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ABSTRACT

Purpose: This paper develops a new analytical solution to conduct the free vibration
analysis of porous functionally graded (FG) sandwich plates based on classical plate theory
(CPT). The sandwich plate made of the FGM core consists of one porous metal that had not
previously been taken into account in vibration analysis and two homogenous skins.

Design/methodology/approach: The analytical formulations were generated based on
the classical plate theory (CPT). According to the power law, the material properties of FG
plates are expected to vary along the thickness direction of the constituents.

Findings: The results show that the porosity parameter and the power gradient parameter
significantly influence vibration characteristics. It is found that there is an acceptable error
between the analytical and numerical solutions with a maximum discrepancy of 0.576 % at
a slenderness ratio (a’/h =100), while the maximum error percentage between the analytical
and experimental results was found not exceeding 15%.

Research limitations/implications: The accuracy of analytical solutions is verified by
the adaptive finite elements method (FEM) with commercial ANSYS 2020 R2 software.

Practical implications: Free vibration experiments on 3D-printed FGM plates bonded
with two thin solid face sheets at the top and bottom surfaces were conducted.

Originality/value: The novel sandwich plate consists of one porous polymer core and
two homogenous skins which can be widely applied in various fields of aircraft structures,
biomedical engineering, and defense technology. This paper presents an analytical and
experimental study to investigate the free vibration problem of a functionally graded simply
supported rectangular sandwich plate with porosities. The objective of the current work is
to examine the effects of some key parameters, such as porous ratio, power-law index, and
slenderness ratio, on the natural frequencies and damping characteristics.

Keywords: Functionally graded materials, Sandwich plate, Porous metal, Frequency
analysis, Finite element methods (FEM)
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1. Introduction

In a few decades, functionally graded materials (FGMs)
have become extensively used as sophisticated engineering
materials in a wide range of applications, including
workpiece materials, space systems, energy, dental implants,
and prostheses [1]. Using a functionally graded porous core
material (FGPMs) in sandwich structures increases because
of its features in reducing residual and thermal stresses
generated between the core and the skins compared to
conventional sandwich structures. Therefore, they are
utilized in the aerospace, defense, marine, and automotive
industries. The functionally graded material has the function
of designing with the change of the material’s position itself
compared with the homogeneous core material. It has the
potential to become a more effective core material due to its
excellent characteristics [2]. Because of their importance
in biomaterial engineering, functionally graded materials
with porosity, and microstructure gradients are being
developed [3].

In general, porous functionally graded materials,
FGPMs, are generated by changing the porosity
concentration or pore volume in either a continuous or
gradual process [4,5]. In the past few years, substantial
interest has been undertaken in understanding the dynamic
characteristics of the functionally graded sandwich plate.
Zenkour [6] studied the dynamic response of FG sandwiched
between thick rectangular plates using a quasi-3D shear
deformation theory. Arefi and Najafitabar [7] investigated
free vibration and buckling analyses of FGM sandwich
beams with uniform hardcore and FG skins. Sciuva and
Sorrenti [8] investigated the vibration response and buckling
loads of FG sandwich plates under various symmetrical
loadings using the modified Refined Zigzag theory.
Amirpour et al. [9] explored the free vibration
characterization of simply supported 3D printed polymeric
functionally graded (FG) plates using Higher-Order Shear
Deformation Theory and finite element techniques.
Wattanasakulpong and Ungbhakorn [10] investigated the
linear and nonlinear vibrations of elastically constrained
edges of FGM beams with pores.

Wattanasakulpong and Chaikittiratana [11] examined
the free vibration of Timoshenko beams with porosities,
taking into account the uneven distribution of porosities in
the model. Muc and Flis [12] used both first-order transverse
shear deformation and classical (CPT) theory to examine the
free vibrations of thin and substantially thick porous FGM
plates with different boundary conditions. They validated
the results by employing the Rayleigh-Ritz methods. Xie et
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al. [13] developed a theoretical method for the free vibration
analysis of FGM plates with porosity variation depending on
the energy measurements. The morphology of the porosity
distributions is also taken into account. Hayat and Meriem
[14] conducted dynamic analysis on FG plates with pores
made of a combination of metal and ceramic enclosed in an
elastic medium. Zhang et al. [15] investigated the
mechanical performance of functionally graded structures
and the topological design of porous materials.

