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ABSTRACT

Keywords: FG sandwich In this article, the thermomechanical properties of a composite sandwich plate with
honeycomb plate, metamaterial, functionally graded (FG) surface layers and a metamaterial honeycomb core layer are
thermomechanical, SUS304, ZrO, investigated under temperature loading. The hexagonal honeycomb core plate is

sandwiched between two surface layers with FG stainless steel (SUS304) and zirconia

 Rarabuk University, (Zr02) metal-ceramic matrix. The mechanical and thermal behavior of the core and surface
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Dept. of Mechanical Engineering layers changes depending on the temperature. Power law functions and Gibson's equations
78100-Karabiik, Tirkiye are employed to specify the equivalent effective material properties of the sandwich plate.
Orcid: 0000-0002-8076-6799 Numerical analyses are carried out to investigate the effect of variables such as geometrical
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e mail: kerimgokhanaktas@karabuk.edu.tr parameters of the honeycomb structure, temperature rise and power law parameter on the

variation of the thermomechanical material behavior of the sandwich plate. According to
*Corresponding author: the analysis results, it is concluded that the desired thermal and mechanical properties can
kerimgokhanaktas@karabuk.edu.tr be tuned by adjusting the honeycomb cell geometric configurations and the material
compositions of the FG layers. It is also emphasized that the combination of mechanical and
thermal properties in honeycomb structures enables them to perform effectively in

demanding environments, where both strength and thermal resistance are required.

Metamalzeme Bal Petegi Merkez Katmanl
Fonksiyonel Derecelendirilmis Sandvi¢ Kompozit
Plakalarin Termomekanik Malzeme Ozelliklerinin

Incelenmesi
0Z
Bu makalede, fonksiyonel olarak derecelendirilmis (FD) ylizey plakalarina ve bir
metamalzeme bal petegi merkez plaka katmanina sahip kompozit bir sandvi¢ plakanin
termomekanik ozellikleri sicaklik yiikii etkisi altinda incelenmistir. Altigen bal petegi
merkez plakas, FG paslanmaz c¢elik (SUS304) ve zirkonya (ZrO2) metal-seramik matrisli iki
ylzey plakasi arasina sandvi¢ edilmistir. Merkez plaka ve yiizey plakalarin mekanik ve
termal ozellikleri sicakliga bagh olarak degismektedir. Sandvi¢ plakanin esdeger etkin
malzeme o6zelliklerini belirlemek i¢in gii¢ yasasi fonksiyonlar1 ve Gibson denklemleri
kullanilmigtir. Petek yapinin geometrik parametreleri, sicaklik artisi ve giic kanunu
parametresi gibi degiskenlerin sandvi¢ plakanin termomekanik malzeme davranisinin
degisimi iizerindeki etkisini arastirmak icin sayisal analizler gerceklestirilmistir. Analiz
sonuglarina gore, petek hiicrelerin geometrik konfigiirasyonlarinin ve FG plakalarinin
malzeme bilesimlerinin ayarlanmasiyla istenen termal ve mekanik o6zelliklerin
ayarlanabilecegi sonucuna varilmistir. Ayrica, bal petegi yapilardaki mekanik ve termal
Anahtar Kelimeler: FD sandvi¢ ozelliklerin kombinasyonunun hem mukavemet hem de termal direncin gerekli oldugu
bal petegi plaka, metamalzeme, zorlu ortamlarda etkili bir sekilde performans gostermelerini saglayabilecegi
termomekanik, SUS304, ZrO2 vurgulanmistir.
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1. Introduction

