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HIGHLIGHTS ABSTRACT

¢ A novel sandwich cylindrical shell made of
single-phase FG porous core.

e Used analytical approach based on the
classical shell theory and fourth-order
Runge-Kutta technique.

o FGMs are important components of different
engineering applications.

¢ Porosity increases raise natural frequencies,
while gradient index increases decrease them
in FGM cylindrical shells.

This paper presents an analytical investigation of the nonlinear vibration
characteristics of a single-phase functionally graded cylindrical shell panel with
various porous metal cores. Porous constructions with varying degrees of porosity
throughout their volume are known as functionally graded materials (FGMs).
These materials have a wide range of applications across several industries,
including shipbuilding, automotive, biomedical, marine, and aerospace. The
sandwich cylindrical panel has a porous metal core, while the top and bottom faces
are composed of homogeneous materials. The model is improved using a power-
law function. The governing equations of motion are discretized according to the
classical thin shell theory with von Karman nonlinear strain-displacement relations

e Polyethylene ha:s a high ponlinear vibration by applying Galerkin's method to a collection of ordinary nonlinear equations. The
response due to its low stiffness. nonlinear equations are determined using the fourth-order Runge-Kutta method,
which is implemented in MATLAB software. The influences of core materials,

ARTICLE INFO porosity distribution, FG core thickness, face sheet layers, and changing gradient

index on the natural frequency and dynamic response of the FG cylindrical shell
are discussed. The existing literature is used to compare the current findings, and

Handling editor: Sattar Aljabair . . .
a favorable level of consistency is observed. The results obtained indicate that the

Keywords: porosity coefficients have a notable impact on the vibration behavior and overall
Nonlinear Free vibration reliability of functionally graded structures. The results demonstrate that when the
Analytical Technique porous parameter is increased, the natural frequencies of the FG sandwich
Functionally graded materials cylindrical also increase. Nevertheless, this paper also presents several new and
Porous metal valuable results that may be of great reference to the readers.

Sandwich Shell

1. Introduction

FGMs are novel, complex composite materials that are microscopically inhomogeneous and have mechanical properties that
change constantly and smoothly from one surface to another [1]. Compared to conventional composites, these materials provide
several benefits, especially when employed at high temperatures. One of the most significant structures, curved panels are
commonly applied in civil and mechanical engineering. FGM-based cylindrical panels are commonly employed in biomedical
applications, electronic devices, automobiles, aerospace, and aircraft [2]. Polyethylene sandwich cylindrical shell panels are
extensively used in different engineering applications, including aerospace, automobile, and naval industries, because of their
excellent mechanical properties and lightweight nature [3].