Mostefa and Slimane [16] introduced an exact solution
to examine the effects of porosity distribution and the
material volume fraction on the dynamic behavior of the
FGM sandwich plate under various boundary conditions.
Singh and Harsha [17] analysed the free vibration
characteristics of the FGM sandwich plate with 3 types of
porosity arrangement. Kumar et al. [18] studied the free
vibration analysis of tapered FGM plates mounted on an
elastic foundation according to first-order shear deformation
theory. Moreover, Khan et al. [19] extensively studied the
modal analysis of composite sandwich materials, containing
Nano polyurethane foam cores. Kaddari et al. [20]
investigated static and dynamic analysis of a porous FG
plate resting on an elastic foundation using a new quasi
three-dimensional model. Li et al. [21] investigated the
dynamic response of a porous FG sandwich plate having a
core reinforced with graphene nanoparticles. Relying on the
modified Fourier-Ritz approach, Xue et al. [22] developed a
damped free vibration analysis of FG sandwich panels with
porosities. Abderrahmane et al. [23] studied the effects of
boundary conditions on the dynamic behavior of
functionally graded sandwich plates with auxetic 3D lattice
metamaterials cores. Li et al. [24] investigated free vibration
of FG sandwich plates using FEA and experimental
methods.

Many researchers have also investigated the effect of
thermal conditions on sandwich plates. Brischetto [25]
presented an analysis of a composite laminated shell under
the hygrothermo-elastic effect. Therefore, the effect of
thermal and hygroscopic loads on the strain and stress was
presented by using analytical techniques. Then, Garg and
Chalak [26], presented a review of the hygrothermal
condition's effect on the laminated sandwich plate structure.
There, the review predicted the mechanical behavior of the
laminated structure under hygrothermal effects such as
vibration and buckling behavior.

Garg and Chalak, [27], investigated the effect of the
hygro-thermomechanical-conditions on the stress analysis
for skew and non-skew laminated sandwich structure. The
theory of higher-order zigzag was used to analyze the
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mechanical behavior of composite laminate sandwich plates.
In addition, numerical technique, by using the finite element
with using the Nine-noded isoparametric element, used to
analyze the results were calculated.

After this, Krishna and Chalak, [28], presented the
analysis of the mechanical behavior of composite sandwich
plate structure under thermal effect. There, the analysis
included used for the numerical technique to calculate the
mechanical behavior for the plate under various thermal
effects. In addition, the investigation included calculates
various mechanical behavior for plates with different
sandwich plate parameters, with thermal effect. Kumar et al.,
[29], analyzed the non-linear behavior for stress and
deflection of the laminated sandwich plate with the effect of
the cutout. So, the cutout investigation was the elliptical
shape and the stress and deflection for plate structure
analysis under hygro-thermal with various transverse
loadings.

Garg et al. [30] conducted a comparative study of
sandwich functionally graded beams made up of power-law
and exponential and sigmoidal laws under free vibration
conditions. The study has been carried out using the higher-
order zigzag theory. The present formulation incorporates
transverse normal stress and hence is more efficient. Also,
the present formulation satisfies zero transverse shear stress
conditions at the top and bottom surfaces of the beam.

Hirane et al. [31] developed a layerwise finite element
model for static and free vibration analysis of FGM
sandwich plates using higher-order theory. Vinh and Tounsi
[32] investigated the behavior of the spatial variation of the
nonlocal parameter on the free vibration of simply supported
FG sandwich nanoplates. It is revealed that there is an
essential effect of the nonlocal parameters in the free
vibration of functionally graded sandwich nanoplates.

Vinh and Huy [33] introduced the FEM model based on
anew hyperbolic shear deformation theory to investigate the
mechanical behavior of the PFGM sandwich plates. Vinh
[34] introduced a comprehensive investigation of bi-
directional FG sandwich plates using higher-order shear
deformation theory and the FEM method to study the free
vibration and buckling behaviors. The results show that the
variation of the material ingredients and properties, the
boundary conditions, and the thickness ratio of layers play
significant roles in the stability of bi-directional FG
sandwich plates.

The present study aims to analyse the free vibration
characteristics of the functionally graded porous materials
structure. The plate material characteristics are to vary
smoothly within the thickness direction only according to
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the power-law distribution. The mathematical model for the
free vibration of a simply supported rectangular FG
sandwich plate is derived based on the CPT to find the
natural frequency according to various FGM parameters.
The FGM parameters are porous index, porosity ratio,
aspect, and slenderness ratios. The experimental tests were
conducted using a portable digital vibrometer system to
calculate the first natural frequency of the well-designed and
manufactured 3D printed polymer FGM sandwich plate
samples. Along with experimental methods, numerical
investigation using the finite element method is extensively
used to check the accuracy of both the proposed analytical
and numerical solutions. The numerical results are reported
for various parameters.

