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Abstract: The purpose of this paper is to investigate the
mechanisms of cracking and failure in fiber metal lami-
nates (FMLs) subjected to 3-point bending. Two types of
laminates, based on the glass/epoxy and carbon/epoxy
composites, were selected for the study. The paper pre-
sents the failures of matrix and fibers as well as the effects
of different thicknesses of metal layers on the tested
laminates. The mechanisms of failure observed for the
two tested types of fibers with uniform thickness of alu-
minum sheets seem similar. The results demonstrate that
the tested laminates exhibit the following failure modes:
fiber breakage, matrix cracking, fiber/matrix debonding,
delamination, and anodic layer failure. Given the behavior
of aluminum under the compressive and tensile stresses,
the aluminum layer acts as a barrier preventing FML fail-
ure during bending. In addition to aluminum layer thick-
ness, the fiber type and composite layer directions are also
important factors to be considered.

Keywords: bending; carbon fibers; failure; FML; glass
fibers.

1 Introduction

Over the last few decades, many researchers dealing with
aircraft applications have developed new materials while
ensuring low weight and good mechanical properties. One
group of such materials are fiber metal laminates (FMLs).
They are a new type of hybrid composites, consisting of
thin metal layers bonded with polymeric composite mate-
rial reinforced with glass, carbon, or Kevlar fibers [1].
These laminates combine the good properties of metals,
such as ductility and impact and damage tolerance, with
the advantages of fiber composite materials, including
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high specific strength and stiffness, good corrosion, and
fatigue resistance. FMLs are widely used in the design of
critical aircraft parts, such as lower and upper wings as
well as fuselage and tail sections [2]. The widespread use
of FMLs is due to their unique properties resulting from
the application of composite material and metal layers
that ensure high shear strength. The interlaminar bond
strength between the metal and the polymer layer is of
fundamental importance. This interfacial joint enables
the transfer of mechanical loads between the constitu-
ent materials, thereby determining the entire efficiency
of a given structure. In particular, when a through-thick-
ness crack initiates and propagates in the metal layers,
the stress sustained by these layers is transferred to the
unbroken fibers in the composite layers [3-5].

Due to the fact that, after cracking, the fibers remain
intact and bridge the crack, the crack opening is con-
strained. Consequently, the force (stress intensity factor)
of the crack propagation in the metal layers is reduced,
leading to a low crack growth rate. Given the above, the
mechanical properties of FMLs have been investigated
by many researchers, institutes, and aviation industry
companies. The mechanical behavior of composite mate-
rials is generally determined based on the results of the
tensile, compressive, and bending strength tests. The con-
tinuous fiber-reinforced composites are often subjected to
the bending load rather than to the axial load; hence, the
bending tests are highly desirable as a means of describ-
ing the properties of composite materials. In bending,
half of a beam is subjected to compression while its other
half is under tension; if the beam is elastic, the maximum
tensile and compressive stresses are equal in magnitude.
Consequently, the composite materials may undergo
bending failure due to tensile or compressive stresses
[6]. Many researchers resort to bending tests because the
information they provide about the mechanical properties
of the composite laminates is much more useful than that
obtained by other tests, for instance, Charpy impact tests.
In general, the failure of a composite structure will involve
some type of fiber or translaminar cracking mode. In air-
craft applications, failure is usually caused by the com-
pression mechanisms, mainly because most aircraft parts
are designed to withstand flexural loads [7]. The stand-
ards normally describe apparent flexural stiffness and
strength as well as bending force; the causes of damage
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are usually determined based on structure examina-
tion. However, the standard interlaminar shear strength
[8] is determined by only considering the data obtained
from cases of shear failure. Based on the standards, we
can determine the elastic properties of structures corre-
sponding to their behavior under tension and compres-
sion. This was observed by Jones [9, 10], who determined
the elastic moduli and maximum normal stresses in the
regions subjected to tension and compression by 3- and
4-point bending tests from the equilibrium and constitu-
tive relations. Similar analyses were performed by Mujika
and Carbajal [11, 12], who applied the same procedures.
No earlier study has been found where shear stress distri-
butions and different tensile and compressive behaviors
are investigated [12].

