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Avrticle Info ABSTRACT
In this study, the free vibration behavior of a sandwich plate with a re-entrant auxetic core layer placed between
Received: 27.11.2024 two functionally graded (FG) composite surface layers are analyzed. Both analytical and numerical methods are

employed under various boundary conditions to investigate the free vibration response of the three-layer sandwich

Accepted: 16.12.2024 structure. The FG layers are modeled using a silicon nitride (Si; N,)-nickel (Ni) ceramic-metal matrix, selected for

Published: 31.12.2024 its superior thermal and mechanical properties. The material properties of the re-entrant auxetic core and FG
surface plates are considered temperature-dependent, allowing for a realistic representation of environmental

Keywords: effects. TheA effecti_ve materiai properties of the FG pIatesA are defined u_sing a poyvei-law distribution, eneibling a
FG plate gradual_ variation in composition through ti_le plate’s thlcl_{ness. Hamilton's pnn_clple is ap[_)lled to derive the
! governing equations of motion for the sandwich plate, ensuring an accurate theoretical foundation. To analyze the
Auxetic core, free vibration response, the Finite Element Method (FEM) and Navier method are utilized. FEM offers flexibility
Finite element method, for various boundary conditions (BCs), while the Navier method provides a precise analytical solution for plates
Navier method, with uniform conditions. Simulations explore the effects of temperature changes, the power-law index, and the
SisNa-Ni. auxetic core’s geometric parameters on the plate’s vibration behavior. The results from the analytical and

numerical methods show excellent agreement, confirming the validity of the approaches used. The findings reveal
that temperature variations significantly influence the natural frequencies due to changes in material stiffness.
Additionally, the power-law index impacts the stiffness distribution, while the auxetic core geometry, such as cell
angles and dimensions, plays a key role in modifying the plate's rigidity and free vibration response. This study
concludes that by optimizing these parameters, the vibration performance of sandwich plates can be enhanced for
specific operating conditions. The findings are expected to provide valuable insights for designing advanced
structures in areas such as aerospace, automotive and marine industries.

Auxetik Cekirdek Katmanina ve Fonksiyonel Derecelendirilmis Yiizey Katmanlarina Sahip Kompozit
Plakanmin Sayisal ve Analitik Serbest Titresim Analizi

Makale Bilgisi OZET
Bu ¢alismada, iki fonksiyonel derecelendirilmis (FD) plaka arasina sandvi¢ edilmis auxetic ¢ekirdek katmanli bir
Gelis Tarihi: 27.11.2024 sandvi¢ plakanin serbest titresim analizi, ¢esitli sinir kosullari altinda hem analitik hem de niimerik yontemler

Kabul Tarihi: 16.12.2024 kullanilarak gercekle'stirilmistir.' FD plakalar, siiikon nitriir (Si3N4)—nike| (Ni) seramik-metal i‘naitrisli glarak
. tasarlanmig ve sandvi¢ yapidaki malzeme kombinasyonu, mekanik ve termal performansin optimize edilmesi

Yaym Tarihi: 31.12.2024 amaciyla tercih edilmistir. Sandvi¢ yapinin malzeme 6zelliklerinin sicakliga bagli olarak degistigi varsayilmistir.
Bu baglamda, auxetic ¢ekirdek katman ve FD yiizey plakalarinin sicakliga duyarliligi, dinamik analizlerde dikkate

Anahtar Kelimeler: alinmistir. Yiizey plakalarinin efektif malzeme 6zellikleri, kuvvet yasasi dagilimi ile tanimlanmistir. Bu yaklasim,

malzeme Ozelliklerinin konuma bagl olarak degistigi gergekgi bir modelleme saglamaktadir. Sandvig plakanin

FG pleikaSI, . hareket denklemleri Hamilton prensibi kullanilarak elde edilmis, serbest titresim analizinde ise sonlu elemanlar
Auxetic gekirdek, yontemi (SEY) ve Navier yontemi kullanilmistir. Yapilan simiilasyon ¢alismalari, sandvig plakanin serbest titresim
Sonlu elemanlar yontemi, davranigini etkileyen onemli parametreleri detayli bir gekilde incelemistir. Sicaklik degisiminin plakanin malzeme
Navier yontemi, ozelliklerini ve titresim frekanslarini etkiledigi gozlemlenmistir. Ayrica, yiizey plakalarinin kuvvet yasasi
SisNa-Ni. indeksindeki degisimlerin, titresim davranisi iizerinde belirgin bir etkisi oldugu goriilmiistiir. Auxetic ¢ekirdek