2. Mathematical formulation of FGM

Although there are many studies of the FG structure that
have investigated the vibrational behaviour of FG plate,
assumed metal-ceramic FGM in their assessment due to their
high mechanical strength, and polymeric or metallic
polymers are less discussed. Thus, if the volume fraction of
the upper surface of the FG plate is /'y and that of the lower
surface is, V; then by introducing a power-law distribution
of the constituents across the plate thickness, The volume
fraction of the upper constituent may be assumed to be of the
form [24],

B\
Vy(2) = (T) M

The corresponding volume fraction of the mixture can be
given by,

Vy(2) +V,(2) = 1 2

Here z denotes normal coordinates to the middle surface
of the plate and varies from -/4/2 to h/2, h is the thickness of
the FG plate, r denotes a power-law variation index (» <0 <
oo) which describes material property variation in thickness.
The effective material properties of the FG plate can be
formulated as,

P(z) = (P, — Py) (T> + Py 3)

In Equation (3), Py and P; are corresponding material
properties of the upper and the lower constituents of the FG
plate, respectively. In the current investigation, it considered
that the plate consists only of one metal with density changes
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across the thickness, and the suggested rule of the volume
fraction can be expressed as,

z 1

-
Vo(2) = Vo = ¥V (54+3) “)
Forr=0, V, (z)=Vm —7Vm, while for; r =0, V,=V,,=1, where
¥, is the total volume of porous metal, V,, is the volume of
core metal, and y is the porosity parameter. Consequently,
the proposed mechanical properties of the FGM porous
metal can be represented as,

1 T

P(2) =P —7.Pu(5+5) (5)

Here P,, is the value of the material properties of metal of
the FG plate. Thus for the homogenous plate (y= 0), while
for imperfect FG plate (y<1).

3. Suggested mathematical modelling for
sandwich plate with FGM porous core

By using the classical plate theory (CPT), the differential
equation of FG plates across the plate thickness at a distance
z away from the middle surface is given by: [35,36],

8% Myx 0%Myy | 02Myy - a%w ©6)
9x2 ax.0y ayz 0 g¢2

Rearranging equation 6 in terms of flexural rigidity and
bending equation, we can obtain the equation of equilibrium
in terms of deflections (w) of the plate as,

*w 9*w *w 22w
D (S + 2500+ 5%) Hlo 53 =0 Q)
Where, D = —"_is the flexural rigidity of the plat
€re, = 12(1—#2)’ 1S (] exura rlgl ly [0) (¢} p ate,

I, is the inertial coefficient of the plate, £ is Young’s
modulus and g is the Poisson’s ratio. Consider a simply
supported sandwich plate of length a and width b,
comprising mainly from the single-phase core metal having
an even distribution of porosities (Beta) while the top and
bottom plate surfaces, using same isotropic and geometrical
properties as shown in Figure 1. The material properties of
the upper and lower face sheets are assumed to be identical;
hence, the mechanical properties
v, p=U and the mass density pyp = p;p. For the imperfect
FGM plate, Young’s modulus (£) and material density (p)
are taken to vary along the thickness direction, except for
Poisson’s ratio (1) will assume to be constant for simplicity
[15]. Hence, the elasticity modulus £ and material density p
of porous FG core layer can be expressed, respectively, as,

Eyp = Eip,vyp =
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E@) = En—7-En (5 +3) ®)

2

p(2) = pum = - (5 + i)r ©)

By incorporating Equations (8) and (9) into Equation (7),
and assuming the thickness of upper and lower skins are
equal (Aup=hrp), the general form of both effective flexural
rigidity Dsp and inertia /, of the sandwich plate can be
expressed as follows,

h/2

D, = f_h/zE(z).z2 dz (10)
Emh®  yEmh3 ( 11 1 )
12(1-pu2)  (A-pu2) \(@r+3) (+2) 4@+1)
Dy = Eyp (2(§+hup)3 h3> (1n
+—2Z -=
-udp) 3 12
h/2
I = [, p(2) dz (12)
Isp = pmh (1 - (TL)) + 2phyp (13)
o*w o%w 2*w 92w
De (55 + 257557+ 55%) +lo 5 = 0
Or,
o%w 2*w o%w
Dsp (W + 0x2-9y? + 6_3/4) + -0 (14)

2%w

(pmh (1 N (rL)) + thw’)ﬁ

The separation of the variables method can be used to
treat Equation (14) by assuming the function of deflection
as, [37,38],

w(x,y,t) =w(x,y) X w(t) (15)

Where w () is the deflection function of the plate concerning
time, and w (x,y) is the deflection of the plate can be
represented as a function of (x) and (y) in the following form
[39-41],

w(x,y) = sin%sinn% mn=123.. (16)

Then, by substation Equation 14 into Equation16, and
apply the boundary conditions for simply supported plate
(w=0 and M=0; for all four edges) hence, the general
equation of motion for FGM rectangular plate in terms of
rigidities is obtained as,

Dur ((5)'+ 2 (5) () + () Jweor+

(pmh {1 - L } + thup)ﬁ

(r+1)

=0 (17)
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A second-order ordinary differential Equation (17) is
comparable to a general equation of motion for an undamped
vibration structure, which is presented in [42],