As a hybrid laminated structure, the FML has a
complex multi-interface system that includes fiber-matrix
and matrix-metal interfaces. However, these interfaces
at different layers of a glass reinforced epoxy-aluminum
laminate (GLARE) material are sensitive to interfacial
debonding by shear load due to bending or torsion [13].
Delamination is one of the critical failure mechanisms
occurring in fibrous composites [14], and the propagation
of local debonding between the fiber and matrix results
in a failure of the entire structure during its operation
[15]. A relatively accurate assessment of the interlaminar
shear failure resistance provides some information about
quality control and material screening [16].

The purpose of the present paper is to investigate the
bending and failure of FMLs based on the aluminum and
polymer layers with glass and carbon fibers by 3-point
bending tests. The examination of the matrix and fiber
failures investigates the role of different thicknesses of
metal layers. Apart from investigating the role of differ-
ent fiber configurations in the polymer layer, the study
also examines the phenomena between the polymer and
anodic layer, which may cause delamination. In addition,
the paper examines the role and behavior of the interface
between the aluminum and the polymer composite layer.

2 Materials and methods

The laminates investigated in this study were FMLs
made of high-strength aluminum alloy sheets 2024
T3 (Al4CuMgl) with a glass fiber-reinforced polymer
(Al/GFRP/Al) and a carbon fiber-reinforced polymer
(Al/CFRP/Al). The aluminum sheets came in two thick-
nesses: 0.3 and 0.5 mm. The composite layers consisting
of unidirectional prepregs (Hexcel, USA) were based on
R-type high-strength glass fibers (one prepreg layer had a
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thickness of 0.25 mm) and carbon fibers AS7] (thickness of
one prepreg layer was 0.13 mm) with an epoxy resin matrix.
The nominal fiber content in polymer composite layer was
about 60 vol.%. The metal sheet surfaces were prepared
by chromic acid anodizing (CAA). Next, the surfaces of the
anodized aluminum sheets were treated with an epoxy-
based primer (3M USA) to prevent oxidation (Figure 1A),
thereby enhancing the durability of the bond between the
polymer layers (glass/epoxy and carbon/epoxy) and the
aluminum sheets. The surface pretreatment was followed
by the lay-up process, in which the FMLs were produced
by autoclaving (Scholz Maschinenbau, Germany) at the
Department of Materials Engineering at the Lublin Univer-
sity of Technology. The parameters applied in the process
were as follows: curing temperature — 135°C; pressure
— 450 kPa; vacuum — 80 kPa; and heating and cooling
rate — 2 K/min. The temperature and pressure conditions
were maintained under control during the process. The
above parameters significantly prevented the occurrence
of defects, such as voids or delamination. A chart illus-
trating the curing parameters is shown in Figure 1B. The
configuration and thickness layers of individual FMLs are
given in Table 1.

The 3-point bending tests in accordance with the
specifications of the CRAG 3-point were conducted using
MTS Insight. The test specimens had a length of 100 mm
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Figure 1: Aluminum sheets treated with an epoxy-based primer to
prevent oxidation (A) and chart illustrating curing parameters (B).

(A) The schematic view of the fiber metal laminate (FML) layers and
(B) the chart showing the autoclave process.
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Table 1: The composition of the fiber metal laminates.

M. Ostapiuk et al.: Bending and failure of fiber metal laminates =—— 1097

Fiber metal laminates Thickness of one Number of Thickness of the Fiber MVF Thickness

aluminum sheet [mm] composite layers composite [mm] direction [°] of the FML [mm]
Al/GFRP/AL 0.3 [0] 0.3 2 0.5 0 0.53 1.1
Al/CFRP/AL 0.3 [0] 0.3 4 0.5 0 0.53 1.1
Al/GFRP/AL 0.5 [0] 0.5 2 0.5 0 0.66 1.5
Al/CFRP/AL 0.5 [0] 0.5 4 0.5 0 0.66 1.5
Al/GFRP/AL 0.5 [+45] 0.5 2 0.5 +45 0.66 1.5
Al/CFRP/AL 0.5 [£45] 0.5 4 0.5 +45 0.66 1.5
Al/GFRP/AL 0.5 [0/90] 0.5 2 0.5 0/90 0.66 1.5
Al/GFRP/AL 0.5 [90/0] 0.5 4 0.5 90/0 0.66 1.5
Al/CFRP/AL0.5[0/90] 0.5 4 0.5 0/90 0.66 1.5
Al/CFRP/AL0.5[90/0] 0.5 4 0.5 90/0 0.66 1.5