Numerous study articles have been published on the advanced FG material, which has attracted the attention of scientists
worldwide. Srivastava et al. [4] presented an approach to create and manufacture FGM utilizing the fused deposition modeling
technique. Luat et al. [5] explored the bending, free vibration, and buckling analysis of a new bifunctionally graded sandwich
nanobeam, employing a refined, non-local, simple shear deformation theory. Do et al. [6] developed a refined plate theory to
analyse the static bending behaviour of plates made of functionally graded materials. Deepak and Shetty [7] investigated the
static and free vibration behavior of FGM rectangular plates by employing ANSYS. Gantayat et al. [8] investigated the dynamic
characteristics of an axial FGM using the finite element method. Thom et al. [9,10] discussed the results of a study that used the
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finite element method and phase field theory to examine the vibration response and buckling behaviour of a cracked FGM plate.
Karakoti et al. [11] focused on the bending analysis of sandwich shell panels that have an exponentially graded core with top
and bottom face sheets made of pure ceramic and pure metal using a finite element formulation and first-order shear deformation
theory. Hadi and Ameen [12] used the finite element technique and higher-order shear deformation theory to investigate the
nonlinear free vibration behaviour of cylindrical shells, Jweeg et al. [13] analysed the dynamic characteristics of a hybrid conical
shell construction using theory and experimental methods. Medjmadj et al. [14] studied the experimental manufacturing, thermal,
mechanical and physical properties of sandwich structures made of similar polymer skins and cork or plaster with functionally
graded cores. Dat et al. [15] used the finite element method to investigate the free vibration of sandwich plates with stiffeners
made of functionally graded materials. Cong and Duc [16] dissected the nonlinear thermal vibration behavior of eccentrically
stiffened auxetic honeycomb sandwich cylindrical shells under temperature-dependent characteristics. Anh et al. [17] provided
an analytical solution that demonstrates how the vibration of sandwich double-curved shallow shells that is affected by
geometrical and material parameters, as well as stiffeners, is affected by blast loading, temperature and visco-Pasternak medium.
Zghal et al. [ 18] used improved finite shell elements to study the free vibration of FG panels and plates in a thermal environment.
Ahmadi et al.[19] presented the dynamic features of imperfect FG-stiffened shallow shells resting on elastic foundations utilizing
the multiple-scales approach. Njim et al. [20,26] presented a numerical, analytical, and experimental examination of the free
vibration and buckling properties and their optimisations in a porous FGM sandwich plate with different boundary conditions.
Ebrahimi et al. [27] analysed the vibration characteristics of metal porous foam plates that rest on the viscoelastic. Kumar et al.
[28] researched the impact of variable thickness on the vibration characteristics of porous FGM plates with the Pasternak
foundation. Hadji and Avcar [29] investigated the free vibration of sandwich porous FG plates under different boundary
conditions using higher-order shear deformation plate theory. Oveissi et al. [30,31] explored the impact of small-scale nanoflow
and nanostructure on the vibrational response of fluid flowing through single-walled carbon nanotubes. Mohammadi et al. [32]
investigated the free vibration behaviour of nanocomposite panels designed with a free-form curve that slid along a straight line.
Mohammadi [33] studied the thermal buckling of laminated panels made of functionally graded trapezoidal corrugated graphene
platelet reinforced composite (FG-GPLRC) using higher-order shear deformation theory. Wang et al. [34] investigated the
nonlinear dynamics of primary resonance in truncated conical microshells (TSMs) composed of magnetostrictive face sheets
with functionally graded material (FGM), which are subject to an external magnetic field and mechanical harmonic soft
excitation. Dat et al. [35] focused on the impact of porosity, CNTs, and thermal and mechanical loading on the non-linear
dynamic properties of the sandwiched FG carbon nanotube-reinforced composite plate. Mouthanna et al. [36,37] studied the
nonlinear vibration properties of the porous ES-FGM cylinder panels. Mirjavadi et al. [38] explored the nonlinear free vibrations
of elastically surrounding and circumferentially stiffening porous FG annular spherical shell segments. Karakoti et al. [39]
analysed the non-linear transient response of porous sandwich Sigmoid-FGM and Power-FGM shell panels and plates subjected
to a thermal environment and blast loading. Sobhani et al. [40] analysed the frequencies of the free-damped vibration
characteristics of tangential waves in hemispherical cylinder shells merged with FG sandwich that were subjected to elastic
springs. Mohammadi et al. [41-43] offered the free vibration and buckling analysis of trapezoidally corrugated functionally
graded graphene-reinforced composite laminated plates and panels using higher-order shear deformation theory with
isogeometric analysis.

Previous studies on vibration problems and the investigation of buckling of porous FGMs have focused mainly on two-phase
materials, such as ceramic metals, for the core. There has been limited research on the use of single-phase metal cores throughout
the entire thickness of the shell to create FG properties. The novelty of this paper lies in using a single-phase metal core for the
FG sandwich-shell structure and examining its vibration behaviour. The non-linear dynamic behaviour of porous cylindrical
FGM shell panels is described in this paper. The governing equation is derived from the classical shell theory with geometrical
nonlinearity. The non-linear transients curve of cylindrical panels is estimated on the basis of the displacement response utilising
the fourth-order Runge-Kutta methods.

2. FGM Cylindrical Panels

Consider a sandwich FGM cylindrical panel as displayed in Figure 1a. The thickness, length of the panel, axial length, and
curvature radii are h, b, a, and R, respectively. The sandwich cylindrical panel consists of three layers, which are two
homogeneous face sheets and a functionally graded (FG) porous core. The dimensions of the sandwich panel are shown in Figure
1b, where h; and h; have equal thicknesses and are made of the same homogeneous materials. The values zo, zi, z», and z3
represent the thicknesses at different points of the panel. The following power law distribution is supposed to apply to the volume
fractions of components for the FGM shell as it varies in thickness direction [44,45] :
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Figure 1: The geometry of the cylindrical porous FGM sandwich shell

vm(z){z;;hj V. (2)=1-V_(2). .

where k is the material gradient. According to the power law distribution, it is assumed in this study that FGMs are a
composite of single-phase metal. The formula for the material coefficient P (z) is as follows:

z 1 k
P(z)=P,-p.P, (—+—j ,
In this context, the symbol P, refers to the structural properties of the metal concerning the FG shell. As a result, P, applies

to the homogeneous cylindrical panel (8 = 0), while for the imperfect cylindrical panel (§ < 1), different values of B,, maybe
relevant.