katmaninin geometrik parametreleri (6rnegin, hiicre boyutu ve duvar agilart), plakanin genel rijitligini ve titresim
modlarini 6nemli 6l¢iide degistirmistir. Analitik ve niimerik yontemlerden elde edilen sonuglar kiyaslanmig ve
birbirini dogrular nitelikte bulunmustur. Bu durum, kullanilan yontemlerin gegerliligini ve dogrulugunu ortaya
koymustur. Analiz sonuglarina gore, sicaklik degisimi, kuvvet yasasi parametreleri ve auxetic ¢ekirdek katman
geometrisinin plakanin serbest titresim davranmismi onemli dlgiide etkiledigi belirlenmistir. Ozellikle, plakanin
kullanilacag ortam kosullarina gore bu parametrelerin optimize edilmesiyle, daha verimli ve giivenilir tasarimlarin
gergeklestirilebilecegi sonucuna ulagilmistir. Bu ¢aligma, auxetic ¢ekirdek katmanli ve FD yiizey katmanli sandvig
plakalara iligkin kapsamli bir titresim analizi sunarak, gelecekte yapilacak g¢aligmalar i¢in 6nemli bir temel
saglamaktadir. Analizlerin dogrulugu ve ydntemlerin uyumu, sandvi¢ yapilarm farkli uygulama alanlarinda
kullanilabilirligini artirabilecek yeni tasarimlar gelistirilmesine olanak tanimaktadir. Elde edilen bulgularin,
havacilik, otomotiv ve denizcilik endiistrileri gibi alanlarda gelismis yapilarin tasarlanmasi igin degerli bilgiler
saglayacag diigiiniilmektedir.

To cite this article:

Aktas, K. A., & Guvenc, M. A. (2024). Numerical and analytical free vibration analysis of composite plate with auxetic core
layer and functionally graded surface layers. Aerospace Research Letters (ASREL), 3(2), 158-174.
https://doi.org/10.56753/ASREL.2024.2.6

*Corresponding Author: Kerim Gokhan AKTAS, kerimgokhanaktas@karabuk.edu.tr

This article is licensed under a Creative Commons Attribution-NonCommercial 4.0
BY NC International License (CC BY-NC 4.0)



https://orcid.org/0000-0002-8076-6799
https://orcid.org/0000-0002-4652-3048

Aerospace Research Letters (ASREL)

INTRODUCTION

Auxetic materials, characterized by a negative Poisson's ratio, have gained great interest in recent
years due to their unique mechanical properties and potential applications in various areas. The key
feature of auxetic materials is their ability to expand laterally when stretched and contract laterally when
compressed, which contrasts with conventional materials that exhibit the opposite behavior. This
unusual deformation mechanism is due to specific microstructural configurations, such as reentrant
geometries or hierarchical structures, which can be designed to optimize performance for desired
applications (Critchley et al., 2013; Fan et al., 2018; Gatt et al., 2015). Auxetic core plates exhibit
improved mechanical properties, making them appropriate for applications demanding lightweight but
stiff materials. Gatt et al. (Gatt et al., 2015) discuss the advantages of hierarchical auxetic mechanical
metamaterials that can significantly reduce density while maintaining structural integrity. This property
is particularly beneficial in industries such as aerospace and automotive where weight reduction is
critical to improve fuel efficiency and performance. Furthermore, Lim's (Lim, 2014) research on auxetic
plates on auxetic foundations shows that these materials can effectively damp vibrations and improve
wave propagation properties, making them ideal for use in dynamic environments. The unique properties
of auxetic materials also extend to their thermal and acoustic behavior. Lim's studies (Lim, 2013b) on
thermal stresses in thin auxetic plates show that replacing conventional materials with auxetic solids can
significantly reduce thermal stresses, which is advantageous in applications subject to temperature
fluctuations. Furthermore, as discussed by Lim (Lim, 2013a), the ability of auxetic structures to control
stress wave transmission and reflection demonstrates their potential in applications requiring effective
vibration isolation and noise reduction. These properties make auxetic core plates not only mechanically
robust but also versatile in various environmental conditions. The study of auxetic materials is not
limited to traditional applications; they are also being explored for innovative uses in emerging
technologies. For example, the integration of auxetic structures into sensors has been proposed, as their
unique deformation properties can improve sensitivity and adaptability in various sensing applications
(Dong & Hu, 2023).