2w(t)

w2, w(t) + 7 =0 (18)

However, the suggested equation of natural frequency
(w) for the rectangular FGM sandwich plate with porosity
distribution is as follows,

w: (nsp((g)4+2(%)z(%)2+(%)4)>1/2

19
(i Jr2om0r) (19)
a)
y
b)
H|l h Face sheet
hlp
©)

00 0 00 0 0 0 ©o0

Fig. 1. FGM porous sandwich plate with even distribution of
porosities; a) plate modelling, b) thickness section for plate,
¢) porous section for plate

4. Finite Element Modelling

In most cases, verify the analytical solution using
numerical methods, [42-45]. The FEA method is the most
accurate among many mathematical methods, [46-49].
ANSYS (Version 2020 R2) was used in this study as a
representation of the finite element method. Figure 2 shows
the three-dimensional model of the FG system created using
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SOLID186 and the eight-node fine grid size. Equations (8,9)
are used in the FE simulation to get the properties of porous
metal materials, then the resulting data is inserted into the
model examined using Excel 2019. The mesh refinement
was studied for convergence to make the numerical result as
fine as possible with further mesh refinement [50-52]. Each
plate side is subjected to boundary conditions. Based on
modal analysis, the frequency parameters in the FGM
sandwich panel structure are calculated, and the natural
frequency at which stability can be determined.

a)

ANSYS

2020 R2
ACADEMIC

ANSYS

2020 R2
ACADEMIC

Al

0.000 0.200(m)
0100

Fig. 2. Simulation of the sandwich plate using Ansys model:
a) plate modelling, b) plate mesh

5. Experimental study

5.1. Specimen manufacturing

3D printing is a modern manufacturing technology that
uses an additional process. This technique uses CAD
software or a scan of a physical object to produce a three-
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dimensional model of an element. In medical technology,
polylactic acid (PLA) is a leading biomaterial, and it is
replacing petrochemical-based polymers due to its features.
To describe the distribution pattern, the PLA samples with
porosity are designed using the Solid Works program, then
save the required model’s geometry as a (.stl) file, and then
use it to manufacture the sample through the CR-10 Max 3D
printer as shown in Figure 3. Aluminium alloy (AA6061-T6)
plate with a thickness of 0.5 mm was used for the face sheet,
specified as highly suitable for multiple technical and
aviation structural applications. The top and bottom surfaces
of the face sheet were bonded to the FG core using Epoxy
adhesive as shown in Figure 3. The material properties of the
FG core and the face sheet are shown in Table 1 [53]. The
face sheet is bonded to the FG core at the top and bottom
surfaces using extraordinary adhesion (Epoxy), as shown in
Figure 4.

a)

Fig. 3. manufacturing FG specimens using 3D printing;
a) 3D printing process, b) porous core production

Table 1.
Material properties employed in the FG sandwich

Property  FG core (PLA)  Face Sheets (Aluminium)
E (GPa) 2.4 70

p(kg/m®) 1360 2702

U 0.38 0.3
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Fig. 4. FG sandwich plate specimens

5.2. Experimental setup and procedure

The fundamental natural frequency of sandwich plates
with functionally graded porous metal can be measured by
conducting free vibration experiments. A vibration test
bench was designed and manufactured to perform modal
analysis methods to find the sandwich panel’s characteristics
with an FGM core. The test specimens were made of FGM
with a (300*300) mm cross-section with various core
heights (5, 10, 15, 20, and 25) mm. The plate is attached to
the fixtures, and the experiment is conducted based on
simply boundary conditions. The electronic unit includes a
data acquisition device (DAQ NI-6009) with two
accelerometers ADXL type attached on the different
positions on the upper and lower facing of the FGM
sandwich plate with the aid of paraffin wax. A load cell type
S with a digital weighing indicator (SI 4010) is used to
calibrate the exiting force resulting from the impact.

Computer PC included the LabVIEW, and SIGVIEW
software is used for free vibration measurements. The
connections of DAQ, accelerometer, Impact hammer are as
shown in Figure 5. A Piezoelectric IH-01 impulse force
hammer model (IH-01) impact force instantaneously
activates the sandwich plate specimen, generating an
electrical signal according to the impact force, which is
allowed to oscillate freely from there. Data acquisition NI-
6009 sends the signals from sensors and stimulating hammer
to a PC, which interferes with LabVIEW software.