3. Theoretical Analysis

The classical shell thin theory (CST) is employed in this study to calculate the motion equations for the nonlinear vibration
features of FGM porous shells. The strain—displacement relations are shown as [46]:

(gx &y 7/xy):(8; g; y;y)—z(ﬂx Ay 2/1xy)’ (3)

1012



Ahmed Mouthanna et al. Engineering and Technology Journal 41 (07) (2023) 1010 -1025

With

o & °%=@+%é@2@41+%@i o ov owdw
A " oo R 2\ox) oy oOx Ox oy
O*w 0*w  O*w
ox*  oy*  OxOy

(4 A, 24,)-
(@)

In which (y;y) is the shear strain and (&, s;) are the normal strain at the middle surface panel. Deformations must resemble
the compatibility equation. [47]:

7o) 05/ 01,/ [ _otw/ & 1/ 3

()
The stress-strain relationships for the cylindrical FGM panel can be obtained as [48]:
p y p
E(z)
o =LC) (o 4vs),
A E R
E(z)
O = (8 +ve ),
Yol-y2\V
EG)
T =——
o 2(14+v) @’
(1+v) 6)
These are the internal forces and moments, respectively [49]:
h/2
(N,.N,N )= [ (oot e,
x y Xy s X y Xy
h/2
(MM M )= [ (00002 )z,
X Yy Xy X y Xy
~h/2 (7)

The following form describes the non-linear motion equations of an FGM cylindrical panel based on CST [50], and the

0%u 2%y
assumes [51]u K w,and v K w, leads to p; P 0,p1 ez 0:

oN
ou: agcx +8—;y =0,
ON
oV a;y +W =0,
5W'62Mx +262M"y +82My +N 62—W+2N O'w +
ox? oxoy  oy? * ox? W Ox0y
s

(8)

The stress function is used to determine the first two variables in the format shown below [52]:
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Substituting equations 3, 6, and 7 into equations 5 and 8, taking into account equations 4 and 9, we obtain the following
results:

8'f 8'f o o
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o 2 27
8x8y ox 8y (10)
ow o'w o'w o'w
—+D, ,—+(D, +D, +4D_ |——+D  ——
Py ot 1y 4 ( 12 21 66)ax28y2 22 @y4
o*f O oY 10%
_3218)6—4_(3” +B22_2Béé)axz—ayz_812 8y4 _Eéxz
O 0w ., O ow O ow _
il ooy ey aler T
v yorey oxoy (11)

The coefficients are demonstrated in the Appendix. The two aforementioned equations (10 and 11) are used to evaluate how
the non-linear vibration response of the porous cylindrical panels behaves.

4. Solution Method

For the porous FG sandwich cylindrical panel exposed to an evenly distributed load (Qo), the following simply supported
boundary conditions (SSSS) for all edges of shell are employed in this paper [53]:

w=0,M =0,u=0,at x=0,aq,

w=0,M =0,v=0,at y=0,b,
7 (12)

The cited conditions (12) can be accomplished if the mode shape is determined by:

W:W(t)sin(mm%)sin(’m%ja (13)

where, in the axial and circumferential directions, respectively, m, n=1, 2... denotes the natural number of half-waves.
Equation (10), in place of Equation (13), yields the following equation for the unknown in (f):

f(x,y.t)=4, cos(2lmx )+A2 cos(25ny )+A3 sin(/Imx )sin(é’ny ),

(14)
A =7 s 17
where " a’" b’ and (A1, Az, and A3) are defined in the Appendix. Equation (11) is replaced by Equations (13
& 14). Subsequently, we solve this equation by employing Galerkin’s technique as follows:
’ B? 8mnA* B 4qa*
MW +| D+ \w+ 2222 B s s w2+ HW? + KW -4 5.5, =0,
A 372.2 A 172 mn7r6 172 (15)
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All coefficients in Eq. 15 are shown in the appendix. The nonlinear behavior of cylindrical panels formed of single-phase
metal porous FG is studied and analyzed using the aforementioned equation. When the cylindrical sandwich shell panel is
exposed to an evenly distributed stress [q = @Q sinQt], the equation of non-linear (15) becomes as follows:

4
SEW*+ HW? + KW =255 0sinQu =0,

B? 8mnl’ B
w4 Sz B
3z A mnw

MW+[D+—
4 (16)

Using the Runge-Kutta method to solve the aforementioned equation with initial conditions W(0) = 0, it is possible to
calculate the responses of porous FGM panels. The vibration equation is free and linear. (16) results in:

.. B?
(17)

The following formula may be used to determine the linear natural frequencies of cylindric porous FG panels:

2
o, = 1(D+BJ,

LM A (18)

5. Results and Discussion

This section focusses on presenting numerical vibration examples of cylindrical shells made of functionally graded materials.
The aim is to analyse and discuss the free vibration behaviour of the FGM sandwich shell by changing different parameters such
as geometries, porosity, various metal cores, face sheets, and gradient index. Firstly, the findings of the current study of non-

dimensional natural frequencies @ = w; h \/Z:Z The comparison will be with those of Duc [54] based on classical shell theory

(CST), Aljjani et al. [55] according to Donnell’s non-linear shell theory and Matsunaga [56] based on (2D) higher order theory.
Good agreements are obtained in this comparison, as shown in Table 1, which is an excellent example of this. Sandwich
cylindrical shell panels made of polyethylene are widely used in various engineering applications such as aerospace, automobile,
and naval industries due to their superior mechanical properties and lightweight characteristics [57]. However, the presence of
porosity within these panels can significantly affect their non-linear dynamic behaviour, which can have implications for their
performance and reliability. Material properties employed in the current analysis are provided in Table 2.

Table 1: Comparison of the Non-Linear Natural Frequency Factor

a/R N Ref [54] Ref [55] Ref [56] Present

FGM cylindrical panel 0 0.0624 0.0648 0.0622 0.0648

0.5 0.5 0.0528 0.0553 0.0535 0.0553
1 0.0494 0.0501 0.0485 0.0501
4 0.0407 0.0430 0.0413 0.0430
10 0.0379 0.0408 0.0390 0.0409

Table 2: Material characteristics of the FG sandwich cylindrical shell parts

Material E (MPa) p (Kg/m3) v Ref.
Polyethylene 1100 950 0.42 [57]
PEEK - 30 % CF 7700 1410 0.44 [58]
PEEK - 30 % GF 6300 1510 0.34 [57]
PEEK -1000 Natural 4400 1310 0.40 [57]
Aluminium 70,000 2702 0.3 [57]

The sandwich cylindrical shells have three values of the porosity factor § (0.1, 0.2, and 0.3), a=b = 0.5 m, radius of curvature
=3 m, and a volume fraction exponent k ranging from 0.5 to 10. The height of the porous metal core ranges from 10 to 20 mm,
while the skin height ranges from 1 to 2.5 mm. Table 3 presents the analytical findings of the natural frequencies parameter for
a sandwich single-phase polyethylene FG shell. The investigation reveals that the frequency parameter of the sandwich FGM
cylindrical shell increases as the porous parameter rises, but decreases as the gradient index increases. This can be attributed to
the decrease in material rigidity caused by the increase in the gradient index. In this case, a higher gradient index indicates a
more significant variation in material composition, leading to non-uniformity in stiffness across the shell's thickness. This
nonuniformity results in a reduction in the natural frequency of the cylindrical shell.
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Table 3: The natural frequency (w) of the cylindrical sandwich shell with a polyethylene
FGM core and a face sheet thickness of | mm

Thickness mm Power law porosity coefficient %
10 20 30
0.5 256.0382 261.6831 267.7401
10 1 254.6791 258.7978 263.1347
5 252.0176 253.2948 254.5932
0.5 372.1520 382.1790 393.1320
20 1 369.7514 377.0082 384.7468
5 365.0619 367.2380 369.4586

The results in Figure 2 show how the natural frequency is affected by the type of porous metal used, with a porosity ratio of
10, 20, and 30%. The metals tested were polyethylene, PEEK-30% CF, PEEK-30% GF, and PEEK-1000 Natural, with a core
thickness of 10mm, face sheet thickness of Imm, and material gradient of 0.5. The analysis revealed that polyurethane exhibited
greater stiffness compared to PEEK-1000 Natural and all types of PEEK due to its superior mechanical properties. This is because
polyurethane is less dense and more compliant than PEEK, which means that it can vibrate or oscillate more quickly when
subjected to external forces. Additionally, the molecular structure of polyurethane is more flexible than that of PEEK, which
also contributes to its higher natural frequency.

