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ABSTRACT
Fiber–metal laminates (FMLs) are advanced composite materials that consist of bonded thin metal sheets
and fiber-reinforced composite layers. In this article, mechanical behavior of a thermoplastic-based FML is
investigated, which is composed of glass-fiber-reinforced polypropylene (GFRP) laminate and aluminum
AA1200-O as the core and skin layers, respectively. Engineering constants of the composite laminate were
achieved using Timoshenko’s beam theory, flexural and tensile test results. Finite element simulations of the
GFRP-based FML were performed to predict the behavior of this material in three-point bending and deep
drawing tests. Some experimental verification tests were conducted to prove the reliability of results in the
FE analysis of the FML. Comparison of the results shows an excellent correlation between the FE analysis
and experimental tests.

1. Introduction

One of the most popular composite materials, known as
fiber–metal laminate (FML), is used in industries to develop
lightweight structures. These laminates gather the good proper-
ties of metals, such as ductility, impact, damage tolerances and
surface finish with the advantages of fiber composite materials,
such as high-specific strength, high-specific stiffness, good cor-
rosion and fatigue resistance. These excellent properties convert
them to a good substitute formetal structures, especially in auto-
motive and aerospace industries.

The first generation of the FMLs was based on the com-
posites with epoxy thermosetting polymer matrices, but their
brittleness and problems in manufacturing led to an increased
interest in development and utilization of the FMLs with
thermoplastic-based composites. Thermoplastic fiber–metal
laminates (TFMLs) offer an excellent combination of mechani-
cal properties as well as rapid and low-cost production of struc-
tural components [1, 2].

Mechanical properties of the TFML systems have been inves-
tigated in a number of previous studies. Carrillo and Cantwell
[3] conducted a series of tensile tests on a new type of TFML
and their results showed that the FML offers a higher strength
than that of the plain thermoplastic composite and the strain to
failure of the FML is much greater than that of the plain alu-
minum alloy. The effect of fiber orientation on the tensile prop-
erties of the FMLs was also studied by Moussavi-Torshizi et al.
[4] in which their results expressed that fibers with zero orienta-
tion in laminate improve modulus of elasticity, yield stress and
ultimate tensile stress, considerably. Khalili et al. [5] used stain-
less steel layers in theirGRP composites. The bending stiffness of
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their FML showed an increase of 16 times and the displacement
under the point of loading showed an increase of nearly 4 times
compared to the GRP composite. Research on drawing behav-
ior of metal–composite sandwich structures by Gresham et al.
[6] showed the effect of constituent material properties and the
process variables on the formability of FML systems. Lin et al. [7]
studied the carbon-reinforced aluminum laminates with supe-
rior fatigue crack growth resistance. They explained that the
fatigue crack growth rate of their FMLs was about two orders
of magnitude lower than that of aluminum alloy. Moreover, the
study of crack growth resistance revealed that the capacity of
slow stable tearing prior to rapid fracture in the FMLs was as
it can be seen in metals [8].

In the last few decades, the finite element method (FEM) has
become the prevalent technique successfully used for the design
and analysis of mechanical behavior of the composite materi-
als and the composite structures [9]. However, few numerical
researches have been done on the FMLs using the FEM. For
instance, spring back evaluation of the FMLs during forming
process [10], failure of the FMLs subjected to the low-velocity
impact loading [11], investigation of stamp forming [12], dam-
age evolution and prediction of the burst strength of the cylin-
drical FMLs used for storage vessel [13], and failure prediction
of the FMLs subjected to the shear test [14] have been the sub-
jects of the FEM studies of the FMLs.

Themain aimof the current study is to investigate the flexural
and drawing behaviors of the glass-fiber-reinforced polypropy-
lene (GFRP)-based FML using FE simulations and experimen-
tal verifications. The multi-layers and nonisotropic nature of
the FMLs makes the FE analysis difficult. At the first step of
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Figure . Schematic illustration of the GFRP-based FML lay-up.

the present study, a method is introduced for determination of
directional properties of the GFRP-based FML as an orthotropic
material. Then, the obtained directional properties of the FMLs
are used to investigate their mechanical (flexural and drawing)
behaviors, numerically. Finally, the consistency of numerical
and experimental results is studied.