Recent studies have shown that auxetic honeycomb structures exhibit improved vibration
characteristics compared to their conventional counterparts. For example, Cong et al. (Aktas, 2024b;
Cong et al., 2021) investigated the nonlinear dynamic response of auxetic honeycomb plates subjected
to blast loads and highlighted the importance of lattice reinforcements in influencing the vibration
behavior. Their findings indicate that the incorporation of auxetic cores can significantly enhance the
energy absorption and vibration damping capabilities of sandwich structures. Similarly, Nguyen and
Pham Nguyen (Nguyen & Pham, 2016) presented a comprehensive analysis of the nonlinear dynamic
response of sandwich composite plates with auxetic honeycombs and emphasized the role of negative
Poisson's ratio in enhancing the vibration performance of these materials. Free vibration analysis of
auxetic core plates has also been addressed through various computational and experimental
methodologies. Tran et al. (T. T. Tran et al., 2020) used a full analytical approach to study the dynamic
behavior of sandwich auxetic honeycomb plates on elastic foundations, revealing the complex
interaction between core geometry and vibrational properties. Their work underlines the importance of
accurately modeling the mechanical properties of auxetic materials to effectively predict their dynamic
response. In a complementary study, Strek et al. (Strek et al., 2015) focused on the dynamic response of
sandwich panels with auxetic cores, providing a detailed investigation of shear deformation and bending
stiffness, which are crucial for understanding the vibrational behavior of these structures. Furthermore,
the influence of core density and configuration on the dynamic properties of auxetic structures has been
the focus of recent research. Essassi et al. (Essassi et al., 2019) performed experimental and numerical
analyses to evaluate the dynamic behavior of bio-based sandwich structures with auxetic cores and
showed that changes in core density significantly affect the damping properties and vibration
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transmission. This finding is in agreement with the observations made by Zhang et al. (Xinchun Zhang
et al., 2014) who investigated the dynamic crushing behavior of auxetic honeycombs and highlighted
the dependence of in-plane dynamic performance on cell-wall angles and configurations. The integration
of advanced modeling techniques such as finite element analysis (FEA) has further improved the
understanding of the dynamic response of auxetic core plates. Alavi (Akhavan Alavi & Ghajar, 2024)
used modified strain gradient theory to analyze the transient nonlinear response of microcellular auxetic
core sandwich plates under impact loads, providing insights into the vibrational properties of these
materials under dynamic conditions. The application of FEA in the study of auxetic structures has been
validated by numerous researchers, including Zhang and Yang (Xiangwen Zhang & Yang, 2016),who
conducted both numerical and experimental studies on auxetic cellular vibration isolation bases,
revealing the critical role of Poisson's ratio and relative density in determining the vibration
performance. In addition to theoretical and computational approaches, experimental research has also
been crucial in verifying the dynamic behavior of auxetic core plates. For example, Zhang et al. (M.
Zhang et al., 2024) investigated the low-speed impact response of 3D carbon fiber reinforced polymer
auxetic lattice structures and demonstrated the unique failure modes and energy absorption capabilities
of auxetic materials. Their findings contribute to the growing body of evidence supporting the use of
auxetic structures in applications requiring improved impact resistance and vibration isolation.

The mechanical behavior of auxetic materials is fundamentally different from that of conventional
materials. The integration of functionally graded materials (FGMs) into the core structure further
enhances the mechanical performance by allowing for tailored properties across the thickness of the
sandwich plate, which can be optimized for specific loading conditions (Shi & Shimoda, 2015). For
example, Mahesh (Mahesh, 2022) investigated the nonlinear damping properties of auxetic sandwich
plates with functionally graded magneto-electro-elastic surfaces under multiphysics loads. The study
emphasized the importance of material grading in improving the damping properties and overall
structural integrity of sandwich plates. Similarly, Mukahal (Al Mukahal, 2023) investigated the static
response of nanocomposite electromagnetic sandwich plates and revealed that the use of functionally
graded materials can lead to improved load carrying capabilities and resistance to hygrothermal effects
(Dag, 2024). In addition to mechanical performance, the acoustic properties of functionally graded
auxetic core sandwich plates have also been a topic of research. The unique cellular structure of auxetic
materials can lead to enhanced sound insulation properties, making them suitable for applications in
noise-sensitive environments. For example, Liu et al. (Liu et al., 2019) studied the sound insulation
capabilities of pyramidal lattice sandwich structures, highlighting the potential of auxetic designs to
contribute to improved acoustic performance in various applications. The fabrication processes of
functionally graded auxetic core sandwich plates are also critical to their performance. Advances in
additive manufacturing and composite fabrication techniques have enabled the production of complex
geometries and specific material distributions required to realize the full potential of these innovative
structures (Mastali et al., 2015; Xiong et al., 2016). The ability to control material composition and
architecture at different scales allows optimization of mechanical properties and performance
characteristics, leading to more efficient and effective designs (Aktas, 2024a).