MVF, Metal volume fraction.

and a width of 10 mm. The 3-point bending was performed
at room temperature. Figure 2 shows a schematic design of
the test stand and the dimensions of the supports.

The 3-point bending tests were performed at a cross-
head displacement set to 5 mm/min; the test was stopped
when a specimen reached a 25-mm deflection. The load
was increased uniformly until a specimen’s failure or to
determine standard deflection. If a specimen failed before
reaching the fixed arrow, its bending strength was defined
as the maximum bending stress carried by the specimen.
This is calculated from the formula

Fl
Mg 4 3 Fl
== = 1
TW T pr 2pw W
6

where

F is the maximum load before failure [N],

h is the thickness of the specimen [mm],

b is the width of the specimen [mm], and

lis the distance between the supports, [mm)].

If the sample does not undergo failure before reach-
ing the deflection arrow s, the properties of the material
are defined by a so-called stress at a specific deflection

Figure 2: The schematic design of the test stand with the dimen-
sions of the supports.

arrow o. In other words, it is the highest normal (bending)
stress of the specimen at the deflection s_. A value of F is
the force measured at the deflection s_. The value o, is an
arbitrary value (standard deviation) due to the fact that
the properties of many materials at s_are beyond the limit
of applicability of Hooke’s law.

The 3-point bending tests were followed by a failure
analysis of the specimens with respect to the failure
modes. First, a macroscopic observation of the speci-
mens was performed. Next, a selection of the fractured
specimens from the bending test was submitted for
microscopic analysis to examine the failure inside the
FMLs. The examination was performed by optical micros-
copy (Nikon MA200, Japan) with Nomarsky contrast and
scanning electron microscopy (SEM) (Zeiss Ultra Plus).
The specimens for SEM were chromium-coated to avoid
any charging effects due to the insulating properties of
the glass fibers and the polymeric matrix. The exami-
nation was conducted to gain insights into the nature
of the interaction/bonding between the polymer layer/
aluminum sheets and the failure of the matrix/fibers.
The specimens were also examined for any presence of
voids in the structure as it could reduce the quality of the
specimens.

3 Results and discussion

3.1 3-Point bending test

The 3-point bending test was performed to investigate
both the properties of the FMLs and the failure of the
entire structure consisting of metal sheets and composite
material with glass and carbon fibers.
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Figure 3: The FML samples after the 3-point bending test.

Figure 3 shows the specimens after the 3-point bending
test. The macroscopic observation did not reveal any signs
of failure or delamination between the aluminum sheets
and the polymer composite layers. All specimens exhib-
ited a similar deflection in the central part to which the
load was applied.

Figure 4 shows the stress-displacement curves
obtained by 3-point bending for different fiber configura-
tions in the FMLs. As already mentioned, the objectives
of representing nominal parameters are to compare the
specimens with different thicknesses and to determine
their damage tolerance. The curves visibly demonstrate
the effects of stress and displacement on the strength of
the tested FMLs. Two types of curves can be distinguished
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Figure 4: The stress-displacement curves of the FMLs based on the
glass and carbon fibers in the [0], [+45], [0/90], and [90/0] layer
configurations.

regarding the mechanical properties of the FML constitu-
ent materials. The first, lower linear part corresponds to
the elastic response of the constituent materials and the
knee point denotes the yield limit of the aluminum layers;
the upper range marks the behavior of the glass and
carbon fiber composite. All tested specimens changed
their shape in a similar way (Figure 3). Obviously, the
central layer changed that. No tested specimen revealed
cracking in its entire cross-section.

