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Abstract
In this study, the formability of the FML (fiber metal laminate) sheets has been investigated by experimental and numerical
methods. The sheets consist of an aluminum skin and a glass fiber reinforced core. Uniaxial tensile and stretch forming tests were
performed to extract the forming limit diagram (FLD), experimentally. M-K (Marciniak-Kuczynski) method was implemented to
extracting the FLD of the FMLs, numerically. The effect of skin and core thicknesses on formability was studied in variable and
constant total thickness by numerical method. Finally, it has been cleared that the numerical model predicts the necking strains
with less than 9% error. Also, it has been concluded that with doubling of core thickness in constant and variable total thickness,
the average formability improves 15 and 23%, respectively, and with tripling core thickness, these values reach to 26 and 53%. In
addition, with twofold increase of skin thickness in constant core thickness, the average formability enhances up to 76%.
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1 Introduction

Recently, multi-layer sheet metals are used in various indus-
trial areas such as the aerospace, automobile, chemical, and
electrical industries. Many of the daily used appliance are
made of formed multi-layer sheets. The most important point
in forming is to create the desired shape, perfectly. In recent
years, many researches have been conducted on forming of
the two-layer sheets using the common technologies such as
tension, deep drawing, bending, etc. [1]. Wrinkling and severe
decreasing of sheet thickness are amongmain failure modes of
forming process. Actually, forming process is defined as the
formation of a sheet without occurring failure and tearing of
layers. One of the most important criteria in the field of
forming process is the formability limits diagrams (FLDs).
The FLD concept was first introduced by Keeler and
Backofen [2]. Afterwards, Goodwin derived the formability

curve of steel in the stamping process [3]. Hecker and Ghosh
performed a lot of experimental studies and tried to generate
an acceptable accordance between experimental and theoreti-
cal results [4]. The FLD of sheet metals represents a relation-
ship between the limits of major and minor principal strains in
the plane of the strained sheet, and it depends on the properties
such as formability [5]. A forming limit diagram is construct-
ed based on the strain paths obtained from biaxial stretch
experiments on different samples and various geometries [6].
The FLDs are obtained through experimental tests, analytical
methods, and finally finite element simulations. Owing to in-
teresting mechanical properties such as high bending strength
and large mitigation capacity of induced vibration and im-
posed noise, multi-layer sheets are being used in different
industries [7]. On the other hand, forming process of these
structures causes some limitations in replacing these materials
with conventional one-layer sheets [8].

2 State of the art

Up to now, different aspects of forming of multi-layer sheets
are investigated. Kim et al. [5] developed formability evalua-
tion techniques for an automotive part. They adopted form-
ability evaluations (using limit dome height and plane strain
test) in order to secure the fundamental data for the
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measurement of sheet forming and the establishment of opti-
mum forming conditions of the sandwich sheets. One of the
analytical approach within this field is the M-K model which
was presented by Marciniak and Kuczynski [9]. The M-K
model is employed to analyze localized necking in the sheet.
Manesh and Taheri [10] studied formability and bond strength
of an aluminum-clad steel sheet. Moreover, heat treatment of
the sheet was studied, and their results indicated that there is
an optimum annealing temperature and time leading to a high
bending strength as well as enhanced formability. Gresham
et al. [11] investigated the drawing behavior of metal-
composite sandwich structure as a function of the constituent
material properties and the process variables of blank preheat
temperature and blank-holder force. They did find out that
blank-holder force has a significant effect on the failure mode
of the FML with lower forces resulting in wrinkling as the
dominate mode and higher forces resulting in splitting and
fracture. Contorno et al. [12] studied the formability of AFS
through experiments and finite element analysis. Jalali
Aghchai et al. [13] implemented analytical models and an
experimental approach to study the formability limits of a
two-layer sheet. They realized that the FLD of the two-layer
sheet is better than the lower formable component. Parsa et al.
[14] incorporatedGTN damagemodel with FEM code so as to
predict instability in plastic deformation in sandwich sheet
materials with different polymer core thickness ratios. It was
observed that the polymer core has both positive and negative