The free vibration analysis of composite sandwich plates with metamaterial auxetic core and
metal-ceramic FG surface layers has not been analyzed both analytically and numerically with
temperature dependent parameters. It is expected that the proposed sandwich structure will make a
significant contribution to various application areas such as automotive, aerospace and marine with its
high strength-to-weight ratio, high energy absorption capacity, impact resistance, as well as its ability
to adapt to thermal and corrosive environments.
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THEORETICAL FORMULATION

Model Description

The re-entrant hexagonal structure is a remarkable example of auxetic metamaterials. As shown
in Figure 1, a re-entrant auxetic core structure bonded between two FGM surface layers is considered
for the temperature dependent free vibration analysis of the mathematical sandwich structure. Figure 1
also illustrates the unit cell geometry of the re-entrant hexagonal structure. h, indicates the thickness of
the re-entrant auxetic core, while hy indicates the thickness of the surface layers, which are relatively
thinner than the core layer. It is assumed that a thermal load is applied to the sandwich plate in the
thickness direction and the temperature propagates nonlinearly through the plate. The re-entrant auxetic
core is composed of pure Ni, while the FGM surface plates are composed of Ni/Si; N, matrices where
the effective material properties are determined by the power law distribution.

Figure 1
The schematic representation of the proposed auxetic core sandwich plate.

Re-entrant Auxetic Core Configuration

In order to construct the reentrant core layer, auxetic cells are organized in a particular
configuration that is determined by inclination angle (), horizontal wall length (d), wall thickness (t)
and inclined wall length (I) components. It is possible to compute the mechanical and thermal properties
of the auxetic core using the following formula (Li & Yuan, 2022; Nouraei & Zamani, 2023):

P [ (Y — sin)A3 ] L
1= e [(Ysec2(y) + tan?(¥))A? + 1]cos3 (i) 0
3
Ef = E; [ - . @
(A2 + tan? (l/!))(COS(l/J) Y — cos(6) sin(y))
Gflz = Gy A @)
(2Y2 4+ Y) cosy
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B 2sin?(P)+Y —sin(®) +Y A
Gis = Gni [Z(Y —sin(¥)) Ty A1 ]2 cos(y) “)
_ Acos(y)
G3s = Gy; [m ®)
_ C+Y)A
P = pui [Z(Y —sin()) cos(¥) ©)
o = (sin(®) = Y)(sin@))(1 - B3) o
12— cos2()[A?(Ysec2 () + tan?(¥)) + 1]
o = (A2 = 1) sin() (8)
217 (Y — sin()) (A2 + tan2 (1))
c _ Acos(y) 9
%1 = ANiyy sin(y)
c A(Y + sin(y)) (10)
Ay, =«

MUY + 1) cos(y)
inwhichY = d/land A = t/L.

FGM Surface Layers Effective Properties

The re-entrant core layer is bonded between Ni/Si; N, FGM layers. In this way, the structure is
ensured to be lightened without losing its stiffness properties. The top and bottom FGM layers are
symmetrical. In other words, the lower surface of the top FGM plate is Ni rich, while the upper surface
is Siz N, rich. On the contrary, while the upper surface of the bottom FGM plate is Ni rich, the lower
surface is SizN, rich. Under the influence of the power law exponent, the mechanical and thermal
variables of the surface plates exhibit a consistent variation along the thickness direction. In order to
determine the functional mechanical and thermal properties of the FGM face plates, the following
formula can be utilized (Amini et al., 2015):

Eeff = E5i3N4 + (ENi - E5i3N4)VU’L (11)

Verr = Usign, + (Vi = Vsign, )V (12)
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Peff = Psizn, T (PNi - P5i3N4)VU'L (13)
erp = Asign, + (ani — asign, )VU* (14)
Kepr = Ksign, + (Kni = Ksign, )V (15)

where the subscripts ef f represents the effective material characteristics of FGM surface layers.
Using the power-law exponent, the volume fraction, represented by VUL, can be found using the
following method (Nouraei & Zamani, 2023; Thai & Choi, 2013):