2. Materials processing and characterization

2. 1. Laminate preparation

The materials used in the present study to manufacture the
GFRP-based FML, included aluminum 1200-O, polypropylene,
hot-melt polypropylene adhesive (PP-g-MAH) andwoven glass-
fibers [0/90]. The thermoplastic FML was manufactured based
on the GFRP laminate and aluminum AA1200-O as the com-
posite andmetal layers, respectively. The thickness of aluminum
was 0.5 mm and the composite laminate had a thickness of
1 mm. To manufacture the GFRP laminate, a hot plate press
was used; two polypropylene sheets were stacked and fibers
were placed between them. The composite core was sandwiched
between two layers of cleaned aluminum sheet by applying a
0.2 mm thick layer of a hot-melt polypropylene adhesive that
was placed at each bi-material interface, as shown in Figure 1.
The laminate was consolidated by heating to 200°C in the hot
plate press for 10 min.

2. 2. Materials characterization

2. 2. 1. Tensile properties
The flat tensile specimens were fabricated according to the
ASTM: E8M for aluminum and ASTM: D3039 for polypropy-
lene, fiber-reinforced polymer composite and FML. Tensile tests
were conducted using Zwick/Z250 testing machine as explained
in the ASTM Standards.

Average of at least three specimens has been reported for
each kind of specimen. The mechanical properties of the men-
tioned materials, including longitudinal elastic modulus, ulti-
mate tensile stress and final elongation are shown in Table 1.
Full annealed aluminum sheet showed isotropic behavior dur-
ing tensile tests. Furthermore, the GFRP was a woven compos-
ite material with the same density in two directions; therefore, it

was considered as an orthotropic laminate. Due to anisotropic
behavior of composite laminate, the longitudinal elastic modu-
lus is presented in Table 1 instead of elastic modulus of isotropic
material. The longitudinal elastic modulus is the slope of linear
elastic part of the stress-strain curve of amaterial in longitudinal
direction. Figure 2 shows the stress-strain curves of aluminum
1200-O and GFRP laminate, which are required for FE simula-
tions and polypropylene curve, which is needed to obtain other
mechanical properties of GFRP laminate. As shown in the fig-
ure, the linear elastic parts of these curves were estimated with
three linear polynomials and their slopes were reported as lon-
gitudinal elastic modulus in Table 1.

2. 2. 2. Shear modulus and Poisson’s ratio
An orthotropicmaterials such as FMLs show different responses
to stress and strain when tested in different directions. In this
study, the longitudinal and transverse moduli of elasticity, three
shear moduli and Poisson’s ratio are needed for bending and
drawing simulations of the FML.Asmentioned, the longitudinal
modulus of elasticity was found from tensile test and to evaluate
the shear modulus of material the three-point bending test was
used. This test method for a rectangular cross-section isotropic
beam based on well-known Timoshenko’s beam theory is given
by the following equation:

w = PL3

4Ebh3
+ PL

4KsGbh
, (1)

where w is the central deflection, P is the applied load, L is the
span, b is the width, h is the thickness, and E and G are the
elastic and shear moduli, respectively. The parameter ks is the
so-called shear correction factor or shear coefficient, for adjust-
ment the shear stress distribution that is not uniform through
the thickness of the beam. According to previous researches,
ks � 5/6 = 0.833 [15].

Since the GFRP beam is composed of an orthotropic mate-
rial, there is no coupling between shear and normal stresses.
Furthermore, the variation in the Poisson’s ratio between layers
would lead to a violation of the plane stress assumption. Never-
theless, this conditions using Eq. (1) is an extension of the con-
ditions originally used by Timoshenko, who limited his analysis
to plane stress beams composed of a single isotropic material
[16, 17]. If the longitudinal axis of the beam coincides with the
fiber direction, E equals E11 and G coincides with G13. Eq. (1)
is obtained with the assumption that the anticlastic curvature
in the 1–2 plane due to the Poisson’s effect is negligible, which
actually occurs when the beam width is small compared to L.
When this condition is not satisfied, the plate theory must be
addressed, resulting in the replacement of E11 with the quantity
E11/(1−ν12ν21), in the analytic solution [18].

