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The main novelty of the paper is that analytical, experimental, and numerical analyses are used to
investigate the free vibration problem of a sandwich structure in which Nanocomposites skins (SiO2/epoxy and
Al20s/epoxy) at different densities are used as the face sheet. The volume fraction's of nanoparticle addition
varies (0% to 2.5%). The present free vibration was derived based on Kirchhoff's theory and aspiration to obtain
the natural frequency. The results show that in structures with SiO2 nanoparticles with a density of 1180 kg/m*
the optimum increase (Vr = 2.5%) is 50% in Young's modulus and 22% in natural frequency, while at a density
of 1210 kgm® is 56 % in Young's modulus and 24.5% in natural frequency. Furthermore, the same structures
reinforced with Al>O3 Nano-particles show that at the density of 1180 kg/m®, the optimum (VF=2.5%) parentage
increase in Young's modulus is 41% and 19% in natural frequency, while at the density of 1210 kg/m® is 46%
in Young's modulus and 21% in natural frequency. A numerical investigation was used to validate the obtained
results of the analytical solution. The findings also show an acceptable convergence between analytical and
numerical techniques with a maximum discrepancy not exceeding 3%.
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List of Symbols/Acronyms

ht-The thickness of the skin [mm];

hc - The thickness of the core [mm];

Vs — Volume fraction [%];

lo- The inertial coefficient for plate;

Ef_ Young modulus of the skin [GPa];

Ec - Young modulus of the core [GPa];

G — Shear modulus (Gpa);

Vr, Ve — Poisson's ratio of skin and plate core,
respectively;

ps.pc — The mass density of skin and plate core,
respectively [kg/m®];

w — Natural frequency [rad/sec].

1. INTRODUCTION

Sandwich structures have attractive stiffness
properties to satisfy lightweight construction
demands by sandwiching a low-density core
between two rigid faces, resulting in a structure with
a higher strength-to-mass ratio [1-6]. The sandwich
structure is built of cores, face sheet materials, and
adhesives, with mechanical qualities required
depending on the application. The face sheets of a
sandwich structure fulfill various functions, but they
always bear the majority of the imposed loads [7-

15]. The features of the face sheets as stabilized by
the core dictate the stiffness, stability, configuration,
and to a significant degree, the part's strength; the
face sheets must be adequate and appropriately
attached to a high quality to perform these tasks [16-
22].

Face sheets can also serve as a profile with
adequate aerodynamic smoothness, a rough non-skid
surface, or a robust, wear-resistant floor covering.
One facing sheet of a sandwich is occasionally made
thicker or of a somewhat different structure than the
other to better serve these unique duties. As a
sandwich face sheet, you can use any thin sheet
material that could be metallic, non-metallic, or
composite [23-30]. Face sheets, in many
circumstances, help to protect the core against
external impacts such as moisture, necessitating the
usage of impermeable materials for face sheets.
However, some acoustic panel applications, for
example, may not require face sheet materials to seal
the core components. So faces main properties: high
stiffness, high tensile and compression strength,
impact resistance, surface finish, and environmental
resistance. Composite face sheets for aeronautical
sandwich structures are usually made out of
laminates of pre-impregnated unidirectional glass or
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carbon fiber plies embedded in a polymer matrix
(epoxy, bismaleimide, etc.). Such laminates need
long processing durations at high temperatures and
pressures in autoclaves, producing good quality (no
void content) and a high fiber volume fraction [31-
37]. Various methods to analyze the free vibration
problems of layered beams, plates, and shells have
been described in numerous papers; for example,
Roman Lewandowski et al. (2021) conducted
numerical studies on dynamic characteristics for
composite sandwich beams made from elastic and
viscoelastic layers based on refined zig-zag theory
[38]. Vibration behaviors of a composite plate
resting on the nonlinear elastic foundation using the
finite element method are also discussed in [39].

Dastjerdi and Behdinan (2021) analyzed the free
vibration problem of smart sandwich plates with
porous nanoparticles reinforced and piezoelectric
layers [40]. Ambreen Kalsoom et al. (2021)
investigated the  stiffness and  damping
characteristics of the sandwich beam with 3D printed
thermoplastic composite face sheets using higher-
order beam theory based on various parameters such
as support conditions, non-homogeneous magnetic
flux, geometrical properties [41].

Barati et al. (2022) improved mechanical activity
by GPL-reinforced nanocomposites as skin sheets.
The findings showed various dimensionless
waveform values and skin thickness [42].

Arshid and Amir (2021), based on higher-order
shear deformation and modified couple stress theory,
skin sheets are constructed of epoxy-graphene
platelets. Typical frequencies are examined as base
findings [43]. Ravindran and Bhaskar (2021) studied
the goal of developing an elasticity solution for
cylindrical bent. Adopting FGM face sheets highly
depends on the plate's span-to-thickness ratio [44].

Changsheng Zheng et al. (2022) proposed the
dynamic analytical model of the composite sandwich
structure by arranging rubber layers to determine
damping characteristics based on the Rayleigh-Ritz
method [45].

Arani and Jamali (2021) investigated vibration
issues of cylindrically bent with CNTs-
Nanocomposite skin sheets. Energy and Hamilton's
are used to formulate equations of motion. The
results show that the natural frequency of the whole
structure becomes tougher with an increased volume
fraction of CNTs [46]. Shakouri and Mohseni
(2020) graphene nanoplatelet supporting faces and
Fourier series describe the displacement. Numerical
results show that the structure's load-bearing
capacities significantly improved after addition [47].
Mohseni and Shakouri (2020) investigated the
responses, free and forced vibration of the FGM
structure. Hamilton's philosophy is used to get
equations of motion and influence various
parameters studied. Results are coupled with
available studies [48]. Moghaddam et al. (2020)
examined skin lay-ups made of composite face
sheets and SMA wires. The results revealed that the
adequate performance of the plate was enhanced

after implanting SMA  wires [49]. Using
experimental and numerical analysis, Kumar and
Fazeel (2022) studied the vibration characteristics of
polymer composites with viscoelastic material
properties [50].

