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Abstract

Fiber-Metal Laminates (FMLs) are hybrid composite structures of alternating metal layers
and fiber-reinforced preimpregnated (prepreg) layers. The purpose of this article is to study
numerically the elastic buckling behavior of simply supported FML plates compressed
by two equal and opposite forces. More specifically, the main objective of the present
study is the calculation of buckling coefficients of thin GLARE plates and the construction
of diagrams of these coefficients as a function of their aspect ratio. It is found that the
diagrams of the buckling coefficient versus the aspect ratio of aluminum and GLARE plates
present a very similar trend.

Keywords: elastic buckling; fiber-metal laminates; GLARE plates; numerical method;
eigenvalue buckling analysis

1. Introduction

Laminated composites have been studied and used extensively as main materials for
many modern applications in automotive and aerospace engineering, such as hydrogen
storage [1]. However, considering that further research is required to improve the potential
of laminated materials and extend their applications, future research should focus on
advanced materials by developing multifunctional materials and hybrid composites such
as Fiber-Metal Laminates (FMLs).

FMLs are hybrid composite and laminated structures consisting of alternating metal
layers and fiber-reinforced preimpregnated (prepreg) layers. FMLs have exceptional
mechanical properties, and they are mainly applied in the aerospace and automotive
industries [2]. Due to the epoxy-based polymer matrix of the composite layers and the
low-density aluminum sheets, FMLs are a weight-saving structural material in compar-
ison to classical metal alloys. It is noted that aluminum alloys are used in the majority
of the industrial FMLs. Furthermore, taking into account that weight saving is of critical
importance in aerospace and automotive engineering, most FML structures are thin-walled.
Consequently, the buckling behavior of FMLs is very important for mechanical engineers.

The purpose of this article is to study the elastic buckling behavior of simply supported
GLARE (GLAss REinforced) plates compressed by two equal and opposite forces. GLARE is
the most successful FML up to now, with respect to the variety and extent of its applications.
More specifically, the main objective of the present study is the calculation of buckling
coefficients of thin GLARE plates and the construction of diagrams of these coefficients as a
function of their aspect ratio.
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The scientific research concerning the buckling of isotropic and composite materials
is intensive. Teter and Kolakowski [3] studied the phenomenon of multimodal buckling
of wide stiffened plates made of Functionally Graded Materials subject to uniform com-
pression in the elastic range. York and Williams [4] presented a theory and buckling results
for skewed plate assemblies that are infinitely wide. Their results illustrated the beneficial
effect of shear loading on the load-carrying capacity of stiffened panels under certain
conditions. Prasad and Sahu [5] investigated the numerical and experimental investigation
of the buckling behavior of glass fiber metal laminated plates. More specifically, they
examined the effects of various parameters such as aspect ratio, side-to-thickness ratio,
ply orientation and boundary conditions on buckling loads of the considered materials.
In the study of Jasion and Magnucki [6], the strength and elastic buckling of a sandwich
cylindrical pressure vessel with an individual functionally graded core was investigated
numerically through the finite element method. These materials may be used in various
applications related to the automotive industry, such as hydrogen tanks. Kim et al. [7]
proposed a simplified and useful design formula for the elastic buckling and the ultimate
strength of a plate under longitudinal compression.

The main objective of the present study is the calculation of buckling coefficients of thin
wide GLARE plates subjected to transverse compression and the construction of pertinent
diagrams of these coefficients as a function of their aspect ratio. The axial compression is
applied through two equal and opposite forces at the large edges of the plates (loading
vertical to the length direction of the plates). According to the authors’ knowledge, the
buckling of thin and wide FML plates subjected to transverse compression has not been
published so far. In the previous authors” work [8], the examined plates were subjected
to longitudinal loading along the small edges of the plate (loading parallel to the length
direction of the plates).

2. Problem Delineation

A thin simply supported rectangular GLARE plate is considered with length a, width
b and thickness t. The plate consists of aluminum and unidirectional (UD) glass—epoxy
layers. The static loading of the plate is applied through two equal and opposite forces,
P,, along the vertical (long) edges (AD and BC), as it is illustrated in Figure 1. Taking into
account the simply supported boundary conditions of the plate and the applied loading,
the plate will buckle for a critical value of this loading P.,, which corresponds to the critical
buckling load of the plate. It is noted that the elastic buckling of the plate is examined.
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Figure 1. Top view of a rectangular plate along with the compressive loading.
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3. Numerical Modeling

The critical buckling load of the examined thin rectangular plates is calculated through
a finite element modeling procedure using the finite element software ANSYS 15.0 [9].
SHELL 181 elements are used for the modeling of the considered thin plates. These elements
are suitable for analyzing thin to moderately thick layered structures, and they have four
nodes with six degrees of freedom per node (three translational and three rotational).