In order to find E11 andG13, It is convenient to rewrite Eq. (1)
in the following form by dividing both sides of the equation

Table . Mechanical properties of the GFRP-based FML and their corresponding constituents.

GFRP-based FML Glass-fiber-reinforced polypropylene Aluminum -O Polypropylene

Ultimate tensile stress Sut (MPa)  .  
Longitudinal elastic modulus E (GPa)  . . .
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Figure . Engineering tensile stress-strain curves and estimated linear polynomials on the elastic parts of aluminum -O, GFRP laminate and polypropylene.

by PL3
4bh3

1
Ef

= 1
E11

+ 1
KsG13

(
h
L

)2

, (2)

where:

Ef = L3

48I

(
P
w

)
. (3)

In the Eqs. (2) and (3),Ef is the apparentmodulus of elasticity,
L is the span, I is the secondmoment of area and P/w is the slope
of load–deflection curve.

To determine the shear modulus and the true modulus of
elasticity, several three-point bending tests with different widths
and spans were performed on the GFRP samples. The widths of
samples were 12, 16, 16.5 and 17 mm and the following spans
were 29, 27, 20, and 49 mm. Plotting the quantity 1/Ef against
(h/L) 2 and linear regression of data would result in a first-degree
polynomial. The slope modified by the shape factor, and the
intercept with the y-axis would provide the shear modulus and
the truemodulus of elasticity, respectively, Figure 3. Putting ks =
0.833 in Eq. (2), the solid line in the figure gave E11 = 1.08 GPa
and G13 = 34 MPa.

Figure . Graphical solution for shear modulus and true modulus of elasticity.

The elastic constants for GFRP lamina used in FE simu-
lations are shown in Table 2. As mentioned, the GFRP is a
polypropylene-based composite with the woven glass fiber with
the same density in two directions, thus E11, G13 and ν12 will
be equal to E22, G23 and ν21, respectively. After determina-
tion of E11, E22, G13 and G23 to obtain Poisson’s ratio ν12, the
longitudinal modulus E11 is replaced by the quantity E11/(1 −
ν12ν21) in Eq. (2). The E11 in the numerator of the fraction
of E11/(1 − ν12ν21) is substituted by the longitudinal modu-
lus in Table 1 (E11 = 940 MPa) obtained from tensile test.
Solution of the relation 0.94/(1−ν12ν21) = 1.08 would result
ν12 = 0.36.

When the woven-glass-reinforced lamina with the same den-
sity in two directions is loaded in shear within the 1–2 plane,
all the layers are deformed in parallel, and the well-known rule-
of-mixtures holds:

G12 = Gglass
tglass
t

+ Gpp
2tpp
t

, (4)

where G12 is the same with the inplane shear modulus of
the unidirectional layer having a fiber volume fraction equal
to that of cloth-reinforced layer [19]. Gglass, Gpp are shear
modulus and tglass, tpp are thickness of fiber-glass-reinforced
and polypropylene respectively; and t is the total thickness
of lamina. As show in Figure 4, tglass = 0.5t, tpp = 0.25t. The
shear modulus along the 1–3 plane is easily derived from
micromechanics:

1
G13

= tglass
tGglass

+ 2tpp
tGpp

. (5)

In the Eq. (5), the value of Gpp is calculated with using ν =
0.3, from the Eq. (6) for isotropic materials:

Gpp = Epp
2 (1 + ν)

. (6)

If the experimentalG13 given by the bending tests andGpp =
115MPa is substituted in Eq. (5),Gglass = 20MPa and as a result
G12 = 83 MPa is derived from Eq (4).
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Table . Mechanical properties of the GFRP laminate used in finite element modeling.