By employing Finite Element Analysis (FEA), P.
Mohammadkhani et al. (2021) used Abaqus/Explicit
software to study the impact behavior of reinforced
foam Core/Composite skin sandwich panels [51].
Saibaba et al. (2022) employed numerical analysis to
study the free vibration characteristics of a
reinforced polymer composite sandwich panel [52].
Kamarian et al. (2021) conducted many
experimental test results to show that adding 0.3%
CNTs to carbon fiber/epoxy composite face sheets
significantly increases the longitudinal and
transverse Young's and shear modulus [53]. Amir et
al. (2020) used piezoelectric and (FGMs) materials
to study the buckling behavior of FGM structures.
The voltage is considered, and influences of
flexoelectricity take essential roles in defining the
critically buckling load [54]. Mohammadi et al.
(2022) proposed isogeometric analysis to analyze the
free and forced vibration analyzes of sinusoidally
corrugated functionally graded
carbon nanotube reinforced thin composite panels
based on Kirchhoff- Love theory [55].

Rajeshkumar et al. (2022) studied the mechanical
behavior and dynamic characteristics of natural fiber
reinforced composite sandwich plates with multiple-
core layers using experimental work, and the results
are verified using a finite element method [56]. M.
Botshekanan Dehkordi and Khalili (2015) suggested
a new constitutive model to check natural
frequencies due to the core's characteristics. The
result shows that when the temperature rises, the
stiffness is enhanced due to the adding nanoparticles
[57].

The experimental investigation is carried out to
validate the frequency vibration bandgaps by
combining the design concepts of locally
resonant 3D printed meta-structures sandwich
structures [58].

Some studies used Graphene, carbon fiber, and
glass fiber in reinforcing sandwich faces. Hamidreza
and Sattar (2022) employed extended Higher-Order
sandwich panel theory to investigate nonlinear
vibrations of GPLs sandwich beams [59].

From the discussed literature, it can be noticed
that the previous studies were carried out
experimentally and numerically, and few of them
were theoretical. Also, some were using the free
while others were free and forced vibrations.

The present article deals with the free vibration
analysis of sandwich panels with polymer core
integrated with face sheets which are reinforced with
two types of nanoparticles (Al,Os and SiO,). The
work included deriving an analytical solution for the
rectangular plate structure having composite faces
using Kirchhoff plate theory to calculate the natural
frequency based on different parameters. A
numerical solution using ANSYS software 2021 R1
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is conducted to validate the analytical solution. The
influence of nanoparticle type on the plate
performance and the geometrical parameters on the
free vibration characteristics of composite plates are
also investigated and discussed. The results of this
study might be used to design and manufacture smart
materials in the future. The rest of the paper is
organized as follows. The mathematical background
of the problem is provided in Section 2, and the
equations of motion form based on the principle of
energy, along with the eigenvalue problem used, are
described. The numerical examples and detailed
discussion are presented in Section 3. Finally, in
Section 4, concluding remarks are presented.

2. ANALYTICAL SOLUTION

2.1. The suggested analytical solution

This study investigates the free vibration
behavior of the sandwich structure with a Polylactic
acid (PLA) core with composite-face sheets
strengthened by nano Al;O3; & SiO,. Two-step must
be completed; first, the differential equation of
motion that governs the sandwich structure's
vibration behavior is developed; second, the natural
frequency is calculated using the various parameters.

The acquired findings are the natural frequencies
for sandwich structures with composite faces
exposed to bending loads, and they may be described
using a computational program.

Assuming the classical or Kirchhoff's plate
theory (CPT) given on the plate, In the case of pure
bending, the displacement field is given by [60],

a
u(x,y,z) = —za—‘:

a
uy(x,y,z) = —za—‘:: Q)

U (x,y,2) = w(x,y)

Where uyuy, and u, represent the displacement
parameters through the line of coordinates of a
specific point on the x-y plane, and w is the
transverse deflection of a point on the mid-plane (x—
y plane). Transverse shear deformation is neglected
in Kirchhoff's case; deformation is due to bending
and in-plane stretching. The stress-strain relations
are given by,

duy — 02w
€ ox %2
XX P 2
uy a
&y ¢ = ay =9 %oz (2)
Yxy duy , Ouy 92w
—+—= -2z
dy ox 0x dy:

In Eq. 2, the normal strains in terms of x and y
directions are exx and &xx, while yxy indicates the
shear strain component. According to Hooke's
law, the following matrix form can be used to
describe the relationships of the stress and strain
expressions at a given point of the functionally
graded plate,

Oxx A11 A12 0 Exx

Oyy ¢ = <A21 Ap 0 ) Eyy 3

Txy 0 0 A66 YXy

The components of the normal and shear stress
oxx, Oyy, and Txy can be used to construct the
reduced stiffness parameters Ajj (i, j = 1, 2, 6),

E(z)
A=Ay = 1-v2
vE(z)
A, = Ay = 12 (4)
_ E@
Age = 2(14v)

The materials properties E, v represent Young's
modulus and Poisson's ratio of the sandwich
plate. The linear constitutive relations of the
plate, such as the bending and twisting moments
Mxx, Myy,and Mxy, respectively, on a plate element.
The pure bending case can be written as

M, Oy
My ¢t = f_h]ffz [Gy} z dz )
Xy Xy
The governing equations of the classical plate
theory (CPT) can be found using the energy method.
The strain energy U stored in an elastic body, for a
general state of stress, is given by,
1 Ox€x + Oy€y + 0,8, +
EIff [TnyXy + TxzYxz + TyZYy dx dy dz (6)
Integration extends over the entire body volume. for
thin plates o, Vg, vy, Can be omitted. Thus,
introducing Hooke's law, the above expression
reduces to the following form involving only stresses
and elastic constants,

U=[ff, |5 (c%+ 02

— 2vo,0y) + %T,Z(y] dxdydz

@)
h
U= f [f 4/22 (OxxExx + OpyEyy +
rxyyxy)dz] dx dy
(8)