Microsoft Excel 2019 was then used to display the
results. Signals are converted from the time domain to the
frequency domain with SIGVIEW software using Fast
Fourier Transform (FFT), [45]. Experimental results obtain
natural frequencies, and excitation frequencies closer to
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natural frequency are considered resonance conditions. The
values of acceleration amplitude measured by using an
accelerometer could be used to calculate logarithmic
decrement. The damping ratio (&) is determined using the
logarithmic decrement method depending on the modal
signal, which is obtained experimentally by using the
equation [54],
X1 2nd

where 9 is the logarithmic decrement, X; and X, are any two
consecutive acceleration amplitudes. Using modal analysis,
the natural frequency of plate construction with different
parameters was calculated. Therefore, the numerical results
are compared by analytical results, evaluated by a solution
for general equation of motion for plate structure, estimate
the discrepancy for results calculated, [55-62], given the
agreement for analytical solution suggesting a sandwich
plate structure, with FGM core and porous effect. Then, the
experimental results were calculated in comparison with
other results calculated by analytical or numerical
techniques to given the agreement for results were evaluated
with various porous and plate parameters effect [63-70].

Test Rig ‘

Accelerometers ADXL ‘
Load Cell DAQ

Type S

Steel Table

8 Mounting

Digital Weighing Controller

Fig. 5. Experimental setup for free vibration test

6. Results and discussion

In this work, an analytical investigation was carried out
to analyse the FGM sandwich plate’s free vibration problem
with porous metal. The results calculated include the natural
frequency and frequency parameter of the simply supported
FGM sandwich plate with various parameters including
porosity coefficient, face sheet thickness, aspect ratio, and

Volume 111 Issue 2 October 2021

gradient index. The materials are assumed to be
homogenous at upper and lower plate parts, while the FGM
part consists of one metal with a porosity gradient through-
thickness direction. Numerical investigation using ANSYS
software for verification purposes is also employed. The
experimental program is achieved to check the accuracy of
both analytical and numerical solutions. Non-
dimensionalizing fundamental frequencies are described by
the following relation,

wL? [po
=" 15 €2y
where o is the natural frequency po= 1 kg/m?, E/~=1 GPa [9].
Experiential results of the free vibration test for FG
sandwich specimens with core height of 15 mm, y=0.5, » =1
have been shown in Figures 6-8, respectively; each figure
includes the exciting load, modal signal, and corresponding
FFT analysis. Also, the natural frequencies can be calculated
numerically by ANSYS software and theoretically using
Equation (19). Many experimental results can be obtained
using the same procedure for various parameters such as
core height, power-law index, and porosity parameters.

25
20
15
10

Force (N)

1 1.5 2 2.5 3
time (sec)

Fig. 6. Impulse load

Acceleration(m/s?)

1.75 1.85 1.95 2.05 2.15 2.25
fime (sec)

Fig. 7. Typical modal signal


http://www.archivesmse.org
http://www.archivesmse.org

E.K. Njim, S.H. Bakhy, M. Al-Waily

008 s
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0018
0012
0,008

0.004

[11:-.. . 1 - S—— e i

Fig. 8. Experimental results for (FFT)

Table 2.

The analytical, numerical, and experimental natural frequency values (Hz), y =0.1 and 0.5 at » =1

Discrepancy analytical

Discrepancy analytical

h, mm 14 Ana. Num. Exp. and numerical, % and experimental, %
5 285.07 286.81 253.89 0.61 10.94
10 427.56 429.24 398.44 0.39 6.81
15 0.1 544.40 546.09 488.42 0.31 10.28
20 648.77 650.68 592.58 0.29 8.66
25 745.74 743.21 682.66 0.34 8.46
5 307.44 309.23 269.73 0.57 12.27
10 465.76 464.12 395.42 0.35 15.10
15 0.5 594.02 596.09 524.77 0.35 11.66
20 707.32 710.37 667.89 0.43 5.57
25 811.59 809.84 751.11 0.22 7.45

Table 2 compares the analytical, numerical, and
experimental results of the first natural frequency with two
porosity parameters (y = 0.1 and 0.5) and the gradient index
(r=1) for different core heights (ranging from 5 to 25 mm).
It can be concluded that the natural frequencies decrease
with increasing gradient index and increase the porous
parameter due to the decrease in the material rigidity. The
results show that when the plate thickness increases and at
higher mode frequencies, the CPT error percentage will be
higher. There is an acceptable error between the analytical
and numerical solutions with a maximum discrepancy of
0.576% with a slenderness ratio (a/h =100). While the
maximum  discrepancy reaches 15.103% between
experimental and numerical results, it occurred at the same
slenderness ratio. This percentage is affected by the power-
law index and porous factor for the same FG plate thickness.

E RESEARCH PAPER l

The maximum discrepancy between analytical and
experimental results was 10.94% at a porosity ratio (y =0.5),
As can be seen, there is suitable consistency between the
proposed analytical solution and that is obtained by
experiments. Figure 9 shows the numerical results of the
surface response of a simply-supported sandwich plate. The
variations in fundamental frequency at porosity (y = 0) for
different power-law indices (» = 0 to 0.5) and a face sheet
thickness of 2 mm versus the core heights are given.
Similarly, Figure 10 shows the same representation at
porosity (y = 0.25). It is found that the porosity ratio plays
an important role in identifying free vibration frequency.