effect on FLD of sandwich sheets. The bonding strength of the
laminate composites and their mechanism were studied exper-
imentally [15]. It was observed that the bonding strength in-
creased rapidly with the reduction ratio and slightly with the
rolling temperature. Sinmazcelik et al. [16] reviewed the back-
ground, bonding type, and tests methods of bonding, fatigue,
tensile, low and high velocity impact, and blast loading tests
for determining the mechanical properties of FMLs. In addi-
tion, the effect of surface treatments for better bonding of
layers was studied. Sokolova et al. [17] investigated the form-
ability of metal-polymer-metal sandwich composites with em-
bedded different solid and mesh steel inlays with the aim to
gain information about their forming behavior by shaping,
especially deep drawing and bending. The effects of critical
parameters such as rate sensitivity coefficient, stiffness coef-
ficient, and strain hardening exponent on the FLD of two-
layer sheet were investigated [18]. It was found that the
forming limit of two-layer sheet that lies between the forming
limits of its components depends on their material properties.
Kalyanasundaram et al. [19] presented results on the stamp
forming behavior of the FML systems. Experimental tests
were conducted to estimate the major effects of the process
parameters that include blank-holder force and temperature.
The effect of strain rate and lay-up configuration on tensile
and flexural behavior of aluminum-based hybrid fiber metal
laminates was studied by Rajkumar et al. [20]. It was observed
that tensile strength increased with increasing strain rate; how-
ever, the flexural strength decreased with increasing strain

Fig. 1 Polyurethane granola

Fig. 2 Cross section of FML
sheet
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Fig. 3 Engineering stress-strain curve of AA1050 skin sheet before and
after heat treatment
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rate. Prasad et al. [21] investigated the forming limit diagram
(FLD) of the Inconel-718 sheet metal experimentally by
deforming the material in different strain paths covering from
tension-tension to tension-compression mode. Finite element
model of the stretch forming process was developed to predict
limiting dome height (LDH). It was found that the left side of
FLD has higher forming limits compared to right side. Rajabi
et al. [22] studied the influence of process parameters and type
of core materials on deep-drawing of FMLs through the ex-
perimental tests, statistical analyses, and FE simulation.
Foteinopoulos et al. [23] proposed an optimization strategy
for design and manufacturing of hybrid metal-composite
parts. The modeling steps that are essential for the optimiza-
tion of the production processes were described. Ramzi et al.
[24] predicted the forming limit diagram using the 3D simu-
lations of the micro-Marciniak tests with different width, nu-
merically. A conventional Lemaitre ductile damage model
with isotropic hardening was used to predict the strain hard-
ening and the necking point. A ductile damage model was
used to simulate the stamping operations, and the identifica-
tion of its parameters was performed by a micro-SPIF test
using the finite element updating method. Also, the effect of
the initial grain size on the forming limit curves was investi-
gated. Karajibani et al. [25] studied the FLD of the two-layer
aluminum-copper sheets by simulation-based approach. In or-
der to construct the FLD, two different criterions including the
acceleration (i.e., the second order of derivatives) of equiva-
lent plastic strain and major strain were applied to obtain the
onset of necking in the materials.

Despite wide researches on formability of one-layer
sheets, both numerically and experimentally, FML sheets
have drawn less attention. In this paper, formability of
FML sheets with glass fiber reinforced core is studied
through experimental analyses. Moreover, a finite element
model was developed on the basis of M-K model which
then validated by experimental results. FLD diagrams were
obtained and compared, and finally, the effects of core and
skin thicknesses on the formability of FML sheets were
determined.