Thus, the kinetic energy (T) of the plate in cartesian
coordinates at any instant can be expressed as,

h Buz
=L [0, 00 (22) ] axay @
Where Q denotes the mid-plane (domain) of the

plate. Using Egs. (1), (2), and (3) in Egs. (8) and (9)
lead to the total potential energy function U,

0%w 2 0%w 2
Pu ((ﬁ) +(5) )*
Q@ 02w 0%w 0%w
1252 592 6 (ax_ay
Where the flexural rigidity coefficients D11, D12,

and D66 in Eq. 10 can be evaluated as,
h/2

== dx dy (10)

2

(D11, D12, Dee) = fh/z (A11,A12,Age)z?dz  (11)

12)

Dy, = f_h}:/zz Ay, z%d fhl:jz IE(?Z z?dz (12a)

Dy, = f_hlf/zz Alzzzdz = f_"}{jz =922z (12b)

Dge = f_hlsz Agez?dz = f_hlf/zz 2?1(2/) z2dz (12c)
h

lo = /% p(z)dz (13)

2
Where |, is the total inertial coefficient of the
sandwich plate.
Consider a rectangular plate of length a and width b
with its four edges simply supported, as shown in
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Figures 1 and 2, assume the solution of mode
deflection for the plate to be

w = Sin m:" Sin“%y (14)
And the free vibration eigenvalue problem is
([K]nxn - )\2 [M]nxn){a} =0 (15)

Where [K]an represents the stiffness coefficients
matrix while [M].~, is the inertia coefficients matrix
of the functionally graded sandwich plate, and (8) is
the column vector of unknown constant coefficients.
Solutions to the standard generalized eigenvalue
problem, the frequencies and mode shapes of the
sandwich plate are obtained from Eq. (15). By
equating Umax and Tmax, the w is the respective
maximum deflection. The natural frequency
equation of the free vibration can be found as:

2 Umax
W =— 16
Jq IoW? dx dy ( )

—
g y
skin hy 1 :4
HI core he ha
skin hs hy
5 1
X
Fig. 1. Sandwich plate with PLA core and
composites
skins
zZ
1 (he/2) + Iy
he/2
{ »
—h,/2
| —(he/2) + hy

Fig. 2. Geometry of the sandwich structure
layers

3. RESULTS AND DISCUSSION

The free vibration analysis of sandwich construction
with a PLA core and composite face sheets
strengthened by nanoparticles of Al;O; and SiO; is
carried out in this paper. The differential equation of
motion that regulates the sandwich structure's layers
is created first, then calculating the natural frequency
using various parameters. The results include the
natural frequencies of SSSS sandwich constructions
with composite faces exposed to bending forces.
Assume the mechanical properties of the sandwich
structure's two faces are the same properties.

A code written using MATLAB software is used to

solve the above equations.

The effective mechanical properties for sandwich
layers are,

1. Polylactic acid core (PLA), E. = 1.2 Gpa, p. =
1360 kg/m3, v, =0.38 [61], and the core
height he=14 mm.

2. Nanocomposite faces at the top and bottom
surfaces of the panel with thickness h=3mm
each. The nanoparticle volume fraction goes
between (0% to 2.5%).

3. Young modulus is increased on two different
densities, as shown in tables (1) to (4).

Material properties were averaged for matrix and
fillers, [62-65]. The effects of nanoparticles on the
free vibration of simply supported sandwich plates
with nanocomposite faces are explored in this
research. Kirchhoff's theory for slight deflection uses
as the governing equation. As previously mentioned,
assumptions were made to simplify the solution in
two different ways by applying varying volume
fractions between (V; = 0% - 2.5%) with two types
of nanoparticles (SiO; & Al;O3). The results show
the behavior of the fundamental natural frequency of
sandwich plates with reinforced skins by
nanoparticles at two mass density values. The results
indicate that skin strengthening significantly affects
how sandwich plates can achieve their task.
Numerical results are presented for composite
sandwich plates demonstrating the validity and
efficiency of the present method. Two important
notes can be recorded to clarify the behavior of the
free vibration of the reinforced sandwich plate
structure.

The increase in nanoparticle volume fraction

increases Young's modulus, leading to an increase in

composite face strength. Additionally, the sandwich
plate stability is sustained by the increase in the mass
density. At a density of 1180 kg/m® and volume

fraction (V=2.5%), SiO, nanoparticles will have a

50% increase in Young modulus, while at a density

of 1210 kg/m3, it will increase by 56% (see Figure

3). The significant change occurred at (Vi=2.5%)

when the Al,O3 nanoparticles skins were used with a

density of 1180 kg/m?3, increasing 41%, while at a

density of 1210 kg/m?, the percentage was 46 % (see

Figure 4).

As density and Young's modulus increase, the

natural frequency of the sandwich plate increases

accordingly. Composite faces have a higher natural
frequency than composite cores. Also, the natural
frequency of the composite faces and the core is
higher than that of the sandwich structure. In the case
of SiO; nanoparticles at a density of 1180 kg/m?, the

optimum parentage (Vs = 2.5%) increases to 22%,

while at 1210 kg/m® it increases to

24.5%. Furthermore, it is noticed that Al,O3 nano-

particles at the density of 1180 kg/m®are the

optimum (V=2.5%), and the overhaul parentage
increase to 19% while at the density of 1210 kg/m? is

only 21% (see Figure 5).
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Table 1. Results of the first natural frequency with
the addition of Al.Os nanoparticles at skin density
(pr=1180 kg/md).

Vf E f E w

S V¢ N Ve
(%) (GPa) (GPa) (rad/sec)
1 000 1585 022 120 0.38 3874.60
2 050 1734 0.22 120 0.38 4049.19
3 100 1842 0.22 120 0.38 4171.18
4 150 19.83 022 120 0.38 4325.27
5 200 2088 0.22 120 0.38 4436.54
6 250 2247 022 120 0.38 4599.91
Table 2. Results of the first natural frequency with
the addition of Al203 nanoparticles at skin
density(pf=1210 kg/m3).
Vf Ef Ec w
S (<

(%) (GPa) (rad/sec)

0.00 1656 0.18 1.20 0.38 3966.11

050 1823 0.18 120 0.38 4157.73

1.00 1947 0.18 120 0.38 4294.48

10 150 2044 018 120 0.38 4398.49

11 200 2189 018 120 0.38 454954

12 250 2413 018 120 0.38 4773.50

Table 3. Results of the first natural frequency with
the addition of SiO2 nanoparticles at skin density (pf =

1180 kg/m?).