Material E (MPa) E (MPa) G (MPa) G (MPa) G (MPa) υ

Glass-fiber-reinforced polypropylene      .

3. Finite element analysis

3. 1. FEmodel of bending

To investigate bending behavior of the GFRP-based FML
numerically; the commercial finite element software, ABAQUS,
was used. The dimensions of the FML and test set up
were considered according to the ASTM: D790. Dynamic
explicit method was used for bending simulation of the FML
sample.

Figure 5 shows the FE model in contrast with the real exper-
imental set up of the FML bending. From the figure, three
layers of the model are apparent. The upper and lower layers
were modeled as aluminum and the middle layer was modeled
as GFRP composite. Because of using full-annealed aluminum
sheet it was assumed that the aluminum had no anisotropy
and obeyed isotropic hardening rule during simulations. Fur-
thermore, the hardening behavior of aluminum was considered
using true stress-strain curve derived from engineering stress-
strain curve in Figure 2. The GFRP laminate was modeled as an
orthotropic composite material and proper anisotropy was con-
sidered. Directional properties of the GFRP laminate, includ-
ing longitudinal and transverse moduli of elasticity, three shear
moduli and Poisson’s ratio were obtained in Section 2.2. It can be
shown that the composite material does not leave elastic part of
its stress-strain curve during simulation. In this model, adhesive
layer was ignored because themechanical properties of hot-melt
polypropylene adhesive were very similar to the matrix of com-
posite layer. Moreover, when no slip occurred between the sheet
metal faces and the composite core, this assumption does not
make any considerable error [20].

It was assumed that the contact property between the sample,
nose and support surfaces obeyed the Coulomb’s law and the
experimentally obtained frictional coefficient of 0.1 was used.
As shown in Figure 5, the loading nose and supports had cylin-
drical surfaces in which the radii of supports and loading nose
were 5mm, and support spanwas 26mm. To reduce the compu-
tation time, the nose and the supports were assumed to be rigid
parts and they were meshed with 3-D bilinear rigid quadrilat-
eral elements. In thismodel, 100 elements along the longitudinal
and five elements in the thickness directions were intended. The
type of elements was SC8R with settings (quadrilateral inplane
continuum shell, reduced integrationwith hourglass control and
finite membrane strains). The boundary conditions of supports
were fully constrained and the nose was constrained except in
the vertical direction.

Figure . Finite elementmodel of the GFRP-based FML for three-point bending test
in contrast with real set up.

3. 2. FEmodel of deep drawing

A three-ply circular sandwich sheet composed of aluminum
AA1200-O as face sheets and the GFRP laminate as central
material was considered as blank sheet. The diameter and
thickness of blank sheet were 110 mm and 2 mm, respectively.
The dimensions of die parts are shown in Table 3. The required
mechanical properties and hardening rules used in the simula-
tion of deep drawing were similar to the bending simulation of
the FML. Due to the existence of wrinkling, the problem is not
axisymmetric and a 3-D model must be applied. Figure 6 shows
the FEM for the analysis of the deep drawing process in contrast
with the experimental set up (the FML is represented as the yel-
low part). Wrinkling is a type of local instability that occurs in
the deep drawing of a blank sheet. Themodel used for wrinkling
analysis of a circular sheet must provide for switching to the
buckling mode of the sheet. The first stage in the simulation was

Figure . Modeling of the GFRP lamina.
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Figure . Experimental and finite element set ups of the deep drawing test.

a linear eigenvalue buckling analysis to estimates the buckling
modes. Afterwards, the second stage involved introducing a
slight initial geometric imperfection in the sheet. A single mode
or a combination of modes was used to construct the imperfec-
tion. Eventually, the final stage of the analysis simulated the post-
buckling response of the sheet for a given imperfection [21]. In
this study, the bucklingmodes of the blank sheet were computed
by running a linear buckling analysis in ABAQUS/standard and
these modes were stored in the results file. Subsequently, the
imperfection option in ABAQUS/explicit was used to read the
buckling modes corresponding to the lowest eigenvalue, after
scaling; they were used to perturb the nodal coordinates of the
sheet.

