply these mate-
rials, it is necessary to evaluate the static strength properties
and to clarify the relationship between the tensile properties
of laminates and the properties of the component materials.

This study assesses the current status of knowledge on the
stress levels of each layer in FMLS and summarizes the tensile
laminate properties. The basic theory pertaining to estab-
lished models is reviewed to establish (a) the relationship
between the stress of each layer and the remote stress of
laminates and (b) the relationship between the tensile prop-
erties of laminates and the component material properties.
To promote further studies of the FMLs based on the analysis
of the existing models, the direction of the anticipated
theoretical development is clarified.

2. Stress Analysis

So far, according to the types of fibers and metals, fiber metal
laminates have mainly undergone four upgrades. They are
Aramid Reinforced Aluminum Laminates (ARALL), Glass
Reinforced Aluminum Laminates (GLARE), Carbon Rein-
forced Aluminum Laminate (CARE), and Titanium/Graphite
Hybrid Laminates (TIGR). Among the four generations of
fiber metal laminates, ARALL laminates and GLARE lami-
nates have been successfully commercialized. There are some
differences in structure between the two types of laminates.
For ARALL laminates, there is a certain thickness of adhesive
layer between the aramid fiber and aluminum alloy, but there
is no adhesive layer between the glass fiber and aluminum
alloy for the GLARE laminate, as shown in Figure 2. There
are also some differences in metal surface treatment methods
between the two kinds of laminates. For ARALL laminates,
the metal surface of the bonding surface is not treated, while
for GLARE laminates, the metal surface of the bonding surface
is treated by sandblast, phosphoric acid anodization, and other
methods, as shown in Figure 3.

2.1. Residual Stress Analysis. The preparation of fiber-
reinforced metal laminates requires the bonding of each
component material through curing. The curing of FMLs
requires increased temperatures. When it is cooled to room
temperature, residual stresses will be generated in each layer
of the cured laminates because of the different thermal
expansion coefficients of each material. Given that the metal
layer produces residual tensile stress, the actual stress
imparted to the metal layer will be further increased because
of the tensile load, as shown in Figure 4. Therefore, for FMLs,
the study of residual stress is critical. In addition, the residual
stress of the metal was usually measured by strain gauge test,
and the testing principle is shown in Figure 5.

2.1.1. Analytic Method for Solving Residual Stresses. Based on
the self-balancing principle of the residual stress of compos-
ites after curing, Oken and June [20] assumed that the
response of each component material in the laminate exhibits
elastic properties during the cooling process. Furthermore,
according to the different thermal expansion coefficients of
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Figure 1: Stress path of cracked FMLs [17]. D: delamination
boundary.
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each component in the laminates, a commonly accepted
formula for the calculation of residual stress of metal layers
in FMLs is proposed, as follows:

σr,AL = EAL 1 +
EALtAL
Efmtfm

� �−1
αfm − αALð Þ TT − TCð Þ½ �, ð1Þ

where Efm and tfm are the elastic modulus and thickness of
the fiber resin layer in the laminates, respectively; EAL and
tAL are the elastic modulus and thickness of the metal layer
in the laminates, respectively; TT and TC are the test and cur-
ing temperatures, respectively; and αALαfm are the expansion
coefficients of the metal and fiber resin layers, respectively.

Based on the classical laminate theory and the constitu-
tive relationship of materials, the expression for the curing
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Figure 2: Fiber distribution in ARALL (a) and GLARE (b) [19].
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Figure 3: Surface morphology of metal layer in ARALL (a) and surface morphology after sandblast in GLARE (b).
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residual stress �σc,p for each layer in FMLs was deduced by
Homan [12] based on the consideration of the effect of
thermal expansion coefficients of different materials on the
internal stress of laminates during the curing process. The
expression is as follows:

�σc,p = Sφ
� �

p
�εc − ΔT�αp
� �

, ð2Þ

where ðSφÞp is the stiffness matrix of each layer material at an

angle φ, �εc is the curing strain of the material, ΔT is the
temperature difference before and after curing, and �αp is
the thermal expansion coefficient of each layer.

