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Abstract

Sandwich structures are composites comprising a core layer sandwiched
between two face layers; each layer has a distinctive characteristic, and the
structure can also include composite layers. This study presents an
investigation of the free vibration behavior of a cored hybrid sandwich plate.
The research demonstrates an analytical and numerical analysis. Sandwich
plate models made of aluminum face sheets with reinforced cores are used in
this study. The analytical analysis used in this study of a three-layer sandwich
plate is based on Kirchhoff's theorem. An additional mathematical model is
constructed by dividing the core layer into two parts to form four layers with
a hybrid structure. The governing equations to obtain the mechanical
properties and natural frequency of the foam composite, as well as open
structural and hybrid cores, were used in this study. The numerical analysis
of the various composite structures using the modal analysis was performed
through ANSYS version 2021-R1. Analytical outcomes reveal that replacing
the foam core with an open-cell structure reduces the natural frequency by
25%. However, the hybrid core structure reduces the natural frequency by
27.6%. Also, the ultimate flexural load in the hybrid structure is increased by
127.7% compared to the open-cell structure core. Finally, numerical results
are highly consistent with those obtained analytically.
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1. Introduction

As humans began constructing heavily loaded structures relying on densely impermeable materials like steel
under the same stress and boundary conditions, composites like sandwich structures are lighter and more corrosion-
resistant than conventional metallic materials. Sandwich structures play a significant role in producing composite
products as they appear in almost all application areas [1]. Historically, sandwich structures were the very first
functional composite structures. The constant challenge is making a structure as light as feasible, with rapid
manufacturing and reducing costs without affecting strength.

A structure must be stabilized to sustain tensile and compressive stresses in tension, torsion, bending, and their
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combination [2, 3]. Because of the ability to design structures with specific features, cellular structures were created
by man to replace traditional materials such as honeycombs [4] and foam structures [5]. As man was inspired by nature,
it was already cellular, as evidenced by the presence of bone, coral, and other similar materials. Foam may be made
from almost any material, including polymers, metals, composite structures, etc. The structure and substance of any
foam's cell walls influence its qualities. Cellular solids are used for thermal insulation, packing, filtration, structural
applications, and buoyancy [6].

There has recently been a significant interest in using cellular solids, which serve many functions. The biggest
challenge in making these materials so far has been numerous manufacturers' inability to manage content distribution
at the cellular level. Cellular substances have distinct benefits over conventional substances and non-cellular polymers.
With the advancement of technology in recent years, studies have been carried out on composite materials that are
lighter, stronger, and more rigid. A sandwich panel is a structural composite that combines different elements to
maximize the structural usefulness of the complete construction. A sandwich requires three main components: a thin,
stiff, and strong core. The faces are adhered to the core to transmit load. Sandwiches operate similarly to I-beams,
with the faces replacing the flanges and the core taking the place of the web. The sandwich'’s core is made of a material
distinct from the sandwich's faces and provides continuous support for those faces. The faces will create a stress pair
to resist the external bending moment. The core resists shearing and stabilizes the faces versus buckle or wrinkle. Face
and core adhesion must be strong enough to withstand tension and compression forces [7]. Scientists have paid
significant attention to the elastic properties of closed-cell polymeric foam due to its wide use in engineering
applications. Many contributions investigated the static and dynamic analysis of foam core sandwich plates; some
adopted aluminum as a foam material [8, 9], while others used polyurethane and other materials [10]. Highlighting the
critical parameters and the influence of structural foam dynamic response behavior.

Guo et al. [11], investigated the dynamic behavior of aluminum foam sandwich plates under repeated impact loads.
In this study, a sandwich plate of upper and lower face aluminum and closed aluminum foam core by epoxy resin
adhesion warmed beneath approximately 60°C. An experimental study inferred that the back face sheet still has
residual load-carrying capacity even if the front face sheet became cracked. Caglayan et al. [12] studied the impact
response of sandwich panels with polymer foam core using a new mathematical model. They focused on the effects
of shear-thickening fluids on polymer foam cell morphology, thermal stability, and mechanical performance. Using
amorphous silica nanoparticles SiO; as a dry powder and polyol with polymeric. The shear thickening fluids-filled
PUR foam core sandwich composites responded with lower damage width than neat PU foams.

