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Graphical/Tabular Abstract (Grafik Özet) 

In this article, the variation in mechanical and thermal material properties of double functionally 

graded composite nanoplates reinforced with graphene platelets subjected to thermal loading is 

investigated. / Bu makalede, termal yüklemeye maruz kalan grafen plakalar ile güçlendirilmiş çift 

fonksiyonel derecelendirilmiş kompozit nanoplakaların mekanik ve termal malzeme özelliklerindeki 

değişim incelenmiştir. 

 

Figure A: Investigation of mechanical and thermal material properties of GPL-reinforced 

double-FG composite nanoplates / Şekil A: GPL ile güçlendirilmiş çift-FD kompozit 

nanoplakaların mekanik ve termal malzeme özelliklerinin incelenmesi  

Highlights (Önemli noktalar)  

➢ Halpin-Tsai micromechanical procedures, power-law distribution, and law of mixtures 

are employed to determine the effective properties of the proposed plate structure. / 

Önerilen plakanın efektif özelliklerini belirlemek için Halpin-Tsai mikromekanik 

prosedürü, power-law dağılımı ve karışımlar kanunu uygulanmıştır.  

➢ Higher modulus of elasticity values are obtained in the Type-X dispersion model. Also, 

while modulus of elasticity decreases with temperature rise and power law parameter, it 

increases with GPL weight ratio. / Tip-X dağılım modelinde daha yüksek elastisite 

modülü değerleri elde edilmiştir. Ayrıca, elastisite modülü sıcaklık artışı ve kuvvet yasası 

parametresi ile azalırken, GPL ağırlık oranı ile artmaktadır. 

➢ Higher values of the thermal expansion coefficient are observed in the Type-U dispersion 

model. / Tip-U dağılım modelinde daha yüksek termal genleşme katsayısı gözlenmiştir. 

➢ Increasing power law index and GPL weight ratio increases the effective thermal 

conductivity coefficient of the composite plate. / Artan kuvvet yasası indeksi ve GPL 

ağırlık oranı, kompozit plakanın etkin termal iletkenlik katsayısını artırmaktadır. 

Aim (Amaç): This article aims to analyze the change in mechanical and thermal material properties 

of double functionally graded composite nanoplates reinforced with graphene platelets subjected 

to thermal loading. / Bu makale, termal yüklemeye maruz kalan grafen plakalarla güçlendirilmiş 

çift fonksiyonel dereceli kompozit nanoplakaların mekanik ve termal malzeme özelliklerindeki 

değişimi analiz etmeyi amaçlamaktadır. 

Originality (Özgünlük): The investigation of the thermal and mechanical properties of the 

presented double-FG GPLs-reinforced plate by considering the temperature dependent material 

properties is a subject that wasn’t studied previously. / Sunulan çift-FD GPL takviyeli plakanın 

termal ve mekanik özelliklerinin sıcaklığa bağlı malzeme özellikleri dikkate alınarak incelenmesi 

daha önce çalışılmamış bir konudur. 

Results (Bulgular): According to analysis, it is determined that the thermal and mechanical 

characteristics of the plate change significantly with temperature rise and exhibit quite different 

performance at room temperature and high temperature environments. / Analiz sonuçlarına göre, 

plakanın termal ve mekanik özelliklerinin sıcaklık artışıyla önemli ölçüde değiştiği ve oda sıcaklığı 

ile yüksek sıcaklık ortamlarında oldukça farklı performans sergilediği tespit edilmiştir. 

Conclusion (Sonuç): With this work, it is expected to provide contribution to aerospace, marine 

and medical applications, micro and nano electromechanical devices that will operate in 

environments requiring high temperature and corrosion resistance. / Bu çalışma ile yüksek sıcaklık 

ve korozyon direnci gerektiren ortamlarda çalışacak havacılık, denizcilik ve medikal uygulamalara, 

mikro ve nano elektromekanik cihazlara, önemli katkı sağlanması beklenmektedir. 
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Abstract 

This article analyzes the variation in the mechanical and thermal material characteristics of 

graphene platelets (GPLs)-reinforced double-functionally graded (FG) composite nanoplates 

subjected to thermal load. Titanium alloy Ti-6Al-4V and silicon nitride (Si3N4) metal-ceramic 

matrix is preferred for the nanoplate matrix due to their potential for use in thermal environments. 