3 Preparation of FML sheet

A 1050 aluminum alloy sheet with a thickness of 0.5 mm was
used as the skin of the FML and PU resin with chopped strand
Glass fiber as the core. In order to increase the elongation (at
break) of the samples, apply further strains, and decrease the
forming force, full annealing heat treatment was done on the
aluminum sheet, according to ASM handbook, volume 4. The
aluminum samples were put in the dried furnace with the
temperature of 345 °C for 30 min. Then, the furnace temper-
ature was lowered to 100 °C in 2 h. Finally, the samples were
cooled in the environment temperature. Moreover, for better
sticking of the layers, the aluminum sheets were sanded with
soft sandpaper, and a washing process, in accordance with
standard ASTM D2651, was performed on the sheets. To fab-
ricate the core, grade 65 shore A polyurethane granola (Fig. 1)
was placed in the hot press in the 190 °C temperature for
6 min. After making the polyurethane layer, glass fiber was
placed in the middle of two polyurethane layer and was
pressed in the hot press. The fabricated core was placed be-
tween the aluminum skin and pressed in the hot press again.
To achieve the desired thickness in each specimen, several
steel spacers with corresponding thickness were placed
around the specimens in the hot press. Subsequently, FML
sheet with the core thickness of 0.2 mm and total thickness
of 1.2 was made (Fig. 2).

4 Experimental tests

4.1 Mechanical properties test

Aluminum sheet was cut according to the ASTM E8 M stan-
dard. Uniaxial tensile tests were performed on the samples
with KOOPA TB-10T machine by rate of 5 mm/min.
Figure 3 shows the engineering stress-stain diagram of alumi-
num before and after heat treatment. Chemical composition
and mechanical properties of the aluminum are shown in
Tables 1 and 2, respectively. Table 3 shows the properties of

Table 1 Chemical composition of the 1050-O aluminum alloy (mass
fraction, %)

Al Fe Si Cu Mn Mg Zn V Ti

99.5 0.4 0.25 0.05 0.05 0.05 0.05 0.05 0.03

Table 2 Mechanical properties of
the 1050-O aluminum alloy Material Density (g/cm3) Average elongation

at break (%)
E (GPa) Yield strength

(MPa)
UTS
(MPa)

Poisson ratio

AA1050-O 2.71 35 70.93 35 95 0.33

Table 3 Properties of chopped strand glass fiber

Density (g/cm3) E1 (GPa) E2 (MPa) Nu12

1.5 1.7 3.7 0.27
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chopped strand glass fiber, too. According to the ASTM
D638 M standard, the Glass fiber reinforced core of the
FML was cut. The test was implemented with Zwick Roell
100. Engineering stress-strain curve of the core is shown in
Fig. 4.

4.2 FLD tests

In order to obtain FLD, two types of tests were performed on
the samples: uniaxial tensile tests for the left side of the FLD
and stretch forming tests for the right side and the plain strain
region. Notched strips with various dimensions were used for
uniaxial tensile tests, and circular, octagonal, and rectangular
samples with different dimensions were used for stretch
forming tests. The circle grids were printed on the surface of
the samples with waterproof ink and stencil (Fig. 5). The sam-
ples were cut with wire cut machine. The dimensions of the
samples and the prepared samples are shown in Figs. 6 and 7,
respectively.

Stretch forming tests were conducted with hemispherical
punch. The die with hemispherical punch and blank holder
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Fig. 4 Engineering stress-strain curve of composite core

Fig. 5 Sample with printed circular grid

Fig. 6 Dimensions of the test samples. a Uniaxial tensile test samples. b
Stretch forming test samples

Fig. 7 Prepared samples of FML for experimental FLD tests
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were made for stretch forming. The diameters of the punch
and blank holder were chosen 85 and 85.2 mm, respectively
[18]. The matrix, blank holder, hemispherical punch, male
bead, and female bead are depicted in Fig. 8. The experiments
were conducted with speed of 2 mm/min and 30 kN blank
holder force. For determining the appropriate blank holder
force, several experiments were done. It has been cleared that
in the 30 kN blank holder force, neither wrinkling was oc-
curred nor tearing. When the reaction force of the punch
dropped, experiment was stopped. Figures 9 and 10 show
the stretch forming test on the circular sample and uniaxial
tensile test on the notched strip sample, respectively. After
deformation of the samples, the circular grids turn to ellipse.
Three nearest ellipses were chosen. With measuring the initial
diameter of three circle grid and diameters of those ellipses,
the main strains are calculated. An example of these ellipses is
shown in Fig. 11.