Khan et al. [17] further extended this theory based on the
combination of the classical laminate and thermal expansion
theories and proposed a new method to calculate the residual
stress of each layer in the FML before and after the stress
redistribution. The stress and strain curves in poststretching
process are shown in Figure 6, and the expression for the
metal layer stress is as follows:
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ð4Þ
where N =Ni +Ni

T, Ni is defined as the external load
acting on laminates, Ni

T is defined as the force owing to ther-
mal expansion, Aij is defined as the extensional stiffness of
the laminate, αal is defined as the coefficient of thermal
expansion for Al, and ΔT is defined as the temperature differ-

ence before and after curing. Before stretching, ε1,pl and ε2,pl
are both equal to zero, and Ni = 0. After stretching, ε1,pl is
known, ε2,pl can be solved using the corresponding expres-
sions, and Ni = 0.

Hu et al. [21, 22] adjusted the residual stress of Aramid
Reinforced Aluminum Lamina (ARALL) 3/2 laminates using
prestress and prestrain methods. A prestress method using
springs was used to prestretch the glass fibers before laminate
curing, and strain gauges were used to detect the residual
stresses of the laminates at each stage during the formation
process. Finally, the relationship between the residual stress
σ1, prestress, and the curing temperature are analyzed, and
the relevant expression is as follows:

σ1
E1

= −
ε0

1 + E1t1/E2t2
+

1
1 + E1t1/E2t2

α1 − α2ð Þ T0 − Tð Þ,

ð5Þ

where t, E, and α are the thickness, elasticity modulus, and
coefficient of thermal expansion of the component materials,
respectively; ε0 is the strain of the fiber after it was
prestressed; T is the current temperature; T0 is the curing
temperature; and the indices 1 and 2 denote the aluminum
alloy and fiber layer, respectively. In addition, the prestrain
method is used to stretch the cured laminate to produce a
certain amount of plastic deformation (typically in the range
of 0.4%–0.7%). Accordingly, the relationship between the
residual stress σ1 and the applied prestrain is analyzed and
is found to be linear. The relevant expression is as follows:

σ1 =
D11 − B2

11/A11
t1 1:5t1 + t2ð Þ − B11/A11ð Þt1

× 1
ρ
, ð6Þ

where A11, B11, and D11 are the elastic constants of the lami-
nates, ρ is the curvature radius of laminates after corrosion,
and t1 and t2 are the thicknesses of the metal and fiber layers,
respectively.
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Figure 5: Schematic diagram of strain gauge test.
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An analytical model was proposed by Abouhamzeh et al.
[23] to predict the residual stress generated during the curing
of FMLs. The model was based on the classical laminate
theory and on an additional term that was dependent on
the curing shrinkage. Accordingly, this model (a) reflects
the change of stiffness and the chemical shrinkage of the
material during curing and (b) predicts the development of
residual stresses during curing for both the free and
constrained (molded) curing of the composite laminates.

In addition, Li et al. [24], Zhong et al. [25], amongst
others, also studied the residual stresses formed during the
curing of the FMLs and proposed a corresponding theoretical
calculation model. Relevant experiments were conducted to
test the residual stresses of FMLs, and the proposed model
was validated.

2.1.2. Other Methods Used to Solve Residual Stresses. In addi-
tion to the most commonly used analytical method, there are
also experimental and finite element methods that can be
used to determine the residual stress of each layer in FMLs.
The traditional test methods include the strain gauge
embedding method, laser Raman spectroscopy, X-ray, fiber
Bragg grating, and the corrosion delayering method. These
traditional experimental methods are not specifically
discussed in this study. Compared to the two methods
presented above, the development of the finite element model
is still in its infancy.

Using an incremental hole-drilling technique combined
with an integration method, Ghasemi and Mohammadi
[26] measured experimentally nonuniform residual stresses
in each ply of FMLs. At first, the calibration coefficient matrix
was calculated using finite element simulation to relate the
residual stresses and relieved strains. By performing the
incremental hole-drilling experiment, released strains in the
FML specimens were then measured. Subsequently, the
residual stresses were obtained using the calibration
coefficient matrix and the measured strains in each step of
the incremental hole-drilling experiment. Finally, the exper-
imental data from the incremental hole-drilling process were
evaluated by the theoretical predictions of the classical lami-
nate theory. The strain testing process in IHD experiment is
shown in Figure 7.