Dynamic explicit analysis of deep drawing in this simulation
contained two time steps. First, blank-holder force (BHF) was
applied and after that, displacement of punchwas initialized and
was kept until the forming process was finished. To establish
the contact between the different parts, the surface to surface
contact was used. The friction coefficients between die parts
and blank have been obtained experimentally, and it is assumed
that the contact property between the blank and die parts
obeyed the coulomb’s law. The friction coefficients of 0.23, 0.2
and 0.18 were applied for contact between blank with punch,
blank-holder and die, respectively. To reduce the computation
time, the die, punch and blank-holder were assumed to be
rigid parts, and they were meshed with 3-D bilinear rigid

quadrilateral elements. The circular blank sheet was meshed by
explicit shell element SC8R with dividing it by 112 equal sectors
and 18 equal segments along radius of the disc.

4. Validation of finite element analysis

4.1. Experimental tests on the FML

4. 1. 1. Three-point bending test
As aforementioned, standard specimens for three-point bending
test of the FMLwere prepared according to theASTM:D790 and
the tests were performed using Zwick/Z250 testing machine.
The desired standard dimensions of specimens were 76 × 15
× 2 mm, radii of supports and loading nose were 5 mm, and
support span was 26 mm. The tests for several specimens were
conducted at an ambient temperature of 25°C.

4. 1. 2. Deep drawing test
Deep drawing tests of laminates were carried out using a 60-
tonne hydraulic press and a die set with blank-holder as shown
in Figure 6. To measure the force of forming process and the
displacement of punch, pressure transmitter and linear mag-
netic displacement sensor were installed on the press. The die
and cylindrical punch with 70mm and 64.5 mm diameters were
made of SPK steel. The blank-holder and other parts of the die
were made of MO40 and CK45 steel, respectively. The force of
blank-holder was provided using eight B/32/051 springs with
the same free length of 51 mm and K = 134 N/mm that were
installed around the blank-holder. Deep drawing tests of the
FMLs were performed at two different BHFs, i.e. 2.7 and 13 kN.
No lubricant was used during the experiments and several spec-
imens were tested for each BHF at an ambient temperature of
30°C.

4. 2. Results of the FE analysis

4. 2. 1. Three-point bending
Figure 7(a) shows the deformed shape of the GFRP-based FML
after the experiments. There was no visible fracture but delami-
nation occurred at the composite/aluminum interface. This phe-
nomenon shows that delamination is more critical than fracture
in failure of the FMLs. Moreover, it shows that there is less resis-
tance for adhesive against existent shear stress between layers
due to continuing pressure of the loading nose. Deformed shape
of the FML after simulation of three-point bending test is shown
in Figure 7(b).

Figure 8 compares experimental and numerical force–
displacement curves of the FML in the flexural test. There is
a good agreement between the experimental and numerical
results in most parts of the curves; however, the differences
between the results increase after deflection of 2.5 mm. It can
be attributed to the delamination and composite ply damage
of the GFRP-based FML, which could not be predicted by the

Table . Dimensions of die parts.

Die diameter Punch diameter Outer diameter of blank-holder Inner diameter of blank-holder Fillet of die Fillet of punch

Amount (mm)  .    
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Figure . The deformed shapes of the FMLs after three-point bending test, (a) experimental and (b) numerical simulations.

present simulation. Prediction of damage needs to include a
damage mechanism in the FML simulation model. The cohe-
sive zone model (CZM) [22] is a proper candidate for predic-
tion of delamination phenomena [23]. The force–displacement
curve which is the output of testing machine can be transferred
to stress-strain curve. Putting the force measured by device into
the Eq. (4) gives the maximum axial stress, σ , at the midpoint of
the beam, where P is the force applied to the sample, L is the sup-
port span, h is the sample thickness and b is the sample width.
Furthermore, strain can be calculated using the displacement of
the nose as shown in Eq. (5).