As the deformation proceeded, the delamination
shifted toward the support point of the fibers during the
bending test. In addition to this, further deformation and
stresses contributed to fiber breakage. Thus, the maximum
fiber strains affected their maximum flexural stress during
bending. Despite a permanent set of all specimens due to
the plasticity of the aluminum, no delamination of the
FML layers can be observed.

Glass fiber laminates showed the maximum bending
stress of about 560 MPa in all configurations of fiber
layers. In contrast, the maximum bending stress of com-
posites based on carbon fibers was about 700 MPa for the
0° fibers regardless of the applied aluminum layer thick-
ness. There were no differences between the [0/90] and
[90/0] fibers when the first layer was placed under com-
pression. Both types of composite laminates showed con-
siderable damage tolerance due to the different intrinsic
and extrinsic mechanisms of failure. This will be analyzed
later in the paper. Accordingly, the significant increase in
the mechanical strength of the FML can be associated with
high damage tolerance. Additionally, the figures clearly
revealed that the behavior of the two laminates was deter-
mined by the properties of both the constituent materials
and their interfaces.
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Table 2: Results of the 3-point bending strength test.
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Sample type Thickness of the MVF Configuration E[GPa] G, [MPa] al’]
aluminium layers [mm] of the fibers

Al/GFRP/Al 0.3 0.53 [0] 149+37.92 543+35.56 140£0
Al/CFRP/AL 0.3 0.53 [0] 144+80.05 660%36.36 145+0.29
Al/GFRP/Al 0.5 0.66 [0] 86+8.48 565+2.00 131£0.29
[+45] 92+10.28 546+15.14 130%0.29

[0/90] 163+£2.90 557+8.77 130+0.87

[90/0] 80+4.29 557+15.68 129

Al/CFRP/AL 0.5 0.66 [0] 99+6.43 685+15.50 13540
[+45] 116+30.17 523+16.69 128+0.58

[0/90] 87+2.07 547 £22.50 129+2.22

[90/0] 76+4.71 551£25.39 130+2.83

The high damage tolerance of carbon fibers in FMLs
can be attributed to their cracking mechanism (Table 2).
Thus, the debonding between the fibers and the epoxy
matrix produced a crack by delamination (extrinsic tough-
ening mechanisms). Above a certain load, aluminum
began to deform while the fibers remained in the elastic
regime. This generated high shear stresses in the resin-
rich layer, which led to delamination.

Liu et al. [16] found that specimen deformation is
considerable between the nose and the support. After
maximum load, each curve displays a fluctuation,
pointing to the occurrence of multiple failures. The
specimens undergo failure under different loading con-
ditions. Therefore, the failure mode is more complex
than a shear failure. This can be explained by the
fact that the lower shear strength of GLARE leads to
local buckling, so the specimens deform more easily.
Liu et al. [16] concluded that this phenomenon is due
to lower span-to-thickness ratios (L/h ratios). Moreover,
the concentration of the local compressive contact stress
in the vicinity of the loading nose also contributes to the
failure mode. In addition, the authors showed that the
cracking forces recorded during the test were not stable
at low L/h ratios [16].

The results of the 3-point bending strength tests dem-
onstrated that the highest values of maximum stress can
be observed for the Al/CFRP/Al 0.5 laminate for the [0]
fiber configuration. The laminates Al/CFRP/Al 0.5 and
Al/GFRP/AI of 0.5 exhibited similar values of maximum
stress for the [0/90], [90/0], and [+45] fiber configura-
tions. This means that fiber configuration is of secondary
importance, contrary to aluminum layer thickness, which
plays a significant role here. Similar observations about
FMLs with the [0] configuration have been reported by
Hu et al. [17] and Cepeda-Jimenez [18], who tested the
flexural properties of FMLs. The authors observed that

the flexural strength of FMLs is approximately 700 MPa at
room temperature [18].