A quasi-three-dimensional (3D) finite element method
was used by Gu et al. [27] to calculate the interlaminar
residual stress of FMLs. The computation results for residual
stresses in ARALL laminates were generated in free or
prestressed states at various levels of service temperatures,
and the residual stresses in GLARE laminates in free states
were presented. The optical fiber grating technology was used
to monitor the strain and temperature of the whole curing
process by Hu et al. [28], as shown in Figure 8, and the resid-
ual stress of the composite laminate with an aluminum sheet
was simulated numerically using the ANSYS software. A
finite difference method was employed to consider the strong
coupling between the curing kinetics model and the thermal-
chemical model during the simulation process for transient
temperature fields. Chemical shrinkage was applied to com-
posite materials as an initial strain for each time increment
in the residual stress simulation.

The residual stresses of the composite laminates and the
aluminum plates were successfully simulated on the basis of
the referred technology. The residual stress of GLARE
laminates was obtained using X-ray, analytical (Oken and
June method), and corrosion delayering methods, which
were proposed by Guo and Zheng [29]. The results indicated
that the analytical and corrosion delayering methods were
more accurate, and the X-ray method exhibited a significant
difference and a large dispersion.

In the case of the FMLs, the analysis method for solving
the residual stress has been studied more extensively. The
study of residual stress in the free state is mature and has
attained a high-prediction accuracy. However, when the
residual stress is redistributed after stretching, the study of
residual stress does not take into account the influence of
plastic deformation of the component materials, and its pre-
diction accuracy is not very satisfactory. The test method of
residual stress has been developed more extensively, but the
prediction accuracy has certain differences, among which
the strain gauge embedding and the corrosion delayering
methods have higher precisions. The finite element method
of residual stress is still in its infancy and exhibits a certain
degree of accuracy only for the corresponding situation.
Therefore, related, in-depth research needs to be conducted.

2.2. Stress Analysis of Each Layer. The stress analysis of each
layer in FMLs is critical for the study of the static and fatigue
strengths of laminates. In the study of the static strength, the
stress analysis of each layer is the basic premise for determin-
ing the failure of the material of each layer. In a fatigue
strength study, the stress analysis of each layer is necessary
for the prediction of the crack initiation and propagation
lifetimes. Therefore, additional studies on the development
of stress in each layer in the FML are essential.

For composite laminates, a variety of properties can be
solved based on the classical laminate theory, i.e., the various
material properties of laminates will be solved by modifying
and extending the classical laminate theory [30–35]. This
study found that the current solution for the stress of each
layer of the FML is similar. The primary steps used to solve
the stress in each layer of the FMLs are based on laminate
theory and are as follows:

2.2.1. Constitutive Relationships of Laminates and Their
Components. Fiber metal laminates comprise parallel metal
and nonmetal components. The constitutive relationship of
all the components in the laminates is as follows:

σmet = Smet × εmet, εmet = Cmet × σmet, ð7Þ

where σmet is the stress tensor of the metal layer, εmet is the
strain tensor of the metal layer, Smet is the stiffness matrix
of the metal material, and Cmet is the compliance matrix of
the metal material.

Accordingly, the stress-strain constitutive relation of
laminates is as follows:

σlam = Slam × εlam, εlam = Clam × σlam, ð8Þ
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where σlam is the stress tensor, εlam is the strain tensor, Slam is
the stiffness matrix, and Clam is the compliance matrix of the
laminates.

2.2.2. Solving the Stiffness Matrix of Laminates. The stiffness
matrixQ and compliance matrix S of the laminates are as fol-
lows, respectively:

Q = 〠
n

k=1
�c½ �k

tk
tlam

� �
, ð9Þ

S =Q−1, ð10Þ

where tk is the thickness of the kth material layer and tlam is
the thickness of the laminates.

2.2.3. Calculation of the Stress of Each Layer. When the
laminate is subjected to an external stress σfar, the strain of
the laminate is as follows:

εlam = Clam × σfar: ð11Þ

According to the laminate theory, the strain of the lami-
nate is the same as that of the metal layer; therefore,

εlam = εmet: ð12Þ

Finally, the stress of the metal layer can be expressed as
follows:

σmet = Smet × Clam × σfar: ð13Þ

2.2.4. Research Trend of Stress Solving Methods for Each Layer
in FMLs. Currently, studies conducted on the stress solution
method of each layer in FMLs are based on two aspects:

(1) Correction of the constitutive relationship of the
component materials: the constitutive relationship is
corrected by considering the plasticity of the metal
material. For example, Nowal [36] described a num-
ber of untypical failure modes, which have been
observed during unloading in selected designs of
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multilayered structures. To clarify this behavior,
based on which the delamination and buckling of
the external aluminum layers occurs, when the exter-
nal force is released, the classical lamination theory
was applied to an elastic-plastic model of aluminum
layers for the analysis of the stress distribution, while
the total deformation theory proposed by Hencky
and Ilyushin was applied to capture the influence of
the plasticity of the metal on the mechanical perfor-
mance of the hybrid structure. The elastic-plastic
stress analysis and damage evolution of FMLs under
internal pressure and thermal residual stress were
studied by Zheng and Liu [37]. The elastic stress
analysis of the composite laminates was performed
based on the use of the classical laminate theory. In
addition, the elastoplastic stress analysis of the liner
layer was conducted by employing the power harden-
ing theory and the Hencky equation in accordance
with the plastic theory

(2) Correction of the stiffness matrix of the laminate
material: for example, based on the classical laminate
theory, Meng et al. [38] modified the calculation
method of elastic modulus of laminates by introduc-
ing the concept of effective stiffness of laminates; a
digital optical strain gauge was used to verify the
model, as shown in Figure 9; and a more accurate
prediction of the metal layer stress in the FML was
realized

Numerous studies have been conducted to solve the
stress of each layer in FMLs before stress redistribution.
Based on current and accumulated scientific knowledge,
the stress of each layer can be solved based on the classical
lamination theory in conjunction with the use of the
modified constitutive relationship of component materials.
However, current knowledge does not allow accurate
solution of the stress of each layer based on the classical
lamination theory in association with the modified stiffness
matrix of laminates. The current research status on the
quantification of stress of each layer in FMLs after stress
redistribution is still at an initial stage. The solution method
fails to take into account the degradation of the properties
of each component material.

3. Tensile Properties

The tensile properties of FMLs are affected by their individ-
ual components. For example, the stress-strain behavior of
FMLs clearly exhibits elastic responses within a 2.0% strain
and is dependent on the properties of the prepreg and
metal layers, as shown in Figure 10. In addition, its
toughness and notch sensitivity depend primarily on the
load-bearing capacity of the stress-strain response of the
plastic region of the metal layer [39]. Similar to the bulk
of fiber-reinforced composites, the properties of FMLs are
directional because of the influence of fiber orientation,
such as for ARALL and GLARE [40, 41]. It is noted that
for FMLs, the interface bond between the prepreg and the

metal layers plays a critical role in the transfer of stress
for different materials in the laminates [2].

Because of its special structure, FMLs are different not
only from isotropic metal materials but also from aniso-
tropic fiber-reinforced composites, which make the study
of their mechanical properties highly complex. The failure
process of FMLs is complex under tensile loading. There
are multifracture modes involved in the failure of GLARE
laminates, such as matrix cracks, fiber-matrix debonding,
fiber fractures, fiber/matrix interfacial shear failure, and
interdelamination of laminates. Under longitudinal tensile
loading, fiber pull-out and interface-matrix shear modes
are common failure modes of fiber layers in FMLs [42]. In
addition, the metal layer plays a role in preventing multiple
global longitudinal splits. In the presence of transverse
tensile loading, matrix failure and matrix-fiber interface
debonding/fiber splitting are the primary fracture modes
in the fiber-epoxy layer of FMLs. To better understand the
formation and developmental damage in FMLs, and the
effect of damage on residual strength, additional studies
are required. The investigation of the tensile strength of
FMLs involves analytical calculations, finite element analy-
ses, and experimental methods, alone or in combination
with each other. Currently, the analytical method has
matured, and this study primarily introduces the research
status of analytical methods.

To date, the techniques for the estimation of the tensile
strength of FMLs by using analytical methods have been
based on the metal volume fraction (MVF) and classical lam-
inate theories.