The double-FG properties of the structure are provided by the functional dispersion of the 

ceramic-metal matrix as well as the effective arrangement of the GPLs in two distinct patterns 

throughout the plate's thickness (Type-X and Type-U). The thermal and mechanical 

characteristics of the matrix materials and GPLs are temperature-dependent. The effective 

material properties of the double-FG nanoplate matrix are obtained using Voigt's rule of mixture. 

The analysis is conducted to evaluate the influence of variables like temperature rise, GPLs 

weight ratio and GPLs distribution patterns on the thermal and mechanical properties of the 

nanoplate such as effective modulus of elasticity, Poisson's ratio, coefficient of thermal expansion 

and coefficient of thermal conductivity. According to the results of the analysis, it is determined 

that the thermal and mechanical characteristics of the proposed plate change significantly with 

temperature rise and exhibit quite different performance at room temperature and high 

temperature environments. With the presented work, it is expected to provide significant 

contribution to aerospace, marine and medical applications, micro and nano electromechanical 

devices, microprocessors and transistors that will operate in environments requiring high 

temperature and corrosion resistance.  
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Öz 

Bu makale, termal yüke maruz kalan grafen nano plaka (GPL) takviyeli çift fonksiyonel 

derecelendirilmiş (FD) nano plakaların mekanik ve termal malzeme özelliklerindeki değişimini 

analiz etmektedir. Termal ortamlarda kullanım potansiyelleri nedeniyle titanyum alaşımı Ti-6Al-

4V ve silikon nitrür (Si3N4) metal-seramik matrisi, nano plaka matrisi için tercih edilmiştir. 

Plakanın çift-FG özellikleri, seramik-metal matrisin fonksiyonel dağılımının yanı sıra GPL'lerin 

plaka kalınlığı boyunca iki farklı düzende (Tip-X ve Tip-U) fonksiyonel bir şekilde 

düzenlenmesiyle sağlanmaktadır. Matris malzemelerinin ve GPL'lerin termal ve mekanik 

özellikleri sıcaklığa bağlıdır. Çift-FD nanoplaka matrisinin etkin malzeme özellikleri Voigt'in 

karışım kuralı kullanılarak elde edilmiştir. Analiz çalışmaları, sıcaklık artışı, GPL ağırlık oranı 

ve GPL dağılım paternleri gibi değişkenlerin nanoplakanın efektif elastisite modülü, Poisson 

oranı, termal genleşme katsayısı ve termal iletkenlik katsayısı gibi termal ve mekanik özellikleri 

üzerindeki etkisini değerlendirmek için gerçekleştirilmiştir. Analiz sonuçlarına göre, önerilen 

plakanın termal ve mekanik özelliklerinin sıcaklık artışı ile önemli ölçüde değiştiği ve oda 

sıcaklığı ile yüksek sıcaklık ortamlarında oldukça farklı performans sergilediği tespit edilmiştir. 

Sunulan çalışma ile havacılık, denizcilik ve medikal uygulamalara, yüksek sıcaklık ve korozyon 

direnci gerektiren ortamlarda çalışacak mikro ve nano elektromekanik cihazlara, 

mikroişlemcilere ve transistörlere önemli katkı sağlanması beklenmektedir. 

 

1. INTRODUCTION (GİRİŞ) 

The special thermal and mechanical characteristics 

of functionally graded materials (FGMs) make them 

highly attractive for use in engineering applications 

where improved performance is required in a wide 

range of environments. Mechanical and thermal 

characteristics of FGMs change regularly along the 

https://orcid.org/0000-0002-8076-6799
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material's thickness direction due to the material's 

composition, which vary gradually. Material 

performance in fields including structural 

engineering, civil engineering, aerospace, and 

automotive can be modified by adjusting this 

gradient [1,2]. The mechanical properties of FGMs 

can be described through various methodologies, 

including power-law distributions, which represent 

the variation of parameters such as Young's 

modulus, Poisson’s ratio and density between 

different surfaces. For example, Arefi's research [3] 

on functionally graded sandwich plates 

incorporating piezoelectric layers demonstrates the 

application of a power law function to depict the 

arrangement of mechanical characteristics, with the 

bottom surface composed of steel and the top layer 

of ceramic. This methodology is essential for 

comprehending the behavior of FGMs under 

mechanical stresses, as it facilitates the estimation 

of stress and deformation parameters that 

considerably vary from those of homogeneous 

elements [4]. Thermal characteristics of FGMs are 

also essential, especially in applications where 

temperature gradients exist. Findings from FGM 

thermal stress analyses show that residual stresses 

and thermal adaptability are strongly affected by the 

in-plane material composition gradient [5].  