Metamaterials are engineered materials with unique properties that arise from their structure rather
than their composition. The integration of metamaterials into sandwich plate designs enhances their
mechanical performance, making them suitable for a variety of applications, including aerospace,
automotive, and civil engineering. Metamaterials sandwich plates represent a significant advancement
in material science, particularly in the fields of acoustics, vibration control, and electromagnetic wave
manipulation. In terms of mechanical properties, metamaterials exhibit unique behaviors such as
negative Poisson's ratio and non-positive thermal expansion. Negative Poisson's ratio materials expand
laterally when stretched, which can be advantageous in applications requiring enhanced energy
absorption and structural resilience [1-3]. For example, auxetic mechanical metamaterials have been
shown to possess superior energy and acoustic absorption capabilities, making them suitable for
applications in vibration control and impact mitigation [4]. The design of metamaterials often involves
complex geometrical configurations that allow for tunable mechanical properties. Recent studies have
explored hierarchical structures that combine different lattice types to achieve desired mechanical
responses, such as enhanced stiffness or flexibility [5-8].

Honeycomb sandwich plates are composite structures that consist of two outer layers and a lightweight
core made of honeycomb material. These structures are widely utilized in various engineering
applications due to their unique mechanical and thermal properties, including high strength-to-weight
ratios, excellent energy absorption capabilities, and good thermal insulation [9,10]. The mechanical
properties of honeycombs, such as compressive strength, energy absorption, and stiffness, are
influenced by their geometric configurations and material compositions. For instance, the introduction
of hierarchical designs in honeycomb structures has been shown to enhance thermal resistance and
mechanical performance by allowing for tailored geometric parameters that optimize heat dissipation
and structural integrity [5]. One of the significant advantages of honeycomb sandwich plates is their
ability to minimize weight while maintaining structural integrity. Research has shown that hexagonal
honeycomb cores exhibit lower weight compared to truss lattice cores and monolithic plates, making
them an attractive option for applications where weight reduction is critical [9]. Additionally, the
dynamic compressive response of honeycomb structures has been extensively studied, revealing that
the mechanical properties can be optimized through careful design of the core geometry and material
selection [11-13]. For instance, the introduction of auxetic honeycomb structures, which exhibit a
negative Poisson's ratio, has been shown to enhance the energy absorption characteristics of sandwich
plates under impact loading [14,15]. Thermal properties of honeycomb structures are equally
important, especially in high-temperature applications. Research indicates that honeycombs with
thicker cores exhibit higher strength and stiffness, which are crucial for maintaining structural
integrity under thermal stress [16]. Additionally, the thermal conductivity of honeycomb cores can be
optimized through material selection and structural design, allowing for effective thermal management
in aerospace applications [17]. The combination of mechanical and thermal properties in honeycomb
structures enables them to perform effectively in demanding environments, where both strength and
thermal resistance are required.

The incorporation of functionally graded materials (FGMs) within honeycomb structures can further
enhance their mechanical properties, allowing for a more controlled response under various loading
conditions [18,19]. FGMs are a remarkable subclass of advanced composite materials distinguished by
a continuous gradient in composition and properties across their thickness. This gradation facilitates
customized mechanical and thermal properties, rendering FGMs especially advantageous in many
applications. The thermal properties of FGMs are especially important in applications exposed to high
thermal environments [20,21]. The continuous change in thermal conductivity and expansion
coefficients enables FGMs to withstand thermal gradients without significant thermal stresses [22,23].
Investigations indicate that FGMs can be designed to demonstrate enhanced thermal insulation or
conduction characteristics, based on the specific application demands. The incorporation of FGMs in
thermal barrier coatings can markedly enhance thermal resistance of components subjected to
elevated temperatures, such as turbine blades in jet engines [24]. The chemical composition of FGMs
has been modified to improve their thermal endurance against thermal loads. Duc et al. [25] examined
the mechanical and thermal endurance of eccentrically stiffened FG conical shell panels, highlighting
the significance of material gradation in enhancing thermal resistance. Zhou et al. [24] investigated the
load dispersion in porous metal-ceramic FGMs under thermomechanical load, emphasizing the
significance of comprehending the response of these materials to complicated loading circumstances.
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According to Chung's [26] study on thermoelastic approaches to FG plates that are subjected to heat
mechanical responses are significantly influenced by temperature variations.