3.1. Tensile Strength Calculation Based on Metal Volume
Fraction Theory.MVF is a theory proposed by Vlot and Gun-
nink [2]. This theory can be used to predict the tensile mod-
ulus and strength of unidirectional FMLs. The MVF value, as
defined by Vlot and Gunnink, can be calculated based on the
following equation:
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Figure 9: Strain diagram of specimen [38].
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MVF =
∑n

i tal
tlam

, ð14Þ

where tlam is the thickness of the FML, tal is the thickness of a
single metal sheet, and n is the layer number of the metal
sheet. On the basis of this definition, Vlot and Gunnink [2]
also proposed prediction formulas for the tensile properties
of GLARE laminates:

Elam =MVF × Emet + 1 −MVFð Þ × EFRP, ð15Þ

σ0:2,lam = MVF + 1 −MVFð Þ × EFRP
Emet

� �
× σ0:2,met, ð16Þ

σt,lam =MVF × σt,met + 1 −MVFð Þ × σt,FRP, ð17Þ
where σt is the ultimate tensile strength, σ0:2 is the tensile
yield strength, E is the tensile modulus, and subscripts lam,
met, and FRP denote laminates, the metal layer, and fiber-
reinforced composites, respectively.

Based on the characteristics of orthogonal laminates, Ma
et al. [43] modified the MVF theory, which, as proposed
byVlot and Gunnink, is only applicable to unidirectional
FMLs, and further realized the prediction of the tensile prop-
erties of GLARE 3/2 laminates with 0/0° and GLARE 3/2
laminates with 0/90°. The corresponding expressions are as
follows:

Elam =MVF × Emet + α × 1 −MVFð Þ × EFRP, ð18Þ

σ0:2,lam = MVF + a × 1 −MVFð Þ × EFRP
Emet

� �
× σ0:2,met, ð19Þ

σt,lam =MVF × σt,met + a × 1 −MVFð Þ × σt,FRP, ð20Þ
where α is the volume fraction of fibers in the tension direc-
tion, σt is the ultimate tensile strength, σ0:2 is the tensile yield

strength, E is the tensile modulus, and subscripts lam, met,
and FRP denote laminates, the metal layer, and fiber-
reinforced composites, respectively.

According to the characteristics of orthogonal GLARE lam-
inates in combination with the mixing law of elastic moduli for
composite materials, Wang et al. [44] modified theMVF theory
based on the consideration of the effect of fibers on the perfor-
mance in two in-plane directions and accurately predicted the
elastic modulus, yield stress, and tensile strength of materials.
The derived expressions are as follows, respectively:

Elam =MVF × Emet + a × EFRP1 + b × EFRP2, ð21Þ

σt,lam = MVF + a ×
EFRP1
Emet

+ b ×
EFRP2
Emet

� �
× σt,met, ð22Þ

σ0:2,lam = MVF + a ×
EFRP1
Emet

+ b ×
EFRP2
Emet

� �
× σ0:2,met,

ð23Þ
where σ0:2 is the tensile yield strength, σt is the ultimate tensile
strength, E is the tensile modulus, and t is the thickness of the
material layer. In addition, subscripts lam and met represent
laminates and the metal layer, respectively, and FRP1 and
FRP2 represent the fiber layer in the directions of 0° and 90°,
respectively. The parameters MVF, a, and b can be calculated
as follows: MVF =∑3

1tmet/tlam, a =∑2
1tFRP1/tlam, and b =∑2

1
tFRP2/tlam.

The MVF method based on the mixing law can predict
the tensile properties of FMLs. However, because of the
elastic-plastic behavior of the metal layer, the elastic analysis
cannot accurately predict the tensile response of FML mate-
rials. Therefore, the inelastic deformation behavior of FMLs
must be considered after the alloy layer yields. To achieve a
more accurate prediction of the stress-strain response and
deformation behavior for FMLs, the analytical and finite
element models consider that the evaluations of the plastic
behavior after yielding and residual stress after curing are
essential research directions.

3.2. Tensile Strength Calculation Based on Classical Laminate
Theory. Taking into account the inadequacies of the MVF
theory, researchers used the classical laminate theory to solve
for tensile strength. The survey found that the primary steps
needed for the prediction of the tensile strength of FMLs
based on laminate theory are as follows:

(1) Analyze the stress of each layer in FMLs based on the
classical laminate theory. The current research status
was explained above

(2) Determine the damage state of the material using the
failure criterion of the material. To analyze the failure
situation of each layer in FMLs, four major strength
theories (maximum tension, maximum linear strain,
maximum principal shear stress, and maximum
distortion-energy theories) are used for the metal
layer, and the Tsai–Hill and Tsai–Wu theories are
used in the prepreg layers
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Figure 10: Tensile behavior of the laminates studied [39].
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(3) For each layer material that is judged to have failed,
the degradation mode of material properties is
analyzed based on the stiffness degradation criterion.
When the material is considered to be damaged in
the second step, the stiffness degradation of the mate-
rial can be divided into complete and incomplete
degradation. Currently, the incomplete degradation
criterion is primarily used