Comparing the laminates with respect to the MVF
coefficient for the same fiber configuration, it can be
observed that Young’s modulus was higher for the lami-
nates with smaller MFV regardless of the fiber type. The
Al/CFRP/Al 0.5 laminates had higher Young’s modulus
than the Al/GFRP/AI laminates irrespective of fiber ori-
entation. The application of load to the glass fiber speci-
mens with the [0] and [90] orientation resulted in an
increase in Young’s modulus by about 1.5 times for the
configuration, in which the first layer of fibers was of the
[90] orientation. The carbon fiber laminate did not reveal
any variations in Young’s modulus depending on fiber
orientation.

The results demonstrated that the deflection angles of
the laminates with 0.3-mm thick aluminum were higher
than those of the laminates containing 0.5-mm aluminum.
The angles in the Al/GFRP/Al 0.5 laminate were quite
similar. As regards the Al/CFRP/Al 0.5 laminate, however,
the highest deflection angle of 135° was observed only for
the [0] fibers.

3.2 Microstructural observations

Figures 5-12 show the microstructure of the FML lami-
nates after the 3-point bending test. They are in the form
of “panoramic” images, i.e. a sequence of images col-
lected from a larger area of the specimen (Figure A) and
as typical microscopic images (Figures B and C). For every
tested laminate configuration, the figures show the central
region of the specimen where the failure of the composite
layer can be observed.

Figures 5-8 show the microstructure of the FMLs
with aluminum of two thicknesses: 0.3 mm and 0.5 mm,



1100 —— M. Ostapiuk et al.: Bending and failure of fiber metal laminates DE GRUYTER

Fiber breakage

Figure 5: The microstructures of the FMLs with 0° direction glass fibers and with 0.3-mm thick aluminum. (A) Cross section and (B) and
(C) broken fibers in the center of the laminate; optical microscopy and SEM.

Fiber breakage

Figure 6: The microstructures of the FMLs with 0° direction carbon fibers and 0.3-mm thick aluminum. (A) Cross section and (B) and
(C) broken fibers in the center of the laminate; optical microscopy and SEM.

and with the [0] fiber orientation, for the glass fiber and breakage. No delamination can be observed between the
carbon fiber laminates, respectively. Both types of lami- composite and aluminum. In addition, the anodized layer
nates exhibited the same kind of failure mode, i.e. fiber did not show any sign of failure.
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Fiber breakage

7"‘

Figure 7: The microstructures of the FMLs with 0° direction glass fibers and 0.5-mm thick aluminum. (A) Cross section and (B) and
(C) broken fibers in the center of the laminate; optical microscopy and SEM.

Figure 8: The microstructures of the FMLs with 0° direction carbon fibers and 0.5-mm thick aluminum. (A) Cross section and (B) and
(C) broken fibers in the center of the laminate; optical microscopy and SEM.

The microstructures of the FML laminates with due to the more significant failures of the laminates in
[0/90] fiber orientation are shown in Figures 9 and 10. individual layers than was the case with the [90/0] fiber
This type of fiber orientation was selected for analysis orientation. The specimens exhibited similar failure
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Figure 9: The microstructures of the FMLs with 0/90° glass fibers and 0.5-mm thick aluminum. (A) Cross section, (B) broken fibers and
failure of the matrix, (C) delamination and cracks in the matrix and cracks in the anodic layer; optical microscopy and SEM.

Figure 10: The microstructures of the FMLs with 0/90° carbon fibers and 0.5-mm thick aluminum. (A) Cross section, (B) broken fibers and
cracks in the matrix, and (C) delamination and failure of the matrix; optical microscopy and SEM.

modes regardless of fiber type. The failure consisted underwent failure in the layer consisting of [90] fibers.
of fiber breakage in the layer with [0] fibers. Debond- Delamination occurred between the anodized aluminum
ing occurred on the matrix/fiber interface. The matrix layer and the composite material.
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A

Matrix cracks
Debonding

Anodic layer

Figure 11: The microstructures of the FMLs with +45° glass fibers and 0.5-mm thick aluminum. (A) Cross section, (B) delamination and
cracks in the matrix, and (C) cracks and debonding in the matrix and cracks in the anodic layer; optical microscopy and SEM.
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Figure 12: The microstructures of the FMLs with +45° carbon fibers and 0.5 mm thickness of aluminum. (A) Cross section, (B) cracks in the
matrix, and (C) cracks and debonding in the matrix-fibers and cracks in the anodic layer; optical microscopy and SEM.