The thermal and mechanical characteristics of SUS304 and ZrO: are crucial in numerous engineering
tasks, especially for FGMs in which both substances are integrated to utilize their beneficial qualities.
SUS304 is distinguished for its superior corrosion resistance and mechanical strength, whilst ZrO: is
esteemed for its elevated thermal endurance and minimal thermal conductivity. When used as a metal-
ceramic matrix in FGMs, SUS304 and ZrO2 can generate materials that incorporate the high strength
and flexibility of SUS304 with the thermal insulation characteristics of ZrO2. This combination can
provide better potential performance in applications in aerospace and automotive applications where
materials are exposed to high thermal loads. Grading in material characteristics can also contribute to
decreasing thermal stresses and improving the durability of composites under high thermal
environments [24,27].

Investigation of the thermomechanical material behavior of composite sandwich plate with
metamaterial honeycomb core and metal-ceramic matrix FG surface layers with temperature
dependent parameters is a new and unstudied subject. Because of their exceptional mechanical and
thermal qualities, SUS304 and ZrO: have been chosen as the matrix substances for the suggested
sandwich plate, that can be employed in a variety of scientific and technological areas. The proposed
study is anticipated to make a significant contribution to the field of high temperature and corrosion
applications in electromechanical systems, aerospace, automotive, and marine applications.

2. Theoretical Formulation
2.1. Model description

A mathematical model of FG sandwich structure with two FG surface layers and honeycomb core layer
subjected to temperature load is established, as shown in Figure 1. h, and h, refer to the thicknesses of
the core layer and FG layers, respectively. The honeycomb core of the sandwich structure consists of
hexagonal unit cells in a specific arrangement. Also, as shown in the figure, the sandwich plate is
subjected to a temperature load along the z-axis. The hexagonal honeycomb core layer is sandwiched
between two FG layers. The material utilized for the honeycomb core is SUS304. In addition, SUS304
and ZrOz are considered to be distributed with power law distribution in the surface layers.
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Figure 1. A honeycomb core sandwich plate composed of FG face layers.
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2.2. Honeycomb cell configuration

The four factors determining the features of every honeycomb unit are length of the inclined cell rib a,,
angle of inclination g, rib thickness t., and length of the horizontal cell rib b.. SUS304 is preferred for the
honeycomb plate due to its mechanical and thermal characteristics. Gibson's approach can be used to
calculate the hexagonal honeycomb plate's equivalent material characteristics with the formulation that
follows [28,29]:

3
Esys304§° COS

B5y = G+ sinsinza L ¢ O Al &
E, &3 + sinp)
g, = v LTI g2 sec? u + tan ) @
EC. = Esys304$(2 + 1) 3)
33 2(Y +sinp) cosu
GE = Esys3o4$’(Q + sin ) @)
27 2(1 4+ 29) cos u
G Ecosu
¢ _ Gsuszos
Grs = Y +sinp (5)
c _ Gsus304f lp + Sin,u Il) + ZSiTlZ U (6)
27 2cosp |(142P)cosp 2@ + sinp)
c _ Psussoaé (P +2) )

"~ 2cosp (Y + sinp)

in which § = t./a, and ¥ = b./a.. Based on the geometric variables, the corresponding coefficients
for Poisson's ratio v¢, thermal expansion a®, and thermal conductivity x¢ can be obtained in the
manner shown below:

cos?u

vl =m[1—fz csc? u] (3)
+si .
= LT 201+ sec ©)
c _ Uuszoaé (WY +2) (10)

"~ 2cosu (Y + sinp)

c _ Ksuszoa$ (Y +2) (11)
"~ 2cosp (Y + sin p)