The metal layers of the considered materials are composed of 2024-T3 aluminum
alloy, and they are modeled as isotropic linear elastic material, whereas the composite
(UD glass—epoxy) layers are modeled as orthotropic linear elastic material. The compressive
loading is applied at the points located at the middle of the long edges of the plate (Figure 1).
The compressive force Py is equal to unity.

The critical buckling load and the corresponding mode shape of the examined plates
are predicted using the eigenvalue buckling analysis of ANSYS 15.0 software. The conver-
gence of the finite element results is always checked through a comparison between a fine
and a very fine meshed model. It is noted that the convergence check is carried out for the
buckling load and for the mode shape as well. The stress levels of the plies of the examined
plates are checked in all models, in order to ensure that the aluminum and composite layers
remain in the elastic range.

The buckling coefficient k corresponding to the critical buckling load of the isotropic
aluminum plates is calculated as follows [10]:

‘- P, b?
an?D

1)

where D is the bending stiffness of the aluminum plate.
The buckling coefficient k of the specially orthotropic GLARE plates is calculated [11]:

Py b?
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where D;; are the bending stiffnesses of the GLARE plate.
The width b of all plates is constant and equals 0.2 m, while the length a varies, in

k= )

order to obtain the curves of the buckling coefficient and the buckling load as a function of
the aspect ratio. The aspect ratio a/b is between the range 1 to 5. The total thickness of all
considered plates is also constant (1.875 mm). Apart from the 2024-T3 aluminum plate, the
presented numerical modeling procedure is also applied to four different GLARE grades,
which are described below:

GLARE 2A-3/2-0.458, [Alum/0°/0° /Alum/0°/0°/ Alum]

GLARE 2B-3/2-0.458, [Alum /90° /90° / Alum /90° /90° / Alum]

GLARE 3/2-0.292 (0°), [Alum/0°/0°/0°/0°/Alum/0°/0° /0°/0° / Alum]

GLARE 3/2-0.292 (90°), [Alum /90° /90° /90° /90° / Alum /90° /90° /90° /90° / Alum]

The 0° fiber orientation angle is parallel to the x-axis (Figure 1). According to the
nomenclature of the aforementioned GLARE grades, the thickness of each aluminum layer
is indicated by the last number in mm (e.g., 0.458 mm), whereas the thickness of each
composite layer is always 0.125 mm. The mechanical properties of the considered materials
are described in the following Tables 1 and 2 [12].
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Table 1. Mechanical properties of 2024-T3 aluminum (Data from [12]).

2024-T3 Aluminum

Density [kg/m?] 2770

Poisson’s ratio 0.33
Young’s modulus [GPa] 73.084

Static yield limit [MPa] 369

Table 2. Mechanical properties of S2 glass—epoxy composite layers (Data from [12]).

S2 Glass-Epoxy Composite Layers

Density [kg/m?] d 2000
Vo1 0.0575
Poisson’s ratio V31 0.0575
V3 0.33
Eq 54
Young’s modulus [GPa] E; 94
E;3 9.4
Gz 5.6
Shear modulus [MPa] Go3 5.6
Gs1 5.6
Shear strength [MPa] Sip 76
Longitudinal tensile strength [MPa] Xt 1900
Transverse tensile strength [MPa] Y¢ 57
Transverse compressive strength [MPa] Y 285

4. Validation of Numerical Procedure

It is necessary to apply suitable boundary conditions in the buckling problem, con-
sidering that the critical buckling load is sensitive with respect to different boundary
conditions. The validation of the numerical procedure along with the suitability of the
simply supported boundary conditions is carried out through comparison of the numerical
with corresponding analytical results [13] concerning isotropic plates.

An excellent agreement has been found between the analytical results [13] and the
finite element results, indicating that the implemented numerical procedure has been
validated. More specifically, the absolute value of the divergence between the analytical
and numerical results for the isotropic aluminum plates is lower than 2%, as it is graphically
depicted in Figure 2. Taking into account the fact that the implemented numerical procedure
and the boundary conditions are applied unchanged on the GLARE laminates, we consider
that this procedure is valid for the examined GLARE FMLs as well. It is noted that the same
consideration has been used in reference [8], where the numerical procedure for GLARE
plates subjected to longitudinal compression had been successfully validated through
comparison of the FEM results with analytical calculations.
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Figure 2. Numerical [9] versus analytical [13] critical buckling load of simply supported aluminum
plates.