5 Numerical model

The commercial FE software, Abaqus 6.14, was used to in-
vestigate the formability of FML sheet with glass fiber

reinforced core. To extract the FLD, two types of modeling
were conducted: stretch forming and uniaxial tensile model.

5.1 Stretch forming model

Abaqus/Explicit package was used to model the stretch
forming. Stretch forming model was implemented according
to the dimensions of die and the samples in Fig. 6b. Because
of symmetry in the circular sample, a quarter of the blank was
modeled. Since matrix, blank holder, and punch have no de-
formation and to reduce the computational cost, they had been
assumed to be analytically rigid (Fig. 12). The mechanical
properties and hardening behavior of aluminum were consid-
ered according to Table 2 and Fig. 3. Because there was no
sliding and movement between layers in experimental tests,
blank layers were modeled as one part. The blank was
modeled as one part, and the aluminum was defined as the
outer surface of the part. The skin was modeled as isotropic
shell material, and the core was modeled as solid material. In
the quasi-static analysis, there are two methods for reducing
the computational time: first, growing the time increment by
increasing the density (mass scaling), and the second,

Fig. 8 The matrix, blank holder,
hemispherical punch, male bead,
and female bead built for stretch
forming tests

Fig. 10 Uniaxial tensile test on the notched strip sampleFig. 9 Stretch forming test with hemispherical punch
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increasing the loading rate. In this study, the second method
was implemented. For finding the suitable step time, the mod-
al analysis was conducted and natural frequency and period
were extracted. Natural period was 0.004 s. This time step has
been increased and the ratio of kinetic to internal energy con-
trolled. In the quasi-static analysis, this ratio should be under
5% [26]. Eventually, the step time for blank holder loading
and punch loading step was chosen 0.06 and 0.08 s. Figure 13
shows the diagram of internal and kinetic energy.

For defining the interaction of parts, tangential behavior
and surface-to-surface contact were used. Due to lack of de-
formation in blank holder, punch and die, the rigid body sur-
faces were considered as first surfaces, and upper and lower
surfaces of the sheet were considered as second surfaces. The
friction coefficient of 0.1 was considered between all parts
[27–31]. The skin was meshed with S4R, and the core was
meshedwith C3D8R element. Figure 14 shows the changes of
maximum reaction force of the punch and solution time with
mesh size. As it can be seen, in the mesh size of 2 mm, the
changes of maximum punch reaction force are too low and the
solution time is appropriate. Figure 15 shows the meshed
blank with four elements in thickness.

For extracting the FLDwithM-Kmethod, main strains of a
safe element and a failed element was considered. In a period
that ratio of growth of main strain in the failed element, to
growth of main strain in the safe element, was larger than 7,
necking occurred. The strains of safe element in this period
were considered as a limit strains. FLD was created by incor-
porating these limit stain points. Figure 16 shows the strains
for safe and failed element. In order to calculate FLD based on
punch reaction force, the period that the reaction force of the
punch dropped was considered as a necking time, and the
strains in the safe element presented as limit strains. For
gaining FLD of FML sheet by FLD of aluminum monolayer
sheet, the FLD of aluminummonolayer sheet was considered.
In the period that FLD criteria in software reached to 1, the
element failed and the limit strains constitute the FLD of FML
sheet.