2.3. FG face layers

The core layer made of honeycomb cells is sandwiched between two FG composite plate layers. The
top surface of the FGM layers is considered to be ZrO, and the bottom surface is considered to be
SUS304. The mechanical and thermal variables of the surface layers vary uniformly throughout the z
axis according to the power law distribution. The effective mechanical and thermal properties of the
FGM face plates can be calculated as [30]:
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Eef = Ezro, + (Esuszos — EZrOZ)Vi (i =tl,bD) (12)
Ve = Vzro, T (Vsuszos — eroz)Vi (i =tl,bD) (13)
Pes = Pzro, + (Psuszos = Pzro, )V (i = tl, bl) (14)
Aer = Azr0, + (Asyszoa — Azro,)V' (i = t1,b) (15)
Kef = Kzro, + (Ksuszos — Kzro,)V' (i = tl,b) (16)

where the subscripts SUS304 and Zr0, refer to the material properties of the metal and ceramic matrix
respectively, while the superscripts bl and tl represent the lower and upper FG layers. Furthermore,
the p.r, Vs, @ef, Kep, and E, indicate the effective properties of surface layers. The following approach
can be employed to determine the volume ratio, denoted as V?, utilizing the power-law distribution
[31,32]:

(17)

inwhich hy = —h./2 — hg, h, = —h./2,hy = h./2 and h, = h./2 + h,. The variable z represents the
location toward the neutral axis, whereas the variable n symbolizes the power-law parameter (for n =
0, Vs = Vsyszos and forn = 0, v,r = v, ).

The FG sandwich composite plate's physical properties change as a function of temperature. A nonlinear
temperature equation can be utilized to describe the thermal and mechanical properties in the following
way [33-35]:

P:P0(P_1T_1+1+P1T+P2T2+P3T3) (18)

where T =T, + AT and T, = 300 K. Py, P_4, P;, P,, and P; refer to the temperature-dependent material
constants. The temperature is regarded as exhibiting a nonlinear change. Under certain temperature
constraints, Eq. (18) can be computed to find the top and bottom layer temperatures (T; and T}, ) of the

plate [36].
d dT h h
_Ek&jbdzq 'd§+m>=n TG%—@)=% (19)

where k denotes the thermal conductivity coefficient. In addition, h, and h, define the core and FG layer
thicknesses, respectively.

The equation that follows can be used to calculate the temperature of any place along the thickness
direction [37]:

(T =T) [y 4@
T(z) =T, + 7 f (20)
fzhmd(z)

2
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3. Results and Discussion

In this section, the variation of thermomechanical material properties (effective modulus of elasticity,
Poisson’s ratio, thermal expansion coefficient, and thermal conductivity coefficient) of sandwich FG
honeycomb core plate are investigated under temperature loading. The simulations are based on the
following nanostructure fundamental variables: a = b = 400 nm, h = a/10, h, = 0.6h and h; = 0.2h.
The temperature dependent mechanical and thermal properties of ZrO2 and SUS304 ceramic-metal
matrix are listed in Table 1.

Table 1. Mechanical and thermal constants of SUS304 and ZrO: [33], [35].

Material Properties P_y P, Py P, P;
E (Pa) 0 201.04 x10° 3.079x107* —6.534x1077 0
v 0 0.3262 —2.002x10~* 3.97x1077 0
SUS304 a (1K™ 0 12.33x107° 8.086x107* 0 0
Kk (W/mK) 0 15.397 —1.264x1073 2.09x107° —7.223x107%°
p (kg/m?) 0 8166 0 0 0
E (Pa) 0 244.27x10° -1.371x1073 1.214x107° —3.681x1071°
v 0 0.2882 1.133x107* 0 0
Zr0; a (1K™ 0 12.766x107¢ —1.491x1073 1.006x107° —6.778x1071*
Kk (W/mK) 0 1.70 1.276x10~* 6.648x1078 0
p (kg/m®) 0 2370 0 0 0

3.1. Verification of the solution strategy

In order to prove the validity of the solution method presented in the study, a comparison is made with
the existing work in the literature. The comparison study includes a comparison of the mechanical and
thermal properties of a sandwich plate containing magneto-electro-elastic surface layers reported by
Kog et al [38]. In the study, the core layer consists of SizN4/SUS304 ceramic-metal matrix, while the
surface layers consist of 50% BaTiOs and 50% CoFe204. The plate dimensions and material properties
are based on the reference study. The effective modulus of elasticity (E) and effective thermal
conductivity coefficient (k) are compared for two different temperature rise values and four different
power law parameters. As shown in Table 2, the results of the reference study and the present study
are very close.