σ = 3PL
2bh2

, (7)

ε = 6dh
L2

, (8)

where ε is the longitudinal strain in the outer surface at mid-
point of the beam and d is the midspan deflection of the beam.
Figure 9 shows the stress-strain curves of the FML in ten-
sile and flexural tests. As shown in the figure, in spite of fact
that the tensile strength of the GFRP-based FML is 50 MPa,
flexural strength of this material is higher, i.e. 66 MPa. This
phenomenon can be attributed to this fact that the strength is

controlled by distributed critical defects, whereas a much larger
volume ofmaterial in a tension test is subjected to themaximum
stress, hence, the probability of a critical defect increases and
the strength decreases [24].

4. 2. 2. Deep drawing
The deep drawing tests of the FML were carried out to inves-
tigate the punch force–displacement curve and the various
modes of failure in this process. Tearing and fracture are two
modes of failure, which occur during deep drawing process.
One of the other primary modes of failure in the deep drawing
process is wrinkling. Unlike tearing and fracture, prediction
of wrinkling within the deep drawing process is difficult and
it is not determined from the force–displacement curve, while
onset of tearing or fracture can be detected as a drop in the
force–displacement curve. BHF has a significant effect on the
failure modes of the FMLs; Lower BHF can cause wrinkling,
whereas higher BHF can lead to tearing or fracture. Figure 10
shows laminates subjected to different BHFs. It can be seen
that wrinkling and tearing are dominant at the BHFs of 2.7 and
13 kN, respectively.

Figure . Validation of flexural load–displacement curve.
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Figure . Tensile and flexural stress-strain curve of the beam (flexural strength was measured in the outer surface at midpoint).

Figure . Effect of blank-holder force (BHF) on the deformed FML specimens.

Figure 11 shows the experimentally and numerically
deformed shapes of the FML with the BHF equal to 2.7 kN.
This result revealed that FE analysis is capable of predicting
failure mode of wrinkling within the deep drawing process and
the location of wrinkles can be successfully predicted by FE
analysis, which is in a good agreement with the experimental
results.

Punch force–displacement curve is one of the most impor-
tant parameters to study the deep drawing processes. It indicates
several features of the process, including required force, depth
of drawing and the onset of failure by tearing or fracture. The
depth at which the failure occurred during the forming process

was used as a measure of the formability of a laminate. Figure 12
shows the obtained experimental and numerical results for
force–displacement curves of the both specimens in Figure 10.
The comparison between the results shows that the experimen-
tal curves follow the same trend with those of predicted by sim-
ulations with a good accuracy. In deep drawing process, increas-
ing of blank holder force increases the friction and in turn the
required punch force. As indicated in Figure 12, drawing force
of 13 kN BHF sample is higher than that of 2.7 kN BHF one for
each drawing depth. Moreover, the sample with 13 kN BHF has
approximately 17 mm draw depth, while the other sample with
2.7 kN BHF reaches the maximum draw depth of 25 mm.

Figure . Comparison between the drawn FML samples, (a) experimental and (b) numerical simulations.
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Figure . Validation of punch force–displacement curves for different BHFs.

5. Conclusions

In this article, the bending and the drawing behaviors of the
GFRP-based FML were investigated. FE analysis was used as
a numerical approach to predict the prescribed mechanical
behaviors of this material. A practical method was introduced
for determination of directional properties in the orthotropic
composite based on Timoshenko’s beam theory. The obtained
engineering constants can be used for simulation of various
types of the mechanical tests on this FML. In order to vali-
date the accuracy of FE analysis, some experimental tests were
carried out. Comparison of the results showed that FEA suc-
cessfully predicted the occurrence and location of wrinkling.
Moreover, force–displacement curves of three-point bending
and deep drawing tests in two methods were in a good agree-
ment. The results showed the effectiveness of the method used
for obtaining directional properties of the FML.
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