Ren et al. [13] investigated the dynamic failure of sandwich plates with polyvinyl chloride foam cores when

subjected to foam projectile impact. A sandwich structure has a polyvinyl-chloride core at the same area; mass
replacing an Al sheet with a compaosite enhances the impact strength. By boosting the density of PVC foam cores,
sandwich plates' impact resistance can be increased. A sandwich plate with a thicker core layer can more effectively
extend the dynamic response time of the structure, increasing the energy of the impact impulse and enhancing the
protective property of the plates. Koyama et al. [14] used Polyurethane PUR foam, a foamable, lightweight, and
waterproof polymer substance. The researcher looks at the dynamic deformation properties of rigid polyurethane
foam. According to JGS 0542-2009, the specimens utilized for dynamic deformation tests were cylinders identical to
those used in cyclic triaxial testing to determine how dynamically deformable soils are. Under one-dimensional stress
circumstances, stiff foam deformed compressively, but under three-dimensional stress conditions, it deformed both in
the compression and extension directions. As a result, the dynamic qualities varied. Finite element analysis of
laminated composite plates using a higher order shear deformation theory on stress distribution in a five-layer
sandwich plate with assumed a continuous displacement across the layers was performed by Hamed Raissi et al. [15].
They used a square, supported sandwich plate based on layerwise theory.
Recently, many researchers studied static and analysis of functionally graded sandwich plates using multiple
techniques [16-18]. When sandwich structures are subjected to external stimuli, such as mechanical or acoustic
vibrations, free vibration analysis is critical because it allows us to understand their dynamic behavior. An analysis of
the free vibrations of SPs can help determine their natural frequencies, mode shapes, and damping characteristics. It
is, therefore, necessary to conduct a free vibration analysis of these materials before designing them.

Njim et al. [19] suggested an analytical solution for vibration analysis of a functionally graded material (FGM)
sandwich plate. The differential equation of motion for the vibration analysis of the FGM sandwich combined plate
is solved to evaluate the natural frequency of the plate with different design parameters. Increasing the gradient index
and core thickness increasesthe natural frequency of the FGM sandwich plate structure. While increasing the thickness
of the upper and lower plate parts reduces the strength-to-weight ratio, it also reduces the natural frequency of the
porous sandwich plate structure. Maras and Yaman [20] conducted free vibration of polymeric foam to be used in
composite sandwich beam models, offering insights into syntactic foam behavior under dynamic loading conditions
using experimental and numerical methods.

In their study, Nguyen et al. [21] examined reinforced polyurethane foam-based composites and studied their
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mechanical behavior and dynamic characteristics based on a modified strain gradient theory. According to the results,
the size effect significantly improves buckling, bending, and free vibration properties. Jiaming Sun et al. [22]
developed constitutive damage models for the simulation-free vibration of composite sandwiches with foam-filled
cores under a wide range of temperatures and strain rate programs, enhancing the accuracy of foam behavior
predictions in complex loading scenarios. Additionally, each service structure must be prepared with different
suppression ranges based on specific circumstances, resulting in structures with different vibration suppression ranges.
Hence, Zelin Li et al. [23] performed comprehensive theoretical and experimental techniques to examine the nonlinear
vibration behaviors of foam-filled honeycomb sandwich cylindrical shells by employing multiple compressive and
dynamic loading, providing insights into foam response under dynamic loading conditions.