Vf E f E w

S 7 ¢ Ve
(%) (GPa) (GPa) (rad/sec)
1 000 1585 022 120 0.38 3874.60
2 050 1792 022 120 0.38 411515
3 1.00 19.12 0.22 120 0.38 4248.38
4 150 2033 0.22 120 0.38 4378.60
5 200 2174 022 120 0.38 4525.63
6 250 2387 022 120 0.38 4739.10
Table 4. Results of the first natural frequency with
the addition of SiO2 nanoparticles at skin density
(pf=1210 kg/m3).
Vf Ef EC w
S Vi (GPa) Vc

(%) (GPa) (rad/sec)

0.00 1656 0.18 120 0.38 3966.11

050 1946 018 120 0.38 4293.39

1.00 20.74 0.18 120 0.38 4430.16

10 150 2231 0.18 120 0.38 4592.36

11 200 2385 0.18 120 0.38 4746.08

12 250 2578 0.18 120 0.38 493197

—o—Mass density (1180 kg/m3)
5200 —e—Mass density (1210 kg/m3)

5000
4800
4600
4400

4200

Natural frequency (rad/sec)

4000
15 17 19 21 23 25 27

Young's modulus (Gpa)

Fig. 3. The relationship of the first natural
frequency with various Young's modulus of
sandwich panel reinforced by SiO2
nanoparticles at two mss densities.

5200
—e—Mass density (1180 kg/m3)

5000 —e—Mass density (1210 kg/m3)

4800
4600

4400

Natural frequency (rad/sec)

4200

4000
15 17 19 21 23 25

Young's modulus (Gpa)

Fig. 4. Natural frequency with various
Young's modulus at two densities of Al203

5200 —o—AI203 1180 —®—Si02 1180
5000 Al203 1210 ——Si021210

4800
4600

4400

Natural Frequency (rad/sec)

4200

4000
0.0 0.5 1.0 15 2.0 2.5

Volume fraction %

Fig. 5. The first natural frequency results of
the sandwich panel at two densities for Al2O3
& SiOz nanoparticles

Figures 6 shows the comparison between
analytical and numerical results of the fundamental
natural frequency for sandwich plate reinforced with
Al203 nanoparticles at a mass density of 1180
kg/m3. From the results, one can conclude that there
is a good variation between the two solutions, with a
maximum discrepancy of 3% occurring at V=2.0.
Figure 7 illustrates the same phenomenon with skin
reinforced with SiO2 nanoparticles. The maximum
discrepancy between the two approaches is 2.2 % at
V=2.5. It is observed that the numerical solution
converges with that of the analytical formulation. In
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general, the current study's findings appear helpful
in understanding the behavior of sandwich plate
vibration patterns and their relationships.

Consequently, the  paper reports a
comprehensive study of composite sandwich panels,
with helpful analysis and results for using them in
engineering applications.

5000 —— Analytical —#— Numerical

-~
a
Q
=]

Natural frequency (rad/sec)

Volume fraction %

Fig. 6. Analytical and Numerical results of
fundamental natural frequency for skin
reinforced by AI203 nanoparticles at mass
density 1180 kg/m3

5500 —+—Analytical —#—Numerical
5000

4500

4000

Natural frequency (rad/sec)

Volume fraction %

Fig. 7. Analytical and Numerical results of
fundamental natural frequency for skin
reinforced by SiO2 nanoparticles at mass
density 1180 kg/m3

4. CONCLUSION

The layered structures, like beams and plates
consisting of composite layers embedded between
elastic ones, are widely used in many engineering
fields such as aerospace, automobile, nuclear and
biomedical. This study investigated the vibration
characteristics of the composite face plate enhanced
by the addition of nanoparticles. The obtained results
are compared with numerical solutions, and the
conclusions of this study were as follows,

1. The mechanical properties are improved when
replacing the skins of the partial structure with a
composite material. Hence, lower weight and
greater strength are obtained using composite
materials compared to classical materials.

2. For sandwich panels with SiO; reinforced skins,
the natural frequency increased by (10%) when

changing the density from (1180 kg/m3 to 1210
kg/m?®) at V; =2.5 % core height 14mm, and skin
3 mm.

3. In the same structures reinforced with Al,O3
Nano-particles, the parentage increase in
Young's modulus is 10.8 % and 9.5 % in natural
frequency when changing the density from (1180
kg/m? to 1210 kg/md).

4. For further research, the results show that adding
nanomaterials  increases the  mechanical
properties and thus reduces vibrations.

5. The same approach can be investigated for future
work using functionally graded core and
composite faces of sandwich plate structures
considering shear locking.

6. Various plate theories, such as the first and
higher deformation theories, should be examined
to make the theoretical analysis more efficient.

Author contributions: research concept and
design, M.A-S., E.K.N., M.J.J., M.AS-W.; Collection
and/or assembly of data, M.A-S., E.K.N., M.J.J.,
M.AS-W.; Data analysis and interpretation, M.A-S.,
E.K.N., M.J.J., M.AS-W.; Writing the article, M.A-
S., E.KN., M.J.J., M.AS-W.; Critical revision of the
article, M.A-S., E.K.N., M.J.J., M.AS-W.; Final
approval of the article, M.A-S., EKK.N.,, M.J.J.,
M.AS-W.

Declaration of competing interest: The authors
declare that they have no known competing financial
interests or personal relationships that could have
appeared to influence the work reported in this
paper.

REFERENCES

1. Daniel IM, Gdoutos EE, Rajapakse YDS. Major
accomplishments in  composite materials and
sandwich structures: An anthology of ONR sponsored
research. Springer, 2009. https://doi.org/10.1007/978-
90-481-3141-9.