The FMLs with the [+45] orientation (Figures 11 and 12),
both of carbon and glass fibers, revealed the presence of
delamination between the polymer layer and the anodic
layer. The anodic layer exhibited a failure mode in the
form of transverse cracks, indicating the occurrence of
debonding on the fiber-matrix interface.

4 Discussion

Examining Figures 8-12, it can be observed that the
debonded fibers act as unbroken ligaments bridging the
main failure, and additional bending deformation must
occur to crack them. The examination of the failure of
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microstructures revealed the presence of mechanisms
similar to the classical “fiber bridging” mechanism of
cracking. The high damage tolerance of the FMLs contain-
ing glass and carbon fibers results from their cracking
mechanism. The debonding between the fibers and the
epoxy matrix produces cracking by delamination. This
is an extrinsic toughening mechanism that has also been
reported by Cepeda-Jimenez [18]. Aluminum tends to start
deforming while the fibers are still in the elastic regime.
This phenomenon is caused by the high shear stresses in
the resin-rich layer [19], which leads to delamination. As
the deformation proceeds, the delamination shifts toward
the support point of the fibers during the bending test;
further deformation and stresses contribute to the fiber
breakage [19]. Some authors reported that a permanent
set of FMLs results from the plasticity of aluminum and is
not caused by delamination of the FML layers [20]. Carillo
et al. [21] reported the same after having examined FML
specimens for deformation and failure modes. None of the
specimens showed any visible signs of cracking. On closer
inspection, one can observe a complete lack of delamina-
tion on the composite/metal interface, thereby proving
that none of the constituents of the FML failed during the
testing of the [0] configuration. Similar observations were
made with respect to the two types of aluminum thick-
ness, specifically on the [0/90] and [+45] configurations of
the FML specimens loaded in flexure, where it is evident
that the composite laminate is damaged throughout the
volume of the sample. The same observations were made
by Carillo [21], who conducted flexural tests on the [+0/90]
and [+45] configurations, indicating that the fiber orienta-
tion only has a secondary effect on the properties of the
FMLs, with the maximum stress and strain at failure being
similar in both cases [21].

Some researchers, for example, Cepeda-Jimenez [22],
observed and concluded that, in the GLARE laminate, the
ultimate strain of the fibers controls the ultimate flexure
stress. The material presents several cases of delamina-
tion, together with extensive plastic deformation of the
Al 2024 layers that are necessary to induce crack renu-
cleation. Mortell et al. [23] demonstrate that the GLARE
laminate first shows a decrease in load, which coincides
with the cracking of the notched Al 2024 layer until the
crack is constrained in the resin layer by the debonding
of the glass fibers with the epoxy resin. Bienias et al. [24]
observed similar phenomena in the structure failure as
plastic deformation, especially of the aluminum layers,
matrix cracking with delamination, as well as fiber
breakage on the aluminum composite interface. In addi-
tion, they observed that FMLs with carbon layers under
bending show the presence of a vertical crack occurring
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in the lower laminate layers caused by tensile stresses.
The microscopic examination of the tested FMLs and com-
posites revealed that matrix cracking and delamination
are two prevailing failure modes in the standard carbon
composites as well as in FMLs. The presence of delamina-
tion can also be observed on the metal-composite inter-
face, with permanent plastic deformation and metal layer
cracking depending on the impact energy [25].