VL=<1 2z + hy + by

2 o, >(—ha/2‘hf525_ha/2)
(16)

1 2z—h,—he\"
V”—<§—+> (ha/2 <z <hg/2+ hy)

where n denotes the power-law parameter (forn = 0, Ess = Ey; andforn = o, Er = Eg; .y, )-
VUL represents the ratio of Ni in the FGM structure. The power-law exponent provides an indicator of
the Ni content. The volume fraction of metal and ceramic components can be calculated by integrating

the distribution over the area. The volume fractions of ceramic and metal components in the FGM
surface plates for different power law parameters are illustrated in Table 1.

Table 1
Volume fractions of Ni and SisNs.
Power-law parameter (n) Vi Vsion,
0 1.0 0.0
0,5 0.6667 0.3333
1 0.5000 0.5000
2 0.3333 0.6667
5 0.1667 0.8333
10 0.0909 0.9091
20 0.0476 0.9524
100 0.0099 0.9901

In response to changes in temperature, the FGM composite plate exhibits a variety of different
mechanical and thermal properties. In order to provide a description of the thermal and mechanical
properties, a nonlinear temperature solution can be applied in this way (Reddy & Chin, 1998;
Touloukian, 1967; Touloukian YS, 1966):

P=Po(P_lT_l+1+P1T+P2T2+P3T3) (17)

where T = Ty + AT and T, = 300 K. Py, P_4, P;, P,, and P; refer to the temperature-dependent

material constants. The top and bottom layer temperatures (T and T;) of the plate can be determined as
follows: (D. G. Zhang, 2014).

d dT hy

r(=

——|k(z,T)—| =0, >

hq
dz dz +hf)=TU' T(___hf)zTL (18)

2
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The temperature of a desired point in the z-axis of the plate can be calculated as follows (Ebrahimi
& Barati, 2016):

(T — Tp) ffﬁﬁd(z)
T(z) =T, + 7 12 (19)
f_ZEK(Z' T) d(Z)

2

Governing Equations

Strain and Displacement

Based on the FSDT, the displacement field (u, v, and w) at any point of the plate element in local
axis (x, y, z) can be defined as (V. K. Tran et al., 2020):

ulx,y,z,t) =ug(x,y,t) + z0,(x,y,t)
v(x,y,2,t) = vo(x,y,t) + 26, (x,y,t) (20)

w(x,y,z,t) = wy(x,y,t)

where u, v and w are the displacements of any point in the x, y, and z directions. u,, vy, Wy, 05
and 6,, are the displacements of mid-plane and rotation angles of the transverse normal around the y-
axis and x- axis, respectively.

From Eqg. (20), the normal (&) and shear strains (y) can be written as:

ou 1 T du, 4 a0,
Exx ox 0x z 0x
ov ov 00
£ e 2y
¥y dy dy dy
Fye| = |24+ 22 Mo 46 21
17 1oz T ay | ay 7 (21)
Yas ou N ow owg 4o
0z 0x ox *
ou Jv du, O0v 200, 00
REE G it R edes USRI itic St %
[dy ox1 Loy  ox Jdy  Ox
Constitutive equations
In the classical elasticity theory, stress can be written as follows:
L e [y — AT
Oyy Q11 Q12 O 0 0 1l&yy —aT
Q12 QZZ 0 0 0
Oyz =|0 0 Q4 O 0 Yyz (22)
0 0 0 Qx5 O
GXZ 0 0 0 0 Q66 yxz
[ O xy R Y

where C,U and L represents the auxetic core and surface layers, respectively. Also, Q;; are the
stiffness coefficients which can be defined as below (Nouraei et al., 2024):
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E11 EZZ

— ——— = v .
1,2 Q12 120225

(23)
Q44(2) = Ga3; Qss = G13; Q6 = G12;

It is assumed in the current investigation that G,3=G,, and G,3=1.2G,, (Natarajan et al., 2014).

Hamilton’s Principle for Free Vibrational Equations

The free vibrational equations of the sandwich plate can be obtained using the Hamilton’s
principle as follows:

t2

j (8K — 8U + §W) dt = 0 (24)

ty

where 8K, U and 8W indicate the first variation of the kinetic energy, strain energy, and the
work done by the external load, respectively.