A five-layer sandwich nanocomposite beam reinforced with graphene platelets (GPLs) and shape memory alloys
(SMAs) has been evaluated theoretically by Arabzadeh-Ziari et al. [24] for predicting deflection, buckling, and
vibration under high dynamic loading. Ashkan Farazin et al. [25] conducted an experimental investigation on
composite sandwich plates with aluminum foam under impact loading, providing valuable data for understanding
foam behavior in impact scenarios. The free vibration of composite structures has been extensively studied using
various methods such as differential cubature-Newmark method [26], higher-order theories [27], differential quadrature
hierarchical finite element method [28], differential quadrature method [29], elasticity approach [30-35], and zigzag
shear deformation theory [36]. Nanocomposites are designed to integrate different materials at the nanoscale to create
materials with unique properties and functionalities. The structure of nanocomposites is critical in determining their
performance and potential applications across various industries [37-39]. L. Shan et al. [40] investigated the influence
of the presence of nanoparticles on the dynamic characteristics of composite structures, considering multiple
parameters such as volume fraction and geometrical properties. It is found that the uniform dispersion of nanoscale
fillers is crucial for achieving these enhanced properties, as clustering can lead to structural defects and failure.
Moreover, the detailed study on an experimental study for the effect of hole notched in fracture mechanism of
composite structures subjected to quasi-static loading is conducted by C. Chu et al. [41].

Recent developments in materials engineering have achieved remarkable progress, notably through the
introduction of functionally graded materials (FGMs). These groundbreaking materials have gained significant
attention due to their unique and adaptable properties, which diverge from conventional material design methods. In
contrast to homogeneous materials, FGMs feature a continuous and seamless variation in their thermo-mechanical
properties, making them exceptionally versatile and distinct [42-44]. Fundamentally, FGMs are designed to possess
tailored properties that smoothly transition from one end to another. FGMs represent a significant breakthrough in
engineering and science, offering innovative solutions to multifaceted challenges encountered across various
industries, including aerospace and biomedical sectors [45]. Moreover, Al-Furjan et al. [46] examined the wave
propagation in FGM composite sandwich beams based on modified couple stress and refined zigzag theories.

From the literature, it is found that there are very few investigations on the free vibration analysis of SPs with
hybrid composite core combined with porous polymer and foam layers.

This study aims to design and conduct free vibration characterizations for sandwich plates with foam PLA, TPU,
and hybrid core open loop structure core. The study is planned to derive the natural frequency equation analytically
and verification results using the finite element method with the help of ANSY'S software tools.

2. Nomenclature

SPs Sandwich plates

FGM Functionally graded materials
CPT Classical plate theory

PU Polyurethane foam

SS Simply supported

PLA Polylactic acid

TPU Thermoplastic polyurethane
GPLs Graphene platelets

SMAs Shape memory alloys

3. Analytical model

Hybrid material cores merge two or more materials that cannot be distinguished by layers (similar to a skeletal form).
Each material has specific mechanical properties and performance, creating a material with a different performance.
Analyzing a hybrid core depending on the foam material performance and the open-cell structure, margining them
together with the assumptions structure, as shown in Fig. 1. Hooke's Law and plate theory are used to derive the
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following field equations for stress [47];
M X O-X
M z/2 d
= 207
y J-—Z/Z O-y (1)
M,, T

Xy

As, oy, o, and Ty, are the normal and share stresses on the plate. Also, for the part of (p/) can be expressed as,

ph= | pdz @

As demonstrated in Fig. 2 of the hybrid core as a layer in the sandwich plate, and Fig. 3 shows the laminated
dimensions of the sandwich.
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Fig. 1. The assumed open structure.
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Fig. 2. Hybrid core as a layer in the sandwich plate.

Fig. 3. Geometry of the sandwich layers.

Stress relationships for each layer of the sandwich plate can be expressed in terms of each property, the mechanical
properties of upper and lower, as mentioned before, for the foam and cell structure. Mechanical properties of foam
core part,

- yy (3)
And,

4)
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And mechanical properties of the cell core part,

And,
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The hybrid core of the foam and the open-cell structure occupy the same space over the same height (hy);
therefore, the integration would be over the height. The integrating equations to obtain the moments and shear

components would be,
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By multiple integrating the above equations, we obtain,
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The above component is to be a back substitution in the equation,