2. Kadhim AA, Al-Waily M, Abud Ali ZAA, Jweeg MJ,
Resan KK. Improvement fatigue life and strength of
isotropic hyper composite materials by reinforcement
with different powder materials. International Journal
of Mechanical & Mechatronics Engineering 2018;
18(2).

3. Ismail MR, Abud Ali ZAA, Al-Waily M.
Delamination damage effect on buckling behavior of
woven reinforcement composite materials plate.
International Journal of Mechanical & Mechatronics
Engineering 2018; 18(5): 83-93.

4. Al-Waily, Al-Shammari MA, Jweeg MJ. An analytical
investigation of thermal buckling behavior of
composite plates reinforced by carbon nano particles.
Engineering Journal 2020;24(3).
https://doi.org/10.4186/ej.2020.24.3.11.

5. Abud Ali ZAA, Kadhim AA, Al-Khayat RH, Al-
Waily M. Review influence of loads upon
delamination buckling in composite structures. Journal
of Mechanical Engineering Research and
Developments 2021; 44(3): 392-406.

6. Njim EK, Bakhy SH, Al-Waily M. Analytical and
numerical investigation of free vibration behavior for



https://doi.org/10.1007/978-90-481-3141-9
https://doi.org/10.1007/978-90-481-3141-9
https://doi.org/10.4186/ej.2020.24.3.11

DIAGNOSTYKA, Vol. 24, No. 2 (2023) 7
Al-Shablle M, Njim EK, Jweeg MJ, Al-Waily M: Free vibration analysis of composite face sandwich plate...

10.

11.

12.

13.

14.

15.

16.

17

18.

sandwich plate with functionally graded porous metal
core. Pertanika Journal of Science & Technology
2021; 29(3): 1655-1682.
https://doi.org/10.47836/pjst.29.3.39.

Gay D, Hoa SV, Tsai SW. Composite materials:
design and applications. CRC Press LLC 2003.
Abbas SM, Takhakh AM, Al-Shammari MA, Al-
Waily M. Manufacturing and analysis of ankle
disarticulation ~ prosthetic ~ socket  (SYMES).
International Journal of Mechanical Engineering and
Technology 2018; 9(7): 560-569.
https://doi.org/10.1088/1757-899X/870/1/012165
Jweeg MJ, Al-Waily M, Muhammad AK, Resan KK.
Effects of temperature on the characterisation of a new
design for a non-articulated prosthetic foot. IOP
Conference  Series:  Materials  Science  and
Engineering, 2nd International Conference on
Engineering Sciences 2018; 433.
https://doi.org/10.1088/1757-899X/433/1/012064
Abbas EN, Jweeg MJ, Al-Waily M. Fatigue
Characterization of laminated composites used in
prosthetic sockets manufacturing. Journal of
Mechanical Engineering Research and Developments
2020; 43(5): 384-399.

Kadhim AA, Abbod EA, Muhammad AK, Resan KK,
Al-Waily M. Manufacturing and analyzing of a new
prosthetic shank with adapters by 3D printer. Journal
of  Mechanical Engineering  Research and
Developments 2021; 44(3): 383-391.

Mechi SA, Al-Waily M. Impact and mechanical
properties modifying for below knee prosthesis socket
laminations by using natural kenaf fiber. 3rd
International Scientific Conference of Engineering
Sciences and Advances Technologies, Journal of
Physics: Conference Series 2021; 1973.
https://doi.org/10.1088/1742-6596/1973/1/012168
Njim EK, Bakhy SH, Al-Waily M. Free vibration
analysis of imperfect functionally graded sandwich
plates: analytical and experimental investigation.
Archives of Materials Science and Engineering 2021;
111(2): 49-65.
http://dx.doi.org/10.5604/01.3001.0015.5805

Njim EK, Bakhy SH, Al-Waily M Analytical and
numerical flexural properties of polymeric porous
functionally graded (PFGM) sandwich beams. Journal
of Achievements in Materials and Manufacturing
Engineering 2022; 110(1): 5-15.

Njim EK, Bakhy SH, Al-Waily M. Experimental and
numerical flexural analysis of porous functionally
graded beams reinforced by (Al/Al203) nanoparticles.
International Journal of Nanoelectronics and Materials
2022; 15(2): 91-106.

Al-Shammari  MA, Al-Waily M. Analytical
investigation of buckling behavior of honeycombs
sandwich combined plate structure. International
Journal of Mechanical and Production Engineering
Research and Development 2018; 8(4): 771-786.
http://dx.doi.org/10.24247/ijmperdaug201883

. Abbas EN, Jweeg MJ, Al-Waily M. Analytical and

numerical investigations for dynamic response of
composite plates under various dynamic loading with
the influence of carbon multi-wall tube nano materials.
International Journal of Mechanical & Mechatronics
Engineering 2018; 18(6): 1-10.

Abbas EN, Al-Waily M, Hammza TM, Jweeg MJ. An
investigation to the effects of impact strength on
laminated notched composites used in prosthetic
sockets manufacturing. 1OP Conference Series:

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Materials Science and Engineering, 2nd International
Scientific Conference of Al-Ayen University 2020;
928.
https://doi.org/10.1088/1757-899X/928/2/022081
Al-Waily M, Jweeg MJ, Al-Shammari MA, Resan
KK, Takhakh AM. Improvement of buckling behavior
of composite plates reinforced with hybrids
nanomaterials additives. Materials Science Forum
2021; 1039: 23-41.
https://doi.org/10.4028/www.scientific.net/IMSF.1039
.23

Njim EK, Bakhy SH, Al-Waily M. Analytical and
numerical free vibration analysis of porous
functionally graded materials (FGPMSs) sandwich
plate using Rayleigh-Ritz method. Archives of
Materials Science and Engineering 2021; 110(1): 27-
41.

http://dx.doi.org/10.5604/01.3001.0015.3593

Haider SMJ, Takhakh AM, Al-Waily M. A review
study on measurement and evaluation of prosthesis
testing platform during gait cycle within sagittal plane.
14th International Conference on Developments in
eSystems Engineering, IEEE Xplore 2021.
https://doi.org/10.1109/DeSE54285.2021.9719575
Njim EK, Bakhy SH, Al-Waily M. Analytical and
numerical investigation of buckling behavior of
functionally graded sandwich plate with porous core.
Journal of Applied Science and Engineering 2022;
25(2): 339-347.

http://dx.doi.org/10.6180/jase.202204 25(2).0010
Abbas SM, Resan KK, Muhammad AK, Al-Waily M.
Mechanical and fatigue behaviors of prosthetic for
partial foot amputation with various composite
materials types effect. International Journal of
Mechanical Engineering and Technology 2018; 9(9):
383-394.