Table 2. Comparison of the effective material properties (E and k).

E (Pa) k (W/mK)

AT n Ref. [38] Present Ref. [38] Present
2.97x101! 2.92x10%! 0.89x1075 0.93x1075

0.5 2.68x10%! 2.61x10%* 1.11x107° 1.17x107°

400 1 2.52x101? 2.44x1011 1.23x10°° 1.29x1075
5 2.23x10% 2.16x10'* 1.45x107° 1.53x107°
0 2.88x10%! 2.83x10% 1.09x107° 1.18x107°
0.5 2.58x10%! 2.52x10* 1.34x107° 1.42x107°
000 1 2.42x10% 2.33x10% 1.46x107° 1.61x107°
5 2.14x10% 2.04x10% 1.71x107° 1.88x107°

3.2. Effective thermomechanical material properties of the honeycomb sandwich structure

In this subsection, variation of thermomechanical material properties (E, v, @ and k) of sandwich FG
honeycomb core plate with respect to temperature rise (AT), power law distribution (n) and
honeycomb geometrical parameters (i, § and u) are investigated in the range of 0-1000 K. Analytical
examinations are performed for four distinct power law constants (n=0, 1, 2, and 10). While FG surface
layers exhibit completely SUS304 properties at n=0, the plate properties approach ZrOz with increasing
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n. The analyses are carried out by considering the thickness-to-length of the inclined cell rib ratio £ =
0.025,0.1 0.2 and 0.3, length of the horizontal cell rib-to-length of the inclined cell rib ratio ) = 0.5, 1, 2
and 4 and inclination angle 4 = 30°,45° and 60°.

Figure 2 presents the variation of the equivalent effective elastic modulus of the sandwich plate with
respect to AT, n, ¥, & and u. As shown in Figure 2a, E decreases nonlinearly with increasing AT. In
addition, the equivalent modulus of elasticity of the sandwich plate decreases significantly with
increasing n. This decrease is due to the difference in E value of ZrO2 and SUS304. When Table 1 is
examined, it is seen that the Po value of ZrOz: is higher than SUS304. Accordingly, the initial values of
the n = 10 curve should be higher than the n = 0 curve. However, since the young modulus of ZrO:
decreases much faster than SUS304 at low temperatures, the n = 10 curve is positioned lower than the
n = 0 curve. As shown in Figure 2b, Figure 2c and Figure 2d, the modulus of elasticity of the sandwich
plate decreases with increasing ¥ and y, while it increases with increasing ¢. From the evaluation of
the figures, it is concluded that the n parameter affects the equivalent effective E value of the plate the
most and the Y parameter the least.

x101°  £=0.05, ¢=1,‘,,=45°' 4X1010 _¢=04, n=2,/{=45°

0 200 400 600 800 1000 o 200 400 600 800 1000
AT AT
(@ (b)
4 %1010 =1, n=2, ;=45° 4 %100 £50.1, 4=1, n=2
\— £:=30° 1:=45° 1:=60°
35
T 3
S
w 25
2
1.5 15
0 200 400 600 800 1000 0 200 400 600 800 1000
AT AT
Q] (@)

Figure 2. Variation of the effective modulus of elasticity E,, with respect to AT, n, 1, ¢ and u parameters.

The variation of the equivalent effective Poisson’s ratio v,, of the sandwich plate with respect to
parameters AT, n, 1, £ and u is depicted in Figure 3. As shown in Figure 3a, v;, increases nonlinearly
with increasing AT, while it decreases with increasing n. The reason for the rise in v;, is the softening
behavior of the plate with increasing AT, while the reason for the decrease is that the ZrOz composition
in the plate becomes more dominant with increasing n. As shown in Figure 3b, Figure 3c and Figure 3d,
increasing ¥, £ and p have a decreasing effect on the effective v,, value. From the detailed examination
of the figures, it is determined that the parameters n and AT affect the effective Poisson's ratio less than
the geometrical parameters i, ¢ and p. It is also shown that 1 and p are the dominant parameters in
determining the effective v,,. For example, considering the curves ¥ = 0.5 and y = 4, it is seen that
there is an increase of about 159.88% at AT = 1000 K.
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Figure 3. Variation of the effective Poisson’s ratio v,, depending on the AT, n, ¥, ¢ and pu parameters.