Figures 3-6 represent the nonlinear dynamic response of the sandwich shell FG with various metal cores, namely
polyethylene, PEEK-30% CF, PEEK-30% GF and PEEK-1000 Natural, respectively, with porosity values of 10%, 30% and
50%. The material gradient is 0.5, the FG single-phase thickness is 10 mm, and the face sheet layer is 1 mm. The excitation force
is ¢ = 1000 sin 800 t. The results showed that increasing the porosity parameter leads to a decrease in the time deflection curve
for all types of metals used. This is because porosity affects the mechanical properties of a metal, including its stiffness, strength,
and damping properties, which can in turn affect its dynamic response. Furthermore, the damping properties of a material can
also be affected by porosity. Damping refers to the ability of a material to absorb energy and dissipate it as heat, which can help
to reduce vibrations and prevent damage.

Figure 7 shows the comparison between the metal cores used in this study concerning the amplitude of nonlinear vibration
response at porosity 10%, hFG = 10mm, face sheet thickness = mm, and material gradient = 0.5. The curve showed that there
is less deflection in PEEK-30% CF compared to other materials. As a result, it has a higher amplitude of the nonlinear vibration
response, meaning that it undergoes greater deformation when subjected to a given force. PEEK-30% CF has a lower amplitude
of non-linear vibration response compared to polyethylene, meaning that it undergoes less deformation when subjected to a given
force. PEEK-30% GF has a slightly higher amplitude of nonlinear vibration response compared to PEEK-30% CF.

270
] —@—Polvethvlene
265 —#—PEEK 30% CF
—i#— PEEK 30% GF
71 ——PEEK-1000 Natural
260 <

Natural Frequncy (Hz)
I
Lh
(=]
1

245
240 —
235 —
T T T T T T T v 1
10 15 20 25 30
Porosity %o

Figure 2: Results of the fundamental natural frequency for different porous metals of sandwich cylindrical shell panel
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Figure 3: Impacts of increasing porosity on the nonlinear dynamic behavior of polyethylene sandwich cylindrical shell

panels
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Figure 4: Results of rising porosity on the dynamic characteristics of PEEK-30% CF sandwich cylindrical shell panels
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Figure 5: Results of rising porosity on the dynamic characteristics of PEEK - 30 % GF sandwich cylindrical shell panels
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Figure 6: Effect of the porosity parameter on the time-deflection curve of PEEK-1000 natural sandwich cylindrical shell
Panels

Figure 7 shows the comparison between the metal cores (polyethylene, PEEK-30% CF, PEEK-30% GF, and PEEK-1000
Natural) used in this study concerning the amplitude of the nonlinear vibration response at porosity 10%, hFG = 10mm, thickness
of the face sheet = Imm, and material gradient = 0.5. The curve showed that less deflection occurs in PEEK-30% GF compared
to other materials. As a result, it has a higher amplitude of the nonlinear vibration response, meaning that it undergoes greater
deformation when subjected to a given force. PEEK-30% GF has a lower amplitude of nonlinear vibration response compared
to polyethylene, meaning that it undergoes less deformation when subjected to a given force. PEEK-30% CF has a slightly higher
amplitude of nonlinear vibration response compared to PEEK-30% GF. PEEK-1000 Natural has a higher amplitude of nonlinear
vibration response compared to PEEK-30% CF and PEEK-30% GF due to its lower stiffness.

-4
4 x10

T T T T T T
Polyethylene ——PEEK - 30 % CF ——PEEK - 30 % GF PEEK -1000 Natural

| iy ll“ /’/’\ "\\ \
Y, "' | "/

0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Time (s)

Amplitude Deflection W(m)

o

Figure 7: Dynamic behaviour of cylindrical panels of FGM sandwich with different porous metal cores

The natural frequency of single phase FG sandwich cylindrical shells at a porous factor of 10% was analysed in Figure 8 for
different power law indexes (k=0.5, 1, 5, and 10) and various metal cores, with a core height of 10mm and 1mm face sheets. The
findings reveal that as the power-law index increases, the natural frequency values decrease in all metal cores. This is attributed
to the reduction in bending rigidity and elasticity modulus of the cylindrical shell, leading to decreased material strength. Based
on the analysis, it can be observed that the Polyethylene core exhibits a greater natural frequency compared to other types of
cores. This is because of its superior mechanical properties values.