GPLs have become a crucial reinforcement material 

in different composite materials, especially in the 

manufacturing of graphene-reinforced plate 

structures. The integration of GPLs into composite 

structures has been thoroughly examined owing to 

their remarkable mechanical features, which 

encompass enhanced tensile strength, rigidity, and 

thermal conductivity. Due to these qualities, GPLs 

are an appealing option for improving the 

functionality of composites made of polymers and 

metals. The mechanical reinforcement provided by 

graphene is used in various structures. For example, 

the total mechanical characteristics of the composite 

are greatly improved as a result of the effective load 

transfer that occurs between the GPLs and the 

matrix material. This effect has been observed in 

research that evaluated the mechanical behavior of 

FG porous components that were reinforced with 

GPLs. The results of these studies demonstrated 

better stiffness and strength properties in 

comparison to their counterparts that were not 

reinforced [6–9]. The uniform distribution of GPLs 

within the matrix is essential for enhancing 

mechanical achievement, as it reduces deficiencies 

and improves interfacial bonding, which is critical 

for stress transmission [10,11]. The incorporation of 

GPLs into metal matrix composites has led to 

significant enhancements in mechanical 

characteristics. Researchers has shown that 

composites containing graphene and metals, such as 

aluminum and copper, have higher tensile strength 

and hardness than those without graphene [12,13].  

Dual functionally graded materials signify a notable 

progression in material science, integrating the 

distinct features of multiple materials in a gradient 

configuration to attain improved performance 

attributes [14]. The principal benefit of FGMs is 

their capacity to customize material qualities, 

including thermal resistance, mechanical strength, 

and wear resistance, by altering the composition and 

microstructure across the material [15]. 

Additionally, the incorporation of advanced 

materials such as graphene and carbon nanotubes 

into FGMs has been investigated to improve their 

mechanical and thermal characteristics. The 

integration of carbon nanotubes into ceramic 

materials enhances their mechanical properties and 

thermal stability, as reported by Estili and Sakka 

[16]. The vibration of a smart sandwich plate with 

auxetic core and dual-FG nanocomposite layers 

integrated with piezoceramic actuators has been 

studied by Nouraei et al [17]. Shen [18] proposed 

the idea of FG-CNT reinforced nanocomposites, 

wherein the CNTs are distributed throughout the 

structure's thickness using various FG patterns. 

Kamarian et al. [19] examined the impact of the 

temperature environment on the buckling behavior 

of a sandwich plate featuring FG-CNT reinforced 

nanocomposite face sheets.  

Si3N4 is a ceramic substance that has attracted 

considerable interest owing to its remarkable 

thermal and mechanical characteristics, rendering it 

appropriate for many applications in engineering 

and materials research. Si3N4 possesses exceptional 

strength, toughness, and hardness, essential for use 

in challenging conditions. The thermal 

characteristics of Si3N4 are also remarkable. It has a 

high thermal conductivity that enables efficient heat 

dissipation in high-temperature applications. This 

feature is especially advantageous in electrical and 

aeronautical applications where temperature 

management is essential [20]. The improved 

strength-to-weight ratio facilitates the creation of 

lightweight constructions without reducing 

performance. Moreover, thermal shock resistance of 

Si3N4 enhances its utility in demanding 

environments, particularly within the aerospace and 

automotive fields [21]. Ti-6Al-4V is highly 

regarded for its outstanding thermal and mechanical 

characteristics, rendering it a preferred material in 

several technical applications, especially in 

aerospace and biomedical sectors. The alloy's 

composition provides high strength-to-weight ratio 

and corrosion resistance for high-performance 
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applications [22]. Ti-6Al-4V demonstrates 

comparatively low heat conductivity relative to 

other metals, which might be beneficial in 

applications requiring thermal insulation. The 

thermal expansion coefficient of Ti-6Al-4V is an 

essential parameter, especially in applications with 

temperature variations, since it can cause 

dimensional modifications that may impact 

construction and efficiency [23]. The Ti-6Al-4V 

and Si3N4 FGMs are of particular interest as they 

combine the high strength and ductility of the 

titanium alloy with the excellent thermal and wear 

resistance of the silicon nitride ceramic. These 

materials exhibit superior performance in terms of 

thermal protection, mechanical strength, and 

resistance to stress concentration, making them 

attractive for a wide range of applications, including 

aerospace, energy, and biomedical industries [24]. 