2 ’M,, M,
0 MZXX +2 2 4 ph = (10)
x axay e

Then, it can be expressed as shown,
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After integration was done, back substitution of the resultant in the equilibrium Eq. (10) leads to,
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The above outcome is a 4™ order equation, with a solution of method of separation of variables assumption, as a
function of displacement with variables x, y and function of time of t variable. With the applied condition for a
supported plate, the displacement equation can be written as [48],

y

n
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By comparison, the resultant equation with the 2" order simple form, the result w2, can be easily recognized,
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A rectangular sandwich plate has a natural frequency of w,,,. All edges have simply supported boundary
conditions. Since a = b rectangular plate, the upper face and lower are the same h; = h, = hg, Vg1, = Vg = vp,

Efy = Epp = Ef ,Veqp = Vg1 = Ve aNd E¢q = E, = E,. Takingm = 1 and n = 1, the equation can be expressed as,
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To calculate the mechanical performance of the hybrid core, for the open structure part relying on the equation of
the open structure, open-cell design,

2
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To make Eq. 16, which has already been derived, more suitable for the hybrid core layer situation, the variables of
that layer are exchanged according to Egs. 18 and 19,
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4. Numerical Investigation

As car companies work on a new idea, a concept is built (prototype) to visualize dimensions and asymmetrical
lines to describe an idea and bring it closer to reality. To merge theoretical analysis into reality by making a digital
replica to be analyzed [49]. Once the constituent materials are simulated and their mechanical properties are specified
and then analyzed using a simulation (program), results that support the analytical results appear more realistically.
The finite elementmethod (FEM) is a numerical solving approach for complex engineering problems and experiments,
and ANSYS 2021-R1 software was employed for this work. The model must be designed to analyze with ANSYS
software, and then properties and boundary conditions must be specified [50]. Once it is completed then simulation
was performed to obtain results. Fig. 4 demonstrates models created for the sandwich plate.

a. Open‘-CeII b. Open-cell with foam materials

Fig. 4. Models of sandwich used

From the ANSYS software library, which contains many elements that are distinguished from each other by criteria
such as geometry, i.e., two-dimensional or three-dimensional, as well as the degree of freedom (DOF), one of these
elements is selected through which the analysis is carried out. The primary element that was adopted for this analysis
is SOLID186. The aspect is characterized by having 3DOF to transfer in the direction (X, y, and z) for each node, and
it contains twenty nodes. Fig. 5 demonstrates the element SOLID186. Matter changes by changing its properties.
Materials can have orthotropic or isotropic properties; some properties vary while others remain constant [51].
Materials' properties are to be archived in ANSYS or already in the program Library. The chosen material's
characteristics are listed in Table 1.

M,N.O,P,UV,W.X

plweIs] [EIpayEna ],

- < =
AN
2>»0
ey
BRENE
WS L

Fig. 5. ANSYS Element SOLID186.

Table 1. The sandwich plate model chosen materials' characteristics

Layer E (GPa) p Kg/m® Vs h (mm)
Al 61.25 2710 0.33 1
Foam (PU) 0.0382 100 0.3 14
Open cell-PLA 1.172 1360 0.3 14
Open cell-TPU 0.833 1450 0.3 14

Meshing is to break the model into small parts grouped within a network. Increasing the mesh elements means
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more accuracy in the solution, but it requires a longer time to model it. Unlike the old versions, the ANSYS 2021-R1
workbench figures out mesh element size in an auto manner with the default element type SOLID186. Simply
supported as boundary conditions were employed in all FEA cases. The sandwich plate has elements up to 12500 and
59211 nodes. The FEM model mesh is demonstrated in Fig. 6. The study of free vibration for any structure includes
calculating the mode shape, thus calculating the natural frequency for all modes. These modes can easily illustrate the
deflection the plate exhibits. The numerical analysis steps in ANSYS software include the geometry of the model,
FEM mesh generating, locating the boundary conditions, and deformation mode shapes as an output.