Figure 9 illustrates the effect of the material gradient on the nonlinear dynamic behavior of porous FG single-phase sandwich
cylindrical panels. The results show that an increase in the power law index indicates an increase in the rate of deformation of a
material under a given stress or load. Therefore, the time-displacement curve is expected to increase with the rise of the power-
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law index. This is because a higher power-law index indicates that the material will deform more rapidly under the applied load,
resulting in a more rapid increase in displacement over time. Conversely, a lower power-law index indicates that the material
will deform more slowly under the applied load, resulting in a slower increase in displacement over time.

—E— Tolyethylen: —@— PEEK 50% CF
255 4 -\-\ ‘ —d— PEEK 30% GF —W— PEEK-1000 Matural
1 - -
250 4
T 245
) 1
.
S 240 4 N
= —
5 J
= 235 ‘\'\
=
E . - ~
o=
Z 230 4
220 T T T T T T T T —
(0] 2 4 6 8 10
Material Gradient k

Figure 8: Effect volume fraction index on the natural frequency parameter of a sandwich FGM shell with
various porous metal core

Amplitude Deflection W (m)

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Time (s)

Figure 9: Effect of the power law index on the time-deflection curve of porous FG single-phase sandwich
cylindrical panels

The graphs in Figures 10-13 show how changing the FG single-phase core thickness and face sheet affects the natural
frequency and nonlinear amplitude deflection of simply supported cylindrical panels with different porous metal cores. The
dimensions of the shell are a=b=0.5, R=3 m, with a power law index of 0.5 and a porosity coefficient of 10%. The thickness of
the FGM core ranges from 10 to 20 mm, while the thickness of the face sheet ranges from 1 to 2.5mm. The graph indicates that
increasing the thickness of the FGM core or face sheet leads to a significant increase in the natural frequency of the sandwich
shells in all types of metal core. These results suggest that increasing the thickness of either component strengthens the stiffness
of the FG sandwich cylindrical shell. This is because a stiffer structure will resist deformation more effectively and require more
energy to deform, resulting in a higher natural frequency. However, a stiffer structure also means that it will have a higher
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deflection amplitude under the same applied load. This is because the structure will require a greater force to deform, and once
it does deform, the deformation will be more pronounced due to the increased stiffness of the structure. This is a result of the
increased stiffness of the sandwich structure, which affects both its natural frequency and deformation behavior.

Natural Frequncy (Hz)

—a— Polyethylene

—a— PEEK 30% CF
—i— PEEK 30% GF
—w— PEEK-1000 Natural

T
10 12 14

FG Core Thickness mm

16 18 20

Figure 10: Results of the natural frequency for different FGM cores with face sheet thicknesses of 1 mm
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[

I
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—hFG core = 20 mm

0.025 0.03 0.035 0.04 0.045 0.05
Time (s)

Figure 11: Result of the FG core thickness on the non-linear dynamic response of porous FG single-phase sandwich shells
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Figure 12: Results of the natural frequency for different face sheet thicknesses with FGM cores 10 mm
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Figure 13: Result of the thickness of the face sheet on the non-linear dynamic response of porous FG single-phase
sandwich shells

6. Conclusion

The non-linear vibration dynamic response of a functionally graded sandwich cylindrical shell panel is proposed to be
analytically examined in this study. The cylindrical sandwich panels are made up of a core composed of a single phase porous
metal, such as polyethylene, PEEK-30% CF, PEEK-30% GF, or PEEK-1000 natural. The core is attached to homogeneous skins
on both sides using an appropriate adhesive. The formulas utilise geometric non-linearity and are based on the CST. Runge-
Kutta techniques are applied to solve the nonlinear equations. The results of some studies were compared with those of other
authors. The study discussed in the paper investigates how different factors affect the free vibration properties of functionally
graded sandwich shells. These factors include porosity, gradient index, and thickness of the FG core and face sheets. The metal
cores used in this study show different amplitudes of non-linear vibration response depending on their stiffness and strength.
Polyethylene has the highest amplitude of nonlinear vibration response due to its lower stiffness, while PEEK-30% GF has the

lowest amplitude of nonlinear vibration response due to its high stiffness and strength. PEEK-30% CF and PEEK-1000 Natural
1021
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have intermediate amplitudes of nonlinear vibration response due to their lower stiffness compared to PEEK-30% GF..As a
result, by changing these factors, we can effectively regulate the porous FGM cylindrical shells' vibration and dynamic response.
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