Materials with high temperature strength and 

corrosion resistance are required for applications 

involving severe temperature technology, such as 

aerospace, because of their extraordinary high 

temperature qualities, great mechanical capabilities, 

and high toughness and strength [25]. Conventional 

Si3N4 ceramics have low fracture toughness, as do 

most ceramics [26]. As a result, it is unavoidable to 

employ FGM structures to combine the superior 

mechanical and thermal capabilities of ceramic and 

metal materials. 

As mentioned above, the mechanical and thermal 

properties of FG plates can vary considerably via 

temperature. Therefore, the issue important to 

include temperature dependent substance properties 

in the mechanical and thermal inspection of 

components operating in low and high temperature 

regions. By conducting a comprehensive review of 

the existing literature, it is concluded that the 

investigation of the thermal and mechanical 

properties of the presented double-FG GPLs-

reinforced plate by considering the temperature 

dependent material properties is a subject that 

wasn’t studied previously. Si3N4 and Ti-6Al-4V 

titanium alloy have been selected as the matrix 

materials of the proposed plate, which can be used 

in many engineering fields due to their superior 

mechanical and thermal properties. It is expected 

that the proposed study will contribute to high 

temperature and corrosion applications in 

nanoelectromechanical systems, aerospace, marine 

and medical applications. 

2.THEORY AND FORMULATION (TEORİ VE 

FORMÜLASYON) 

2.1. A Summary of the Proposed Double-FG 

Nanoplate (Önerilen Çift-FD Nanoplakanın Özeti) 

The current investigation presents a FGM 

nanostructure characterized by dimensions length 𝑎, 

width 𝑏, and thickness ℎ, as illustrated in Figure 1. 

The middle layer of the FGM plate contains the in-

plane coordinates 𝑥 and 𝑦, while the direction 𝑧 

extends across the thickness of plate. The nanoplate 

is under thermal load along the 𝑧-axis. Two distinct 

patterns of GPL distribution are proposed to 

reinforce the FG metal-ceramic matrix in the plate 

layer. As illustrated in Figure 2, these patterns 

comprise functionally graded distribution (Type-X) 

along the thickness axis and a uniform distribution 

(Type-U).  

 
Figure 1. GPL-reinforced double-FG nanoplate structure (GPL ile güçlendirilmiş çift-FD nanoplaka yapı) 

2.2. Double-FG Properties (Çift-FD Özellikler) 

Introducing GPLs with functionally graded 

dispersion arrangement within FG Si3N4/Ti-6Al-4V 

core results in the double-FG characteristics of the 

suggested nanostructure. The double-FG plate 

structure consists of a ceramic (Si3N4) and a metal 

(Ti-6Al-4V) matrix. The effective mechanical and 

thermal properties of the nanoplate are graded using 

power law dispersion. The top surface of the FGM 

plate is defined as Si3N4, and the bottom surface as 

Ti-6Al-4V. The efficient features of the nanoplate 

matrix determined using the law of mixtures as 

follows [27]:
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Type-U Type-X 

Figure 2. GPL dispersion patterns (GPL dağılım paternleri) 

𝐸𝑚𝑎𝑡𝑟𝑖𝑥 = 𝐸𝑚𝑒𝑡 + (𝐸𝑐𝑒𝑟 − 𝐸𝑚𝑒𝑡)𝑉𝑐𝑒𝑟 (1) 

𝑣𝑚𝑎𝑡𝑟𝑖𝑥 = 𝑣𝑚𝑒𝑡 + ( 𝑣𝑐𝑒𝑟 − 𝑣𝑚𝑒𝑡)𝑉𝑐𝑒𝑟 (2) 

𝜌𝑚𝑎𝑡𝑟𝑖𝑥 = 𝜌𝑚𝑒𝑡 + (𝜌𝑐𝑒𝑟 