Abdulridha MM, Fahad ND, Al-Waily M, Resan KK.
Rubber creep behavior investigation with multi wall
tube carbon nano particle material effect. International
Journal of Mechanical Engineering and Technology
2018; 9(12): 729-746.

Al-Waily M, Tolephih MH, Jweeg MJ. Fatigue
characterization for composite materials used in
artificial socket prostheses with the adding of
nanoparticles. IOP Conference Series: Materials
Science and Engineering, 2nd International Scientific
Conference of Al-Ayen University 2020; 928.
http://dx.doi.org/10.1088/1757-899X/928/2/022107
Mansoor HI, Al-Shammari M, Al-Hamood A.
Theoretical analysis of the vibrations in gas turbine
rotor. 3 International Conference on Engineering
Sciences, IOP Conference Series: Materials Science
and Engineering 2020; 671.
https://doi.org/10.1088/1757-899X/671/1/012157
Husain MA, Al-Shammari MA. Analytical solution of
free  vibration  characteristics of  partially
circumferential cracked cylindrical shell. Journal of
Mechanical Engineering Research and Developments
2020; 43(3): 442-454.

Fahad ND, Kadhim AA, Al-Khayat RH, Al-Waily M.
Effect of SiO2 and Al20s hybrid nano materials on
fatigue behavior for laminated composite materials
used to manufacture artificial socket prostheses.
Materials Science Forum 2021; 1039: 493-509.
https://doi.org/10.4028/www.scientific.net/MSF.1039
493

Bakhy SH, Al-Waily M, Al-Shammari MA. Analytical
and numerical investigation of the free vibration of



https://doi.org/10.47836/pjst.29.3.39
https://doi.org/10.1088/1757-899X/870/1/012165
http://iopscience.iop.org/journal/1757-899X
http://iopscience.iop.org/journal/1757-899X
http://iopscience.iop.org/journal/1757-899X
https://doi.org/10.1088/1757-899X/433/1/012064
https://iopscience.iop.org/issue/1742-6596/1973/1
https://iopscience.iop.org/issue/1742-6596/1973/1
https://iopscience.iop.org/issue/1742-6596/1973/1
https://doi.org/10.1088/1742-6596/1973/1/012168
http://dx.doi.org/10.5604/01.3001.0015.5805
http://dx.doi.org/10.24247/ijmperdaug201883
https://doi.org/10.1088/1757-899X/928/2/022081
https://doi.org/10.4028/www.scientific.net/MSF.1039.23
https://doi.org/10.4028/www.scientific.net/MSF.1039.23
http://dx.doi.org/10.5604/01.3001.0015.3593
https://doi.org/10.1109/DeSE54285.2021.9719575
http://dx.doi.org/10.6180/jase.202204_25(2).0010
http://dx.doi.org/10.1088/1757-899X/928/2/022107
https://doi.org/10.1088/1757-899X/671/1/012157
https://doi.org/10.4028/www.scientific.net/MSF.1039.493
https://doi.org/10.4028/www.scientific.net/MSF.1039.493

8

DIAGNOSTYKA, Vol. 24, No. 2 (2023)
Al-Shablle M, Njim EK, Jweeg MJ, Al-Waily M: Free vibration analysis of composite face sandwich plate...

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

functionally graded materials sandwich beams.
Archives of Materials Science and Engineering 2021;
110(2): 72-85.
http://dx.doi.org/10.5604/01.3001.0015.4314

Jebur QH, Jweeg MJ, Al-Waily M. Ogden model for
characterising and simulation of PPHR rubber under
different strain rates. Australian Journal of Mechanical
Engineering 2021.
https://doi.org/10.1080/14484846.2021.1918375
Chiad JS, Al-Waily M, Al-Shammari MA. Buckling
investigation of isotropic composite plate reinforced
by different types of powders. International Journal of
Mechanical Engineering and Technology 2018; 9(9):
305-317.

Hussein SG, Al-Shammari MA, Takhakh AM, Al-
Waily M. Effect of heat treatment on mechanical and
vibration properties for 6061 and 2024 aluminum
alloys. Journal of Mechanical Engineering Research
and Developments 2020; 43(1): 48-66.

Mansoor HI, Al-Shammari MA, Al-Hamood A.
Experimental analysis of cracked turbine rotor shaft
using vibration measurements. Journal of Mechanical
Engineering Research and Development 2020; 43(2):
294-304.

Njim EK, Al-Waily M, Bakhy SH. A review of the
recent research on the experimental tests of
functionally graded sandwich panels. Journal of
Mechanical Engineering Research and Developments
2021; 44(3): 420-441.