0.000 0.100(m) /L‘
[ S b2 X

0.050

Fig. 6. The FEM model mesh

5. Results

Table 2 states the result of natural frequency for hybrid structure. Both the structure and the foam have unique
qualities that set them apart. By combining the two into a hybrid system, these qualities may be used to create a high-
quality design. The change in the elastic modulus depends on the change in the density of both foam and cellular
structure. Increasing the foam density from 60, 100, 150, ...., 400, and 450 kg/m? leads to an improvement in the
elastic modulus and thus reduces the natural frequency by 1.4%, 3.2%, 4.8%, 6.4%, 7.8%, 9.2%, 10.6% and 11.8%,
respectively. Figure 10 demonstrates the relation between the hybrid structure's elastic modulus and natural frequency.
Figure 11 demonstrates the relation between the change in foam density and the natural frequency of the hybrid
structure.

When observing the results obtained through the numerical analysis, their behavior tends to match the behavior of
the results of the analytical analysis but deviates with a slight discrepancy. The discrepancy can be traced back to the
material's characteristics, hypotheses in the analytical analysis, and core structure. The discrepancy in the analytical
and numerical results was below 6%. The numerical solution results and discrepancies are inserted in Table 3.

Table 2. Results of the natural frequencies for the hybrid structure

Material PUR E; PUR ps Hybrid E;*  Hybrid Hybrid PUR G Analytical o,
(GPa) (kg/m?) PUR GPa PUR v¢* pr* (kg/m?) (GPa) (rad/sec)
0.0045 60 0.003 40.262 0.002 7278.69
0.0382 100 0.026 67.104 0.018 7173.14
0.0595 150 0.040 100.656 0.029 7045.52
0.0922 200 0.062 134.208 0.044 6925.81

PLA 0.1276 250 0.086 167.760 0.061 6812.49
0.173 300 0.116 201.312 0.083 6705.77
0.2229 350 0.150 0.3 234.864 0.107 6604.63
0.269 400 0.181 268.416 0.129 6507.84
0.3229 450 0.217 301.968 0.155 6416.17
0.0045 60 0.003 40.262 0.002 7154.21
0.0382 100 0.026 67.104 0.018 7053.90

TP 0.0595 150 0.040 100.656 0.029 6932.36

0.0922 200 0.062 134.208 0.044 6818.20
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0.1276 250 0.086 167.760 0.061 6709.97
0.173 300 0.116 201.312 0.083 6607.94
0.2229 350 0.150 234.864 0.107 6511.12
0.269 400 0.181 268.416 0.129 6418.33
0.3229 450 0.217 301.968 0.155 6330.38
7300 PLA 7300 o—PLA
TPU
.
7100 TPU 7100
o~ o~
3 o
z 6900 § 6900
= =
= g
=~ 6700 =~ 6700
= =
] ]
6500 6500
6300 6300
0.000 0.050 0.100 0.150 0.200 60 360
E (GPa) pf (kg/m?)
Fig. 10. Elastic modulus vs. natural frequency of the hybrid Fig. 11. Density vs. natural frequency relation of the hybrid
structure structure
Table 3: Frequency results of the numerical solution
Type Analytical o, (rad/sec) Numerical o, (rad/sec) Discrepancy (%)
Hybrid PUR-TPU 7053.89 7439.04 5.46
Hybrid PUR-PLA 7173.13 7564.79 5.46

6. Conclusions

An analytical model is utilized to conduct an analysis of the free vibration of composite SPs that has been subjected
to simply supported boundary conditions according to the generalized Hooke's rule, within the framework of CPT.
Mechanical properties, and natural frequency were estimated. Consideration is given to three types of core
arrangement. The accuracy of the new approach is simulated by using FEM and the results of natural frequency are
compared based on various types of hybrid cores these conditions feature distinct mechanical behaviour of composite
sandwich plates. It has been determined that this method produces satisfactory outcomes. The most important

conclusions obtained from this study are recoded below:
1.
2.

3.
4.

Converting a solid material or replacing a foam form with a cellular pattern is very effective by reducing

both mass cost and maintaining its performance.

Hybrid structures provide a great combination to improve mechanical characteristics.

The natural frequency of the hybrid structure is reduced by 27.6%.

The ultimate flexural load in the hybrid structure is increased by 127.7% compared to the open-cell
structure core, and the maximum deflection is also increased by 163.3%.
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