5.2 Uniaxial tensile model

In modeling of uniaxial tensile tests, dimension of the sample
was considered according to Fig. 6a. In this model, due to lack
of contact, Abaqus/standard package was implemented. Step
time was selected like the previous case. Properties of FML
sheet were defined similar to previous state. One side of the
sample was considered as fixed support and displacement

Fig. 12 Cross section of stretch forming finite element model

Fig. 11 Three selected ellipses near to the crack
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was applied to the other side support. Calculating and
extracting of FLD were performed like stretch forming model.
Figure 17 shows the finite element model of uniaxial tensile
test sample with 220 × 40 mm dimension and 5 mm notch.

5.3 Models with various core and skin thickness

In order to investigate the effect of core and skin thickness in
various and constant total thickness, after validating the nu-
merical model with experimental results, models with differ-
ent core and skin thickness were considered. Finally, nine
types of sheets were created. The thicknesses of core and skin
of these sheets are shown in Table 4.

6 Results and discussion

Figure 18 shows the local necking position in the circular
sample in the experimental sample and FEM model. Local

necking in the experimental sample and FEMmodel occurred
in radius of 22.2 and 21.5 mm, respectively. The values show
4% error. Lack of alignment in the punch andmatrix and delay
in stopping the punch after drop of reaction force may lead to
this error. Positions of tearing in uniaxial tensile test in FEM
model and experimental sample are shown in Fig. 19.
Experimental and numerical punch force-displacement curves
for circular and 70 × 160 mm rectangular sample are shown in
Fig. 20. Maximum reaction force differences in experimental
and numerical model in circular and 70 × 160 rectangular
samples were 3 and 2%, respectively. This amounts in other
specimens were 3–8%. In addition, the average error in sev-
eral selected points along the curve was 3% for all specimens.
The reasons of this difference include delay in stopping the
punch after drop of reaction force, loss of concentricity in
punch and surface of the sample and measurement error in
experimental test, and assuming aluminum in the isotropic
form in FEM simulation.

Figure 21 shows experimental and numerical FLD of FML
sheet with 1.2 mm thickness. For measuring the error, error
vectors in several strain paths were calculated. The computed
error was 3–9%. Numerical FLD of FML sheet with M-K

0

5000

10000

15000

20000

25000

30000

35000

40000

0

5000

10000

15000

20000

25000

30000

35000

40000

0 2 4 6

M
ax

. p
un

ch
 re

ac
�o

n 
fo

rc
e(

N
)

So
lu

�o
n 

�m
e(

s)

Mesh size(mm)

�me RFmax. punch
R.F.

Fig. 14 Changes of max. punch reaction force and solution time versus
mesh size

Fig. 15 The meshed blank with 2 mm mesh size

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

0.06 0.08 0.1 0.12 0.14

Ɛ 1

Time(s)

Series2safe element failed element

Fig. 16 Main strain of safe and failed element

Int J Adv Manuf Technol (2018) 96:3881–3891 3887



theory, FLD criteria of aluminum sheet, and punch reaction
force are illustrated in Fig. 22. As we can see, FLD obtained
from FLD criteria of aluminum predicts the necking earlier
than others. On the negative zone, FLD of reaction force of

the punch predicts the necking in larger strains. Errors in com-
parison to the experimental FLD are 3–9, 1–13, and lower
than 11% for M-K theory, FLD criteria of aluminum sheet,
and punch reaction force, respectively.