The strain energy, denoted by 85U, is obtained by:

h
SU = j U (0kcOexy + 04,88y, + 05,8Yy, + 0£,8Yxz + 05, 8Yyz)dz
al/n,

h3
+j (05 8exy + 05y0€yy + 05,8Vyz + 05,6Vxz + anyS)/xz)dz (25)

ha
hy
+J ((a}’xdsxx + 03,8y + 05,6Vy, + 05,6V + a}’ySyxz)dz)] dxdy
hs
where hy = —hg/2 — hy, hy = —hg/2, hy = ha/2 and hy = he/2 + hy.
8K can be written as:

hz h3
SK = f U ph(udu + vév + wéw)dz + f pC(2)(Wbu + v6v + wéw)dz
Q L/n, h;

R (26)
+ f pU(2)(udu + v6v + wéw)dz| dxdy
hs
The virtual work can be obtained by:
dwg déwy dwy, 8wy
oW = NI NT ]d d
_[Q [ *9x ox Y ox ox | @7
Temperature effects N and N;, are defined by:
hz h3 h4-
hy hy Rs
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NI =a

s s s
y [

Qk a,ATdz + Qi1acATdz + QflaUAsz] (29)
hq ha h3

The differential equations that describe the recommended sandwich structure can be obtained by
substituting the U, 6K, and W from equations (25-27) into equation (24).

Solution Procedures

In this study, two different solution methods, analytical and numerical, are employed to solve the
equations of motion of a sandwich plate and compared with each other. In order to analyze the natural
frequency of the sandwich plate, Navier's method is preferred as the analytical method and finite element
method is preferred as the numerical method. ANSYS software is used for finite element analysis of the
sandwich plate. The boundary conditions of the presented sandwich plate with simply supported (S),
clamped (C) or free (F) edges can be written as follows:

For simply supported (S):

Vg =Wy =0y = Nyy =My, =0atx =0,a

(30)
Uy =wo =0y =Ny, =M,, =0aty =0,b
For clamped (C):
Ug=Vyg=Wy=0,=06,=0atx=0,a;,y=0,b (31)
For free (F):
Myy = My, = Qx, =0atx =0,a
(32)

My, = My, = Q,, =0aty = 0,b

Using the Navier approach, the displacement components can be written as follows considering
various boundary conditions (Esen & Ozmen, 2022; Sobhy, 2013):

0Xm (x) .
Unin =57~ Ya e
0y, )
Ho Vo Xom () () it
Vo © 0 ay ' - .
0l |= z Z Won X ()Y, (0)et |, a=—,f=— (33)
Ox m=1 n=1 aXm (x) . a b
Oy Oxmn B Y, (y)eitt
v, (y) .
OymnXm (%) g—y oAt

where Upn, Vinns Winn, Oxmn and 6,,,,define the coefficients of the displacement. Additionally,
A denotes the natural frequency. X,, andY,, functions are given in Table 2 for different BCs.
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Table 2
X, and Y,, functions for the different BCs.
BCs X, and Y, functions
x=0,a y=20,b Xm Y,
SSSS  X,(0) =Xnp(0)=0 Y,(0)=Y,(0)=0 sin(ax) sin(By)
Xm(a) =Xp(@) =0 Y,(b) =Y,'(b) =0
SSCC  X,(0)=X1(0)=0 Y,(0)=Y (0)=0 sin(ax) sin?(By)
Xm(a) =Xp(@) =0 Y,(b) =Y,(b) =0
CCCC X,(0)=X:(0)=0 Y, (0=Y/(0)=0 sin?(ax) sin?(By)

Xm(a) =Xp(@) =0 Y,(b) =Y,(b) =0
CSCS X,(0=Xx/,00=0 Y,(0)=Y,(0)=0 sin(ax)[cos(ax) —1] sin(By)[cos(By) — 1]
Xm(@) =Xp(@) =0 Y,(b) =Y;'(b) =0

The variables can be written as follows:
{8} =[Unn Vn Winn  Oxmn Oymn]” (34)
The governing equations for the sandwich structure are derived as given below:
{[K] = An[M1}{A} =0 (35)

where [K]and [M] define the stiffness and mass matrix, respectively.