Depending on the modal signal obtained by frequent
experiments as shown in Figure 8 and using Equation 21, the
experimental results of the damping ratio for different core
heights are given in Table 3. This table indicates a significant
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increase in damping ratio values with increasing core height
and porosity for the same power-law index. frequencies due
to the power-law index (r=50,100) were found. An excellent
agreement can be observed with a difference of up to 8%,
and this percentage is affected by the power-law index and
porous factor for the same FG plate thickness. Figure 10
shows the numerical results of the surface response of a
simply-supported sandwich plate. The variations in
fundamental frequency at porosity (» =0.25) for different
power-law indices (» =0 to 0.5) and face sheet thickness 2
mm versus the core heights are given. It is noticed from the
figures that the fundamental frequency values are reduced
with the increase of the power-law index while the change
of the porosity ratio is reversed.

Total Deformation Reported Fraguenc

Natural Frequency Hz

10

G x
Yog,
s,\%( 15 s o ¥
, . o
% 2 O_‘Qz.

Fig. 9. Surface response at Porosity 0

Total Deformation Reported Frequency

Natural Frequency Hz

10

Q,,%

L a4
‘/l\‘ 9/96’ . ’ \‘\sxA
”, 4 o

Fig. 10. Surface response at Porosity 0.25
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Table 3.

The experimental results of the damping ratio
Porosity, Core height,  Power-law Damping
% mm index, r ratio

10 1 0.0286
10 15 1 0.0311
20 1 0.0389
10 1 0.0255
20 15 1 0.0292
20 1 0.0348
10 1 0.0225
30 15 1 0.0277
20 1 0.0330

The numerical results of the frequency parameter for the
imperfect FG sandwich plates with various porous factors
with PLA core with an aspect ratio (a/h =50, a=b, skin
thickness of 2.0 mm,) under the effect of seven types of
boundary conditions are also presented in Table 4. The effect
of porous factor and gradient index is studied. The value of
the frequency parameter was found to increase with the
number of constraints of the selected model; for example,
in the CCCC model, the frequency parameter at porous
factor (y =0.3) and with gradient index (» =0.5) is (7.932),
while in CCCS it was (7.279), in CSCS it was (4.273), in
SSSS it was 6.104, and in FSFS it was (3.215).In contrast,
for the CCCF boundary condition, the frequency parameter
became (4.566). As boundaries become more constrained
from SFSF to CCCC, higher fundamental frequencies result.
Changing boundary constraints affect stiffness, explaining
this behavior. In other words, the SFSF sandwich plate
possesses the lowest nondimensional natural frequency
among those of SSSS, SCSC, and CCCC composite plates,
whereas the CCCC porous FG sandwich plate possesses the
highest nondimensional natural frequency.