Fig. 17 Finite element model of uniaxial tensile test sample

Table 4 Skin and core thickness
of various FML sheets FML sheet no. Core thickness

(mm)
Skin thickness
(mm)

Total thickness
(mm)

Various core thickness and
constant skin thickness

1 0.2 0.5 1.2

2 0.4 0.5 1.4

3 0.6 0.5 1.6

Various skin thickness and
constant core thickness

4 0.2 0.5 1.2

5 0.2 0.8 1.8

6 0.2 1 2.2

Increasing of core thickness
in constant total thickness

7 0.2 0.5 1.2

8 0.4 0.4 1.2

9 0.6 0.3 1.2

Fig. 18 Local necking position. a
Experimental sample. b FEM
model
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Figure 23 shows FLD of FML sheet with skin thickness of
0.5 mm and core thickness of 0.2, 0.4, and 0.6 mm. With a
twofold increase of the core thickness, average formability
23% improves, and with a threefold increase of the core

thickness, average formability 53% increases. Increases in
core thickness lead to increasing skin distance from the neu-
tral fiber and thereby increasing the flexural stiffness. With
increasing the flexural stiffness, stress decreases. If it is

Fig. 19 Position of tearing in uniaxial tensile test. a FEM model. b Experimental sample
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assumed that necking occurs in constant tension, when the
core thickness increases, the more deformation should be
made in the material to attain the necking stress so that with
increasing of core thickness in constant skin thickness, the
formability has increased.

Also, the maximum reaction forces of the punch for differ-
ent core thickness are shown in Table 5. With doubling of core
thickness, maximum reaction force of punch 6% increases and
with tripling of core thickness 11% increases, since total vol-
ume of the material increases and required energy for defor-
mation grows. On the other hand, with increases of flexural
stiffness, required torque and force for deformation increase.

Figure 24 illustrates the FLD of FML sheet with core thick-
ness of 0.2 mm and skin thickness of 0.5, 0.8, and 1 mm. It
became clear that with 60% growth in the thickness of skin,
average formability 38% increases and, with doubling of skin
thickness, average formability 76% improves.With increasing
of skin thickness, flexural stiffness increases and necking
stress decreases. Furthermore, formability of skin with growth
of its thickness increases. So, it can be concluded that with
increasing skin thickness, while the thickness of the core is
fixed, FML sheet formability increases.

Figure 25 shows the FLD of FML sheet with constant total
thickness of 1.2 mm, skin thickness of 0.5, 0.4, and 0.3 mm,
and core thickness of 0.2, 0.4, and 0.6 mm, respectively. As it
can be seen, with doubling of core thickness in constant total
thickness, average formability 15% improves, and with
threefold increase in thickness of core, average formability
26% increases. While with doubling and tripling of core

thickness in variable total thickness, average formability 23
and 53% increased, respectively, so that with increasing of
core thickness and decreasing of skin thickness in constant
total thickness, formability improves.

7 Conclusions

In this paper, formability of FML sheet was investigated by
experimental and numerical methods. FLD of FML sheet with
glass fiber reinforced core was presented. Numerical FLD of
FML sheet was obtained by M-K theory, FLD criteria of alu-
minum sheet, and punch reaction force. Effect of core and skin
thickness in constant and variable total thickness was studied.
All results were concluded in room temperature and could not
be generalized to higher temperatures. The following results
could be concluded:
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Table 5 Maximum reaction force of punch in various core thickness

Core thickness (mm) 0.2 0.4 0.6

Max. punch reaction force 16,180 17,167 17,941
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& Numerical model of M-Kmethod predicts the limit strains
and maximum punch reaction force with 3–9 and 2–8%
error, respectively. Also, FLD criteria of aluminum sheet
and punch reaction force predict the FLD of FML with 1–
13% and under 11% error, respectively.

& FLD criteria of aluminum sheet predict the FLD of FML
sheet in smaller strains and cautiously. Punch reaction
force predicts the necking in larger strains.

& Average formability of FML sheet with doubling of its
core thickness 23% improves and, with tripling of core
thickness, 53% increases, while these amounts change to
15 and 26% in constant total thickness of the FML sheet.
Also, the maximum punch reaction force increases 6 and
11% with doubling and tripling of core thickness in vari-
able total thickness.

& A 60% increase in skin thickness causes to 38% improve-
ment in average formability of FML sheet with the same
core thickness, and with twofold increase in skin thick-
ness, average formability 76% increases.
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