5. Results and Discussion

In Figure 3, the diagrams of buckling coefficients corresponding to the examined wide
plates subjected to axial loading are illustrated. It is noted that the usefulness of these
diagrams has to do with the fact that the buckling strength of the plates can be easily
obtained, utilizing Equations (1) and (2).

\ — Aluminum 2024-T3

. | R GLAFRE 2A-3/2-0.458 (0 deg)
A = = =GLAFRE 2B-3/2-0.458 (90 deg)
E\ — GLARE 3/2-0.292 (0 deg)

— - = GLARE 3/2-0.292 (90 deg)

Aspect ratio (a/b)

Figure 3. Buckling coefficients of simply supported aluminum and GLARE plates subjected to
uniaxial compression.

It is shown from Figure 3 that the (k, a/b) curves of the examined materials present a
very similar trend (practically coincide), since it is difficult to even distinguish the curve of
each material. This is an interesting finding, taking into account the fact that the different
materials have different buckling strengths due to their different structural properties, as it
is shown in Figure 4.
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Figure 4. Comparison of critical buckling load of simply supported aluminum and GLARE plates.

Although the buckling coefficient is a reliable indicator of the buckling strength of a
plate, it is not convenient to directly compare the buckling strength of different materials
using their buckling coefficients. This is attributed to the fact that k depends on the bending
stiffness of each material, as it is indicated in Equations (1) and (2). Consequently, the direct
comparison of the buckling strength of the considered materials is carried out using the
values of their critical buckling loads. In Figure 4, the critical buckling loads are given as a
function of their aspect ratio values.

It is observed from Figure 4 that aluminum plates have the highest buckling strength
among the considered materials, and the two GLARE 3/2 laminates (with 0° and 90°) have
the lowest buckling strength. Aluminum has a metal volume fraction (MVF) = 1, GLARE
2A and 2B have a MVF = 0.73 and GLARE 3/2 grades have a MVF = 0.47. As a result, it is
observed from Figure 4 that the MVF is the most decisive parameter with respect to the
critical buckling load of the considered materials.

An interesting observation concerning the fiber orientation angle is also observed
from Figure 4. More specifically, it is observed that when comparing GLARE 2A and
GLARE 2B, which have identical structural properties except for the fiber orientation of
their composite layers, GLARE 2A (0°) is more buckling resistant than GLARE 2B (90°)
when the aspect ratio is approximately lower than 1.5. On the other hand, when the aspect
ratio is approximately higher than 1.5, GLARE 2B (90°) has a higher critical buckling load.

The same observation regarding the fiber orientation angle is also valid and more
obvious between GLARE 3/2-0.292 (0°) and GLARE 3/2-0292 (90°), where the 90° fiber
orientation angle yields clearly higher critical buckling load in comparison with the 0° fiber
orientation angle when the aspect ratio is higher than 1.5.

The critical mode shapes of the examined laminates have been calculated and studied
in order to locate the areas on the plate surface where the higher stresses are developed.
These are the areas that should be strengthened in order for the critical buckling load to be
increased. Figure 5 illustrates the representative mode shape corresponding to the critical
buckling load of a GLARE plate with aspect ratio a/b = 4. It is shown that one symmetrical
half-wave is formed, and the maximum lateral deflection is located at the center of the
plate. This finding is valid for all examined plates.



Eng. Proc. 2025, 119, 41

7 of 8

maim lateral zero lateral
deflection deflection

Figure 5. FEM contour of the lateral deflection of the critical buckling mode shape of a simply
supported FML plate (a/b = 4 (GLARE 3/2-0.292, 90°)) subjected to uniaxial compression.

6. Conclusions

This article investigates the elastic buckling of wide, simply supported GLARE lami-
nates subjected to transverse compression. The two equal and opposite forces are applied
at the middle of the long sides of the plate (vertically to the length direction). The classical
eigenvalue buckling analysis is employed using ANSYS 15.0 FEM software in order to
calculate the critical buckling load. It is found that the metal volume fraction is the most
crucial factor determining the buckling strength of the considered materials. Another
interesting finding is that the curves of the buckling coefficients as a function of the aspect
ratio values practically coincide for all examined materials, although they have different
structural properties. This study provides useful results and will help engineers and re-
searchers to understand the elastic buckling behavior of wide rectangular GLARE plates
when they are subjected to uniaxial compression. Additionally, considering that FMLs are
advanced materials with exceptional properties, further research is required in order to
extend their applications in other fields, such as hydrogen storage for the automotive or
aerospace industry, which is a promising solution to the energy crisis.
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