NUMERICAL RESULTS AND DISCUSSION

In this work, the free vibration analysis of the sandwich plate is carried out numerically in ANSYS
FEA software and analytically in MATLAB software using Navier method. The effects of temperature
rise, power law index and geometrical parameters of the auxetic structure on the free vibration of the
plate are investigated and verified by two different methods. The simulations are based on the following
fundamental variables: a = b = 0.5 m, h = a/10, h, = 0.6h and hr = 0.2h (h = hg + 2hf). The
temperature dependent properties of Si; N, and Ni ceramic-metal matrix are listed in Table 3.

Table 3
Mechanical and thermal constants of Ni and SisN4 (Reddy & Chin, 1998; Touloukian, 1967).

Material  Properties P_, P, Py P, P3
Ni E (Pa) 0  223.95x10° —2.794x10"* 3.998x107° 0
D) 0 0.31 0 0 0
a (1K™ 0 9.9209x107°® 8.7050x10~* 0 0

x (W/mK) 0 58.754 —4.614x10™*  6.670x1077 —1.523x10710
p (kg/m?3) 0 8908 0 0 0

SizN, E (Pa) 0 348.43x10° —3.070x10™* 2.160x10~7 —8.946x10~'*
0) 0 0.24 0 0 0
a (1K™1) 0 5.8723x107®  9.095x107* 0 0

k (W/mK) 0 13.723 —1.032x107% 5.466x1077 —7.876x10711
p (kg/m?3) 0 2370 0 0 0
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Verification of the Proposed Approach

In this section, a validation study is carried out to prove the accuracy of the proposed method.
The results of the dimensionless free vibration analysis of the FG plate with Al/Al, 05 metal-ceramic
matrix are compared with the results of Baferani et al (Hasani Baferani et al., 2011). In the validation
study, the values of Modulus of Elasticity, density and Poisson's ratio of Al are considered as E,,,=70
GPa, p,,=2707 Kg/m? and v,,,=0.3 respectively, while the values of Al,05 are considered as E.=380
GPa, p.=3800 Kg/m® and wv,=0.3. The non-dimensional natural frequency is defined by

w = wh./p,/E.. The results of the comparison study for different boundary conditions, power law

parameters, and thickness-length ratios are presented in Table 4. As shown in the table, there is a high
degree of agreement between the results.

Table 4
Comparison of the dimensionless natural frequency of the FG plate.
BCs h/a n=0.5 n=1 n=2
Ref. Present Ref. Present Ref. Present
0.05 0.0249 0.0245 0.0227 0.0222 0.0209 0.0201
5555 0.1 0.0975 0.0962 0.0891 0.0879 0.0819 0.0802
0.05 0.0121 0.0113 0.0109 0.0102 0.0099 0.0088
SFSF 0.1 0.0479 0.0479 0.0432 0.0423 0.0393 0.0379
scse 0.05 0.0359 0.0356 0.0324 0.0318 0.0295 0.0288
0.1 0.1366 0.1358 0.1239 0.1231 0.1125 0.1114

Free Vibration Analysis of FG Sandwich Plate

In this subsection, variation of natural frequency (1) of sandwich FG auxetic core plate with
respect to temperature rise (AT), power law distribution (n) and auxetic geometrical parameters
(Y,Aand ) are investigated in the range of 0-500 K. Analytical and numerical examinations are
performed for four distinct power law constants (n=0, 2, 5, and 10). While FG surface plates exhibit
completely Ni properties at n=0, the plate properties approach SisN4 with increasing n. The analyses
are carried out by considering the thickness-to-length of the inclined cell rib ratio A = 0.1,0.2 and 0.3,
length of the horizontal cell rib-to-length of the inclined cell rib ratio Y = 2 and inclination angle ¢ =
309,45° and 60°.

Table 5 presents the variation of the natural frequency of the sandwich plate with respect to 1 and
BCs. In the analysis, four different boundary conditions (CCCC, CCCS, CSCS and SSSS) and three
different angle values (3 = 30°,45° and 60°) are evaluated. The first three natural frequencies of the
sandwich plate are obtained by FEA and Navier method and compared. As shown in the table, the first
three natural frequencies of the sandwich plate decrease significantly with increasing theta. It is also
found that the natural frequency is significantly affected by varying boundary conditions. The highest
natural frequency values are obtained with CCCC while the lowest values are obtained with SSSS
boundary conditions. In addition, when the values obtained by numerical and analytical methods are
compared, it is seen that the results are quite close.
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Table 5
Variation of the natural frequency A (Hz) with respect to 1 and BCs.
Mode 1 Mode 2 Mode 3
BCs P FE Navier FE Navier FE Navier
30 348.57 350.47 365.24  368.44 383.34  387.44
CCccC 45 310.50 312.82 350.17  353.87 365.08  369.38
60 284.43 288.56 322.12 32557 335,56  340.55
30 337.94 339.24 346.76  349.12 368.22  371.66
CCCsS 45 297.20 298.66 328.12  330.88 347.35 352.14
60 264.04 266.37 296.15  300.03 312.71  317.04
30 293.64 295.91 317.32  320.21 329.27  333.83
CSCs 45 262.35 264.81 301.23  303.66 312.86  317.96
60 231.06 232.46 268.24  270.80 279.8 284.92
30 192.68 195.78 226.80  230.66 256.12  260.78
SSSS 45 169.22 172.65 21140 214.72 22891  233.35
60 148.76 149.86 190.34  193.77 208.78  313.45