Table 5 gives results obtained by the analytical solution
and FEA of the non-dimensional frequency of rectangular
sandwich plates with FG Polyethylene core, (FG core
thickness of 12 mm) with various porosity factors (7= 0.1,
0.2, 0.3, 0.4 and 0.5), volume fraction index (» =0, 0.5, 1,
2,5,10, 50 and 100) and by using four values of aspect ratio
(a/b = 0.25, 0.5, 0.75, and 1). It can also be seen that the
natural frequencies decrease with increasing gradient index
and increase the porous parameter due to the decrease
in the material rigidity. There is no remarkable difference
between the natural frequencies due to the power-law index
(r = 50, 100) was found. The impact of the porosity,
geometrical, and volume fraction parameters of the plate on
the free vibration of the porous sandwich plates is
significant with the change in aspect ratio from 0.25 to 1.
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Table 4.
Numerical results of the frequency parameter of square plates with PLA core (a/h =50), for different boundary conditions
B.Cs Porosity Power-law index,
’ Factor, y 0 0.5 1 2 5 10 25 50 100
0 7.317 7.317 7.317 7.317 7.317 7.317 7.317 7.317 7.317
0.1 7.642 7.639 7.605 7.574 7.448 7.461 7.419 7.408 7.404
ccce 0.2 7.731 7.815 7.623 7.683 7.572 7.491 7.469 7.458 7.449
0.3 7.946 7.932 7.747 7.772 7.661 7.573 7.496 7.476 7.468
0.4 8.269 8.016 7.825 7.785 7.743 7.687 7.581 7.544 7.522
0.5 8.454 8.134 8.055 7.954 7.809 7.782 7.656 7.629 7.618
0 6.646 6.646 6.646 6.646 6.646 6.646 6.646 6.646 6.646
0.1 6.980 6.908 6.886 6.845 6.807 6.781 6.745 6.693 6.658
cces 0.2 7.265 7.182 7.144 7.062 6.990 6.955 6.889 6.770 6.684
0.3 7.315 7.279 7.206 7.185 7.119 7.078 6.955 6.916 6.854
0.4 7.450 7.395 7.350 7.292 7.199 7.096 6.987 6.956 6.917
0.5 7.609 7.587 7.549 7.433 7.362 7.274 7.175 7.079 6.976
0 6.295 6.295 6.295 6.295 6.295 6.295 6.295 6.295 6.295
0.1 6.561 6.498 6.469 6.428 6.406 6.389 6.379 6.354 6.319
CSCS 0.2 6.785 6.735 6.687 6.621 6.594 6.567 6.517 6.491 6.394
0.3 6.927 6.887 6.840 6.786 6.742 6.701 6.689 6.651 6.585
0.4 7.118 7.027 6.997 6.881 6.845 6.788 6.736 6.712 6.664
0.5 7.323 7.266 7.179 7.009 6.984 6.939 6.894 6.885 6.754
0 5.672 5.672 5.672 5.672 5.672 5.672 5.672 5.672 5.672
0.1 5.832 5.792 5.775 5.759 5.728 5.715 5.703 5.694 5.684
3SSS 0.2 6.129 6.066 5.975 5.845 5.818 5.775 5.734 5.727 5.698
0.3 6.212 6.104 6.085 6.019 5.977 5.951 5911 5.856 5.835
0.4 6.475 6.435 6.408 6.385 6.277 6.193 6.165 6.072 5.987
0.5 6.640 6.616 6.592 6.487 6.422 6.388 6.269 6.190 6.079
0 3.805 3.805 3.805 3.805 3.805 3.805 3.805 3.805 3.805
0.1 3.997 3.974 3.967 3.945 3.926 3.911 3.896 3.855 3.823
FCFC 0.2 4.168 4.106 3.998 3.976 3.968 3.942 3.916 3.895 3.864
0.3 4.344 4.273 4.187 4.010 3.989 3.960 3.945 3.917 3.886
0.4 4.435 4.376 4.225 4.164 4.055 3.987 3.967 3.938 3.904
0.5 4.696 4.485 4.379 4.291 4.114 4.015 3.994 4.975 4.935
0 2.838 2.838 2.838 2.838 2.838 2.838 2.838 2.838 2.838
0.1 3.137 3.081 2.991 2.978 2.932 2.917 2.896 2.870 2.852
FSFS 0.2 3.222 3.185 3.079 3.004 2.989 2.967 2.926 2.900 2.883
0.3 3.359 3.215 3.178 3.095 3.026 2.989 2.969 2.945 2.906
0.4 3.436 3.389 3.226 3.103 2.077 3.002 2.995 2.976 2.934
0.5 3.710 3.556 3.445 3.287 3.164 3.087 3.005 2.992 2.970
0 3.750 3.750 3.750 3.750 3.750 3.750 3.750 3.750 3.750
0.1 4.325 4.288 4.175 4.074 3.978 4.945 4.909 3.825 3.789
CCCF 0.2 4.519 4.458 4.317 4.270 4.116 4.086 3.996 3.964 3.854
0.3 4.685 4.566 4.474 4.338 4.272 4.149 4.090 3.989 3.927
0.4 4.825 4.775 4.657 4.496 4.370 4.244 4.176 4.082 3.980
0.5 4.995 4.866 4.779 4.670 4.493 4.335 4.244 4.167 4.079
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Table 5.
Analytical and Numerical results of the frequency of the rectangular plate with Polyethylene core height 12 mm
a/b r Porosity factor

0.1 0.2 0.3 04 0.5
Ana. Num. Ana. Num. Ana. Num. Ana. Num. Ana. Num.
0.25 0 3.217 3.250 3.305 3.309 3.402 3.399 3.509 3.538 3.625 3.631

0.5 3.189 3.193 3.245 3.288 3.305 3.377 3.370 3.486 3.436 3.517
3.176 3.172 3.216 3.256 3.260 3.327 3.306 3.400 3.353 3.409

3.161 3.160 3.188 3.238 3.216 3.277 3.245 3.302 3.274 3.375

5 3.148 3.140 3.161 3.198 3.174 3.198 3.188 3.254 3.201 3.289
10 3.142 3.134 3.149 3.162 3.156 3.174 3.163 3.198 3.171 3.219
50 3.136 3.125 3.138 3.151 3.140 3.157 3.142 3.166 3.142 3.189
100 3.135 3.117 3.136 3.145 3.137 3.143 3.138 3.145 3.140 3.167
0.5 0 3.784 3.779 3.885 3.835 4.002 4.108 4.127 4.139 4.264 4.213
0.5 3.751 3.748 3.818 3.801 3.889 3.953 3.963 4.101 4.043 4.111
3.735 3.722 3.784 3.792 3.835 3.888 3.889 3.947 3.944 3.938