Figure 4 graphically illustrates the variations of the coefficient of effective thermal expansion « of the
sandwich plate with respect to parameters AT, n, ¥, ¢ and u. As depicted in Figure 4a, 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 ZrO-
ratio in the surface layers with increasing n. As given in Table 1, although the thermal expansion
coefficients of SUS304 and ZrO: at low temperatures are close to each other, there is a significant
difference between the n =0 and n = 10 curves in Figure 4a. The reason for this difference is
attributed to the superior thermal expansion properties of ZrOz at high temperatures and the rapid
increase in a. Furthermore, as depicted in Figure 4b, Figure 4c and Figure 4d, increasing ¢ and u have
an increasing effect on « coefficient, whereas increasing 1 has a decreasing effect. It can be concluded
from Figure 4 that the honeycomb geometrical parameters affect the a values less than AT and n and
that AT has the highest effect on the change in the thermal expansion coefficient and 1 has the least.

The variation of the equivalent effective thermal conductivity coefficient of the sandwich plate with
respect to parameters AT, n, ¥, ¢ and p is evaluated in Figure 5. As indicated in Figure 5a, k increases
with rising AT while k decreases with increasing n. Whenn = 0 and n = 10 curves are examined, it is
seen that k decreases from 4.416 1/K to 2.088 1/K at AT =500 K. That is, a decrease of 111.494%. The
reason for these decreases is the superior thermal conductivity of SUS304 compared to ZrOz and the
fact that ZrOz: is not affected much by the temperature rise. Furthermore, as shown in Figures 5b, 5¢
and 5d, ¢ and p show a similar trend, leading to an increase in k, while increasing 1 has the inverse
effect, leading to a decrease in k.
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Figure 4. Variation of the effective coefficient of thermal expansion a;, with respect to AT, n, ¥, { and u parameters.
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Figure 5. Variation of the effective coefficient of thermal conductivity k;,; depending on the AT, n, 1, ¢ and u parameters.
4. Conclusions

In this paper, the variation of thermomechanical characteristics of sandwich structure with honeycomb
plate and ceramic-metal matrix FGM surface layers are investigated with respect to variables such as
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temperature rise, power law index and geometrical parameters of honeycomb cells. To determine the
effective equivalent material characteristics of the sandwich plate, power law equations are employed
for FG surface layers, while Gibson equations based on the geometric dimensions of hexagonal cells are
employed for the honeycomb core. According to the parametric analyses, some important outcomes
are obtained. When the effect of AT, n, Y, ¢ and u parameters on the effective E value of the sandwich
plate is examined, it is determined that E decreases with increasing AT, n and 1, whereas it increases
with increasing &. Furthermore, it has been found that the parameter providing the greatest influence
on the modulus of elasticity of the sandwich plate is the AT, whereas the parameter with the least
impact is . From the effective Poisson's ratio plots, it is seen that the Poisson's ratio decreases with
increasing n, 1, £ and y parameters but decreases with increasing AT . In addition, when the percentage
increases and decreases of the Poisson's ratio of the sandwich structure are examined, it is determined
that honeycomb cell parameters are more dominant than the other parameters. Parameters AT, n, &
and u increase the coefficient of thermal expansion of the sandwich plate with a similar trend, while
increasing Y decreases a. Moreover, the most effective parameter in the variation of the @ parameter
of the sandwich plate is AT while the least effective parameter is 1. From the examination of the
thermal conductivity curves, it is inferred that the x coefficient decreases with increasing n and
parameters and increases with increasing ¢ and u values. 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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