The variation of the natural frequency A of the sandwich plate with respect to parameters AT, n
and BCs is given in Table 6. As shown in the table, increasing AT and n have a decreasing effect on the
natural frequency of the plate. The reason for these decreases is that the stiffness of the plate decreases
with increasing temperature. The other reason is that with increasing power law index, the material
properties of the top and bottom plates approach Si;N,. From Table 3, it is seen that Sis;N, is more
dominant when SizN4 and Ni modulus of elasticity values are compared. When the boundary conditions
are compared, it is found that higher natural frequency values are obtained at CCCC boundary conditions
and the difference between Navier and FEA results is smaller.

Table 6
Variation of the natural frequency A (Hz) with respect to AT, n and BCs.
AT =100 AT =200 AT =500
BCs n FE Navier FE Navier FE Navier
0 275.48 276.81 257.05  259.26 217.78  220.38
CccCcC 2 270.12 272.43 253.12  255.38 211.46  213.67
5 232.50 235.08 216.33  219.22 183.06  186.34
10 189.78 192.98 176.77  178.89 142.61 146.28
0 230.11 232.45 210.22  211.93 167.23 169.38
226.67 229.71 205.43  207.18 162.07 164.87
©8Cs 188.23 193.02 169.27  172.74 127.62 130.69
10 150.52 153.32 13492 13851 109.82 114.23

Table 7 indicates the variations of the natural frequency of the sandwich plate with respect to
parameters BCs and A. As demonstrated in table, the natural frequency of the sandwich plate increases
significantly with increasing A. The reason for this increase is that the stiffness of the core plate increases
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with increasing thickness. Increasing AT and n have an increasing effect on the effective a coefficient
of the sandwich plate. The reason for this increase is attributed to the softening tendency of the plate
with rising AT and the increase in the SisN4 ratio in the surface plates with increasing n.

Table 7
Variation of the natural frequency A (Hz) with respect to BCs and A.
Mode 1 Mode 2 Mode 3
BCs A FE Navier FE Navier FE Navier
0.1 310.50 313.98 350.17  353.87 365.08  369.38
CCcCcC 0.2 370.38 374.26 41544  418.21 408.81  411.22
0.3 450.12 455.32 498.33  502.54 493.32  496.27

CONCLUSIONS

In this paper, the variation of the natural frequency of sandwich structure with auxetic core plate
and ceramic-metal matrix FGM surface plates are investigated with respect to variables such as
temperature rise, power law index and geometrical parameters of auxetic core cells. To determine the
effective equivalent material characteristics of the sandwich plate, power law equations are employed
for FG surface plates. According to the parametric analyses, some important outcomes are obtained.
When the effect of AT, n, ¥, A and BCs parameters on the natural frequency of the sandwich plate is
examined, it is determined that A decreases with increasing AT,y and n, whereas it increases with
increasing A. Furthermore, it has been found that the parameter providing the greatest influence on the
natural frequency of the sandwich plate is the AT, whereas the parameter with the least impact is ¥. In
addition, when the percentage increases and decreases of the A of the sandwich structure are examined,
it is determined that auxetic cell parameters are more dominant than the other parameters. When the
effect of different boundary conditions on the natural frequency of the plate is analyzed, it is found that
the highest natural frequency values are obtained with CCCC, and the lowest natural frequency values
are obtained with SSSS. The thermomechanical characteristics of sandwich plates including a
honeycomb core can be improved via selection of materials and structural design, enabling efficient
thermal and mechanical management in high-temperature, noise, and corrosion environments. The
results are expected to contribute to the gap in the literature on the current research topic.
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