There are two research directions used for the modifica-
tion or expansion of the classical laminate theory to solve
the tensile properties of FMLs:

(1) Correction of the constitutive relationship of compo-
nent materials in the laminate

(2) Correction of the degenerate form of component
materials in the laminate

The related studies are now discussed. Tensile properties
of the Ti/APC-2 laminates with different fiber directions
were predicted by Cortés and Cantwell [45]. To predict the
tensile strength of laminates at different fiber directions, the
classical laminate theory was modified by considering the
effect of residual stress, and the failure criteria of Tsai–Hill,
Tsai–Wu, and maximum stress were used. However, the
model did not consider the effect of the metal plasticity stage.
The modified classic laminate theory is as follows:

σf gkx,y = σTH
� 	k

x,y + σM� 	k

x,y , ð24Þ

σTH
� 	k

x,y =Qk
x,y ε0

� 	
x,y + z κf gx,y − αf gkx,yΔT


 �
, ð25Þ

σM
� 	k

x,y =Qk
x,y ε0

� 	
x,y + z κf gx,y


 �
, ð26Þ

where fσgkx,y is the actual stress of the kth layer in the xy
-coordinate system of the laminate specimen, fσTHgkx,y is the
residual thermal stress of the kth layer in the xy-coordinate

system of the laminate specimen, fσMgkx,y is the mechanical
stresses of the kth layer in the xy-coordinate system of the
laminate specimen, Qk

x,y is the stiffness matrix of the kth layer
in the xy-coordinate system of the laminate specimen, fε0gx,y
are the midplane strains of the laminate specimen in the xy
-coordinate system, z is the distance from the midplane, and
fκgx,y is the curvature in the xy-specimen coordinate system.

The tensile stress-strain behavior of GLARE laminates
was studied by Iaccarino et al. [46]. To theoretically predict
the laminate response based on the anisotropic characteris-
tics of the metal layer, the classical lamination theory was
modified to account for the inelastic behavior of aluminum,
which was substituted by an “equivalent” material governed
by a simple constitutive law. The maximum strain and
Tsai–Hill criteria were used as the final failure conditions of
aluminum and fiberglass, respectively. The equivalent consti-
tutive relation of the metals can be expressed as follows:

veq =
1
2

1 −
Eeq

Eal
1 − 2valð Þ

� �
, ð27Þ

where Eal is the elastic modulus of aluminum; Eeq is the
equivalent modulus of aluminum, that is, the slope of the
OA segment in Figure 11; and val is Poisson’s ratio of
aluminum.

Chen and Sun [47] described the elastic-plastic stress-
strain relations in an ARALL laminate based on the use of
classical laminate theory with proper elastic-plastic models
for aluminum and modeled ARALL laminates as homoge-
neous orthotropic elastic-plastic solids based on the use of a
three-parameter, plastic potential function. Comparison with
experimental results indicated that the orthotropic plasticity
model was approximately accurate up to a total strain of
1.2%, and the modified classical laminate theory was found
to be capable of describing the stress-strain curves up to
failure.

The nonlinear tensile responses and fracture behaviors of
GLARE 4 and GLARE 5 laminates were studied by Wu and
Yang [42] using inplane loading. An analytical model was
proposed based on the modified classical lamination theory,
which incorporated the elastoplastic behavior of the
aluminum alloy to predict the stress-strain response and
deformation behavior of GLARE laminates. The constitutive
relationships of the laminate in the elastic and plastic states of
the metal layer are as follows, respectively:

dN = nAlhAl SAle

 �−1

+ nchcQc
� 

dε, ð28Þ

dN = nAlhAl SAle + SAlp

 �−1

+ nchcQc
� 

dε, ð29Þ

where dN represents the inplane force increments per unit
length; dε represents the midplane strain increments per unit
length; SAle represents the flexibility tensor of the aluminum
alloy layer under elastic conditions; SAlp represents the
flexibility tensor of the aluminum alloy layer under plastic
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Figure 11: Elastic-plastic stress-strain curves for metal materials.
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conditions; nAl and nc are the numbers of metal and prepreg
layers, respectively; hAl and hc are the thicknesses of the metal
and prepreg layers, respectively; and Qc is the stiffness matrix
of the prepreg layer.