Mechi SA, Al-Waily M, Al-Khatat A. The mechanical
properties of the lower limb socket material using
natural fibers: a review. Materials Science Forum
2021; 1039: 473-492.
https://doi.org/10.4028/www.scientific.net/MSF.1039
AT73

Njim EK, Bakhy SH, Al-Waily M. Optimisation
design of functionally graded sandwich plate with
porous metal core for buckling characterisations.
Pertanika Journal of Science & Technology 2021;
29(4); 3113-3141.
http://dx.doi.org/10.47836/pjst.29.4.47

Al-Waily M, Jaafar AM. Energy balance modelling of
high velocity impact effect on composite plate
structures. Archives of Materials Science and
Engineering 2021, 111(2): 14-33.
http://dx.doi.org/10.5604/01.3001.0015.5562
Lewandowski R, Wielentejczyk P, Litewka P.
Dynamic characteristics of multilayered, viscoelastic
beams using the refined zig-zag theory. Composite
Structures 2021;259.
https://doi.org/10.1016/j.compstruct.2020.113212
Huang B, Wang J, Guo Y. Investigation of
delamination effect on nonlinear vibration behaviors
of a composite plate resting on nonlinear elastic
foundation. Composite Structures 2022; 280.
https://doi.org/10.1016/j.compstruct.2021.114897
Moradi-Dastjerdi R, Behdinan K. Free vibration
response of smart sandwich plates with porous CNT-
reinforced and piezoelectric layers.  Applied
Mathematical ~Modelling 2021; 96: 66-79.
https://doi.org/10.1016/j.apm.2021.03.013

Kalsoom A, Shankar AN, Kakaravada I, Jindal P,
Lakshmi VVK, Rajeshkumar S. Investigation of
dynamic properties of a three-dimensional printed
thermoplastic composite beam containing controllable
core under non-uniform magnetic fields. Proceedings
of the Institution of Mechanical Engineers Part L:
Journal of Materials Design and Applications 2021;

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

236(2):404-412.
http://dx.doi.org/10.1177/14644207211045943
Barati MR, Shahverdi H, Hakimelahi B. Analysis of
nonlinear dynamic behavior of sandwich panels with
cellular honeycomb cores and nano-composite skins.
Transport in Porous Media 2022; 142, 115-137.
https://doi.org/10.1007/s11242-021-01641-y

Arshid E, Amir S. Size-dependent vibration analysis
of fluid-infiltrated porous curved microbeams
integrated with reinforced functionally graded
graphene platelets face sheets considering thickness
stretching effect. Proceedings of the Institution of
Mechanical Engineers, Part L: Journal of Materials:
Design and Applications 2021; 235(5): 1077-1099.
https://doi.org/10.1177/1464420720985556

Zheng C, Yan S, Liu B. Investigation on dynamic
characteristics of composite sandwich plates with co-
cured damping core. Applied Acoustics 2022; 192.
https://doi.org/10.1016/j.apacoust.2022.108735
Ravindran A, Bhaskar K. Elasticity solution for a
sandwich plate having composite facesheets with in-
plane grading. Journal of Sandwich Structures and
Materials 2021; 23(6): 2484-2505.
https://doi.org/10.1177/1099636220909810

Arani AG, Jamali SA. The vibration of the
cylindrically curved sandwich plate with rheological
core and nanocomposite face sheets rested on the
Winkler—Pasternak foundation. Journal of Sandwich
Structures and Materials 2021; 23(6): 2196-2216.
http://dx.doi.org/10.1177/1099636220909818
Shakouri M, Mohseni A. Buckling analysis of
rectangular sandwich plates with functionally graded
graphene-reinforced face layers. Journal of the
Brazilian Society of Mechanical Sciences and
Engineering 2020; 42(10).
https://doi.org/10.1007/s40430-020-02620-y
Mohseni A, Shakouri M. Natural frequency, damping
and forced responses of sandwich plates with
viscoelastic core and graphene nanoplatelets
reinforced face sheets. Journal of Vibration and
Control 2020; 26(15-16): 1165-1177.
https://doi.org/10.1177/1077546319893453
Moghaddam SAM, Tooski MY, Jabbari M,
Khorshidvand AR. Experimental investigation of
sandwich panels with hybrid composite face sheets
and embedded shape memory alloy wires under low
velocity impact. Polymer Composites 2020; 41(11):
4811-4829.

https://doi.org/10.1002/pc.25754

Singh KV, Khan F. Dynamic Characterization and
Vibration Performance of Polymeric Composite
Structures. Encyclopedia of Materials: Plastics and
Polymers 2022; 101-112.
https://doi.org/10.1016/b978-0-12-820352-1.00202-9
Mohammadkhani P, Jalali SS, Safarabadi M.
Experimental and numerical investigation of Low-
Velocity impact on steel wire reinforced foam
Core/Composite skin sandwich panels. Composite
Structures 2021; 256.
https://doi.org/10.1016/j.compstruct.2020.112992
Saibaba G, Bhagat V, Padhi SN, Arunkumar MP,
Dessai AN, Reddy RKK. Free vibration response of
graphene reinforced polymer composite face sheet
sandwich panel under thermal environment. Materials
Today: Proceedings 2022; 57(2): 834-839.
https://doi.org/10.1016/j.matpr.2022.02.445
Kamarian S, Bodaghi M, Isfahani RB, SongJl.
Thermal buckling analysis of sandwich plates with soft



http://dx.doi.org/10.5604/01.3001.0015.4314
https://doi.org/10.1080/14484846.2021.1918375
https://doi.org/10.4028/www.scientific.net/MSF.1039.473
https://doi.org/10.4028/www.scientific.net/MSF.1039.473
http://dx.doi.org/10.47836/pjst.29.4.47
http://dx.doi.org/10.5604/01.3001.0015.5562
https://doi.org/10.1016/j.compstruct.2020.113212
https://doi.org/10.1016/j.compstruct.2021.114897
https://doi.org/10.1016/j.apm.2021.03.013
http://dx.doi.org/10.1177/14644207211045943
https://doi.org/10.1007/s11242-021-01641-y
https://doi.org/10.1177/1464420720985556
https://doi.org/10.1016/j.apacoust.2022.108735
https://doi.org/10.1177/1099636220909810
http://dx.doi.org/10.1177/1099636220909818
https://doi.org/10.1007/s40430-020-02620-y
https://doi.org/10.1177/1077546319893453
https://doi.org/10.1002/pc.25754
https://doi.org/10.1016/b978-0-12-820352-1.00202-9
https://doi.org/10.1016/j.compstruct.2020.112992
https://www.sciencedirect.com/science/article/pii/S2214785322006782?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S2214785322006782?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S2214785322006782?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S2214785322006782?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S2214785322006782?via%3Dihub#!
https://doi.org/10.1016/j.matpr.2022.02.445

DIAGNOSTYKA, Vol. 24, No. 2 (2023) 9
Al-Shablle M, Njim EK, Jweeg MJ, Al-Waily M: Free vibration analysis of composite face sandwich plate...