3.719 3.706 3.751 3.783 3.784 3.767 3.817 3.880 3.852 3.868

5 3.703 3.696 3.719 3.708 3.734 3.744 3.750 3.853 3.766 3.757
10 3.696 3.677 3.704 3.692 3.713 3.709 3.722 3.787 3.730 3.749
50 3.690 3.657 3.692 3.688 3.693 3.695 3.695 3.746 3.697 3.729
100 3.689 3.649 3.690 3.680 3.691 3.685 3.691 3.706 3.693 3.709
0.75 0 4.730 4.754 4.861 4.859 5.003 5.258 5.158 5.079 5.330 5.416
0.5 4.689 4.712 4.773 4.806 4.861 5.079 4.954 4.846 5.054 5.226
4.669 4.698 4.730 4.799 4.794 4.889 4.861 4.774 4.930 5.010

4.649 4.672 4.689 4.751 4.730 4.781 4.772 4.701 4.815 4.864

5 4.629 4.643 4.648 4.703 4.668 4.683 4.688 4.696 4.708 4.765
10 4.620 4.607 4.631 4.684 4.641 4.667 4.651 4.676 4.662 4.732
50 4.612 4.589 4.614 4.659 4.617 4.634 4.619 4.629 4.621 4.675
100 4.611 4.573 4.612 4.624 4.613 4.623 4.614 4.599 4.615 4.651
1 0 6.055 6.129 6.221 6.339 6.403 6.5542 6.603 6.629 6.823 6.800
0.5 6.002 6.105 6.109 6.299 6.222 6.4847 6.342 6.385 6.469 6.503
5.976 5.946 6.055 6.188 6.136 6.3600 6.221 6.255 6.310 6.401

5.950 5.876 6.001 6.104 6.054 6.136 6.108 6.191 6.163 6.189

5 5.925 5.816 5.949 5.879 5.975 6.0805 6.000 6.008 6.026 6.089
10 5914 5.799 5.927 5.857 5.940 5.986 5.954 5.988 5.968 5.959
50 5.904 5.754 5.906 5.842 5.909 5.9310 5912 5.962 5.915 5.922
100 5.902 5.712 5.904 5.803 5.905 5911 5.906 5.937 5.908 5.117

From the obtained results, it is found that the porosity Figure 11 shows the frequency parameter at slenderness
coefficients, gradient indices, and geometrical properties all ratio (a/h=50) and face thickness of 2.0 mm for various
have pronounced influences on the performance and porous metals (PEEK 30% CF, PEEK 30% GF,
reliability of the FG sandwich structures. Polyethylene, PLA, Polystyrene, and Polyurethane foam).
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Fig. 11. Analytical results of frequency parameters with various core materials

It is concluded that polyurethane foam has higher stiffness
than all other types, due to its high mechanical properties.
This explains why this type is used in wide applications in
construction and industrial applications. Table 6 gives the
material properties of the various FG core constituents
mentioned in this investigation [45].

Table 6.
Materials properties of the various FG core types used in
numerical simulation

FG core type ffiPa ﬁé o u
Polyethylene 1100 950 0.42
Peek — 30 % CF 7700 1410 0.44
Peek — 30 % GF 6300 1510 0.34
Polyurethane foam 7.5 60 0
Polystyrene 3.0 100 0

7. Conclusions

The free vibration of a sandwich plate composed of an
FG core and two isotropic panels is studied. The governing
equation is derived using the linear constitutive relationship
of the plate based on CPT. The material properties are
calculated according to the suggested mixing rules. A
comprehensive comparative study was carried out with
numerical and experimental techniques to verify the
accuracy of the analytical solution. The complete numerical
results are introduced, including fundamental natural
frequencies expressed in essential parameters such as

RESEARCH PAPER

power-law index, porosity coefficient, slenderness ratio, and

boundary conditions. The current work’s main conclusions

are described as,

1. The proposed analytical method is an efficient tool for
characterizing the natural frequencies of sandwich
structures with porous FG cores based on numerous
criteria.

2. Both analytical and experimental experiments have
shown that natural frequencies increase with increasing
porosity factors and decrease with increasing gradient
indices.

3. As can be seen from the results of the table and graph,
there is a direct correlation between aspect ratio (a/b) and
slenderness ratio (a/h), as well as porosity distributions,
when examining free vibration properties of rectangular
sandwich plates.

4. Changing the core surface height from (0.005 m) to
(0.025 m) increases the analytical natural frequency by
504.143 Hz at 10% porosity ratio (» =1), while at
porosity ratio (y = 50%) and power-law index (r =1), the
increase will be 460.67 Hz.

5. Several factors influence the reliability of the observed
natural frequency, most significantly noise and
deviations in frequency response, that impact the validity
of the experimental results.
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