The classical laminate theory (CLT) was applied by
Kawai et al. [48] to describe the off-axis inelastic behavior
of GLARE 2 laminate. An incomplete stiffness degradation
model was proposed, which took into account the transverse
failure in glass fiber-reinforced plastic layers to cause an
instantaneous degradation of transverse and shear elastic
moduli based on CLT. Accordingly, the characteristic defor-
mation behavior of GLARE 2 was accurately described. The
incomplete stiffness degradation model is as follows:

Ed
11 = E11, Ed

22 = 0, vd12 = 0,Gd
12 = 0, ð30Þ

where Ed
11 degenerates into a new E11, and the other param-

eters tend to zero.
Cortés and Cantwell [45] reported the tensile properties

of Ti/APC-2 laminates under different fiber directions and
proposed that the stiffness degradation of the prepreg layer
was related to the loading angle. When the loading angle
was less than 15°, the degenerated stiffness is as follows:

E1 = 0, Ed
22 = E22, v12 = 0, G12 = 0: ð31Þ
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Figure 12: The stress-strain curve of composite under tensile loading.
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Figure 13: Strain distributing nephogram of GLARE2-3/2 laminates under uniaxial tensile loading [49]: (a) axial; (b) transverse.
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When the loading angle is greater than 15°, the degener-
ated stiffness is equal to

Ed
11 = E11, E2 = 0, v12 = 0,G12 = 0: ð32Þ

A general method to describe the degradation of material
properties was presented by Tong et al. [49], which is simple
and suitable for theoretical model calculation. When the
material is in the fracture stage, as shown in the MN section
of the curve in Figure 12, the degradation process of material
properties can be described in the theoretical model as long
as the equation of the stress-strain curve is known. It is
suggested that formula (33) should be used for fitting when
the stress-strain curve of the material is close to the index
change and formula (34) should be used when it is close to
the linear change. In addition, the distributing nephogram
of the strain for the laminate before fracture was obtained
by experiment, as shown in Figure 13.

y = A1e −x/t1ð Þ + A2e −x/t2ð Þ + y0, ð33Þ

y = A1x + B: ð34Þ
A common analytical model that is independent of the

configuration of the laminate was developed by Rao and
Subba Rao [50] based on a hybrid degradation scheme. The
model was proposed using the constant degradation factors
based on the condition of the adjacent lamina. It is consid-
ered that the deterioration of the performance of each
damaged layer is related to the state of its adjacent lamina.
In other words, when two adjacent laminae are not damaged,
the performance of the damaged lamina will degenerate to
70%. When only one adjacent lamina is damaged, it will
degenerate to 50%; when both adjacent laminae are damaged,
the performance of the damaged lamina will degenerate to
approximately zero.

Currently, theoretical research on the tensile strength of
FMLs is primarily based on the classical laminate theory.
Because of the complexity of FMLs, there is no perfect
theoretical system to analyze and calculate the tensile
strength of FMLs. In addition, the effects of interlaminar
properties on the tensile strength of FMLs are critical and
cannot be ignored. Currently, the classical laminate theory
fails to consider the effect of interlaminar properties, and it
will be further studied by considering this effect.

4. Conclusions

In this study, the stress analysis and tensile strength of FMLs
were introduced. The developments of the theoretical and
experimental methods for the solution of residual stresses
of laminates were expounded. The analytical models for the
stress analysis of each layer in the laminates and their
corresponding defects were analyzed. The two types of
analytical models for tensile strength of laminates and their
corresponding defects were studied and discussed.

In summary, for the analyses of the basic mechanical
properties of FMLs, the residual stress and stress imposed
on each layer in a free state have matured developmentally.

However, previous studies on the corresponding perfor-
mance after the stress redistribution did not consider the
property degradation effects of the component materials.
Accordingly, additional studies on this aspect are needed.
In-depth studies have been conducted on the tensile proper-
ties of FMLs based on classical laminate theory; however,
only limited studies have been conducted on the interfacial
bonding strength of laminates. The interfacial bonding
strength plays a critical role in static strength performance.
Correspondingly, the influencing factors have not been
identified. In addition, the compressive properties and its
failure mechanism of FMLs have not been fully studied,
and the related research work considering residual stress on
the compressive properties needs further development.
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