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

core and CNT-Reinforced composite face sheets.
Journal of Sandwich Structures and Materials 2021;
23(8): 3606-3644.
http://dx.doi.org/10.1177/1099636220935557

Amir S, Khorasani M, Zarei HB. Buckling analysis of
nanocomposite sandwich plates with piezoelectric
face sheets based on flexoelectricity and first-order
shear deformation theory. Journal of Sandwich
Structures and Materials 2020; 22(7): 2186-22009.
https://doi.org/10.1177/1099636218795385
Mohammadi H, Setoodeh AR, Vassilopoulos AP.
Isogeometric Kirchhoff-Love shell patches in free and
forced vibration of sinusoidally corrugated FG carbon
nanotube-reinforced composite panels. Thin-Walled
Structures 2022; 171.
https://doi.org/10.1016/j.tws.2021.108707
Rajeshkumar S, Apichit M, Sathiyamoorthy M.
Characterization of mechanical and dynamic
properties of natural fiber reinforced laminated
composite multiple-core sandwich plates. Composite
Structures 2022; 284.
https://doi.org/10.1016/j.compstruct.2021.115141
Dehkordi MB, Khalili SMR. Frequency analysis of
sandwich plate with active SMA hybrid composite
face-sheets and temperature dependent flexible core.
Composite  Structures  2015; 123: 408-419.
https://doi.org/10.1016/j.compstruct.2014.12.068

Li H, Hu Y, Huang H, Chen J, Zhao M, Li B.
Broadband low-frequency vibration attenuation in 3D
printed composite meta-lattice sandwich structures.
Composites Part B: Engineering 2021; 215.
https://doi.org/10.1016/j.compositesb.2021.108772
Hamidreza R, Salami SJ. Large amplitude free
vibration of sandwich beams with flexible core and FG
Graphene Platelet Reinforced Composite (FG-
GPLRC) face sheets based on extended higher-order
sandwich panel theory. Thin-Walled Structures 2022;
180.

https://doi.org/10.1016/j.tws.2022.109999

Rao SS. Vibration of continuous systems. John Wiley
& Sons, Inc 2019.

Arndt KF, Lechne MD., Polymer solids and polymer
melts—mechanical and thermomechanical properties of
polymers.  Springer-Verlag Berlin  Heidelberg,
Edition1, 6A3, (2014).

Husain MA, Al-Shammari MA. Analytical solution of
free  vibration  characteristics  of  partially
circumferential cracked cylindrical shell. Journal of
Mechanical Engineering Research and Developments
2020; 43(3): 442-454.

Jweeg MJ, Alazawi DA, Jebur QH, Al-Waily M,
Yasin NJ. Hyperelastic modelling of rubber with
multi-walled carbon nanotubes subjected to tensile
loading.  Archives of  Materials  Science
and 2022;114(2):69-85.
http://dx.doi.org/10.5604/01.3001.0016.0027

Hakim M, Omran AAB, Ahmed AN, Al-Waily M,
Abdellatif A. A systematic review of rolling bearing
fault diagnoses based on deep learning and transfer
learning: Taxonomy, overview, application, open
challenges, weaknesses and recommendations. Ain
Shams Engineering Journal 2022.
https://doi.org/10.1016/j.asej.2022.101945

Abbod EA, Challoob SH, Resan KK, Omaraa E. Study
of the life of partial removable denture manufactured
by PMMA reinforced with Nano TiO2. Journal of
Biomimetics, Biomaterials and Biomedical

Engineering 2022; 58: 3-12.
http://dx.doi.org/10.4028/p-i5yta0

Received 2022-05-26
Accepted 2023-03-23
Available online 2023-04-17

Marwan AL-SHABLLE
MSc at the Department of
Mechanical ~ Engineering,
Faculty of Engineering,
University of Kufa, Iraq. He
got his BSc in Mechanical
Engineering  from  the
University of Kufa, Irag, in 2014. He is currently
working as Deputy General Manager at Najaf
International Airport

Emad Kadum NJIM
Assistant  Professor  of
Mechanical Engineering—
Applied Mechanics at the
Ministry of Industry and
Minerals, State Company for
Tire Industry, Development
and Research Department,
Irag, he received his BSc in Mechanical Engineering
at the University of Basra, Irag, in 1992. He then
received his MSc from Babylon University in 2012
and his PhD from the University of Technology in
2021.

Mushin J. JWEEG
Professor of Mechanical
Engineering at the College
of Technical Engineering,
Al-Farahidi University, Iraqg.

He got his engineering
degree in  mechanical
engineering, applied

mechanics in 1979 from the University of Aston in
Birmingham .He received his PhD in 1983 from the
University of Aston in Birmingham.

Muhannad  AL-WAILY
Professor of Mechanical
Engineering at the Faculty of
Engineering, Al-Kufa
University. He got his
engineering degree (B.Sc.)
in mechanical engineering in
2002 from the College of
Engineering at the
University of Kufa, Irag. He

M.Sc. in 2005 in mechanical

received his
engineering/applied mechanics from the College of
Engineering, University of Kufa, Iraq. He received
his PhD in 2012 from Al-Nahrain University,
Mechanical Engineering/College of Engineering,
Iraq.


http://dx.doi.org/10.1177/1099636220935557
https://doi.org/10.1177/1099636218795385
https://doi.org/10.1016/j.tws.2021.108707
https://doi.org/10.1016/j.compstruct.2021.115141
https://doi.org/10.1016/j.compstruct.2014.12.068
https://doi.org/10.1016/j.compositesb.2021.108772
https://doi.org/10.1016/j.tws.2022.109999
http://dx.doi.org/10.5604/01.3001.0016.0027
https://doi.org/10.1016/j.asej.2022.101945
http://dx.doi.org/10.4028/p-i5yta0