Generally, the fiber-matrix interface is the most likely
location of failure initiation due to its relative weakness
[23]. Delamination may be caused by the presence of
matrix cracks and interlayer shear stress alongside the
interface, stiffness incompatibility between adjacent
layers, layer grouping, and laminate deformation [26, 27].
Wu et al. [13] said that different failure deflections of vari-
ants are caused by varying lay-up configurations of glass/
epoxy layers; in other words, the fiber direction also affect
the interlaminar failure behavior. Fibers along the length
direction of the specimen dominate in the load capac-
ity of the laminates and contribute to bending modulus.
Furthermore, Turner et al. [28] pointed out that, during
the 3-point bending tests, stress concentrations have
been reported to cause the early-onset microcracking of
the matrix and the subsequent, localized non-linearity,
potentially leading to total failure of the beam [29]. The
load concentration in the 3-point bending test leads to a
combination of bending with shear stresses [29], causing
difficulty in the isolation of either one. Thus, for compos-
ites with high levels of orthotropy, a flexural and a twist-
ing curvature is introduced throughout the beam length,
which adds to the complication during 3-point bending
tests [30].

The elastic region in the FML laminates show better
yield stress and stiffness in bending as the number of
steel layers increase, similar to the findings of Khalili
et al. [2]. They observed the following trend: given that
the applied aluminum alloy is weak, the location of these
layers at the locations far away from the neutral axis of
the samples would not help increase the bending strength
and stiffness of the FML composites. They concluded the
same that FMLs show flexible behavior. Khalili et al. [2]
added the comparison with the composite structures and
concluded that FMLs are indeed more flexible. According
to Racz and Vas, the flexural properties of unidirectional
carbon/epoxy specimens subjected to 3-point bending
showed that unidirectional composites exhibit a transi-
tion in the failure mode from shear delamination to tensile
or compressive failure with an increasing span-to-thick-
ness ratio (L/h) [31]. Fleck and Liu [32] found that the dif-
ference in compressive strengths for a beam subjected to
bending and a beam under direct compression is small for
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the beams with a thickness that is over 1000 times higher
than the fiber diameter.

With regards the bending stress and failure of the
FMLs, the thicknesses of both the composite laminate
and aluminum sheets (between 0.3 mm and 0.5 mm) plays
an important role. The authors claim that metal proper-
ties play a more significant role than fiber configuration
[33]. Some authors concluded that the maximum stress
in the 3-point bending test decreases as the thickness of
aluminum sheet increases [34-36]. This phenomenon was
not observed in the present study. The type of fibers and
the direction of composite layers play an important role.
Young’s modulus is higher in the aluminum layers with
0.3-mm thickness than those with a 0.5-mm thickness,
irrespective of the place of load application.

5 Conclusions

The study investigated the mechanical properties, failure,
and characteristics of the internal structure of FMLs sub-
jected to 3-point bending. The mechanism of failure of
the internal structure is very complex and is related with
the internal degradation of the composite layers and the
plastic deformation of the FMLs with carbon and glass
fibers. One can observe the same mechanisms of failure
irrespective of fiber type and aluminum thickness. The
tested laminates show the following failure modes: fiber
breakage, matrix cracking, fiber/matrix debonding,
delamination, and failure of the anodic layer. The anodic
layer on aluminum with a 0.5-mm thickness may undergo
failure. One can observe a characteristic debonding occur-
ring on the fiber-matrix interface in the composite layers. A
failure mode in the form of delamination can be observed
between the composite layers and the surface of the ano-
dized metal. The high damage tolerance of carbon fiber in
FMLs is mainly due to their resistance to cracking. Thus,
the debonding between the fibers and the epoxy matrix
leads to the cracking by delamination (extrinsic toughen-
ing mechanisms). This generates high shear stresses in
the resin-rich layer, which could promote delamination.
In addition, the maximum strain of the fibers affects their
maximum flexural stress.

The behavior of aluminum under compressive and
tensile stresses during bending prevent the failure of the
FML. This means that the thickness of the aluminum layer
is important, but the fiber type and composite layer ori-
entation are also significant, particularly when the fibers
are in the [0] direction. There are no differences in failure
modes observed for the [+45], [0/90], and [90/0] layers,

M. Ostapiuk et al.: Bending and failure of fiber metal laminates = 1105

which means that the fiber orientation exerts only a sec-
ondary effect on the properties of the FML. As regards
the fiber type, the FMLs with carbon fibers exhibit higher
strength than those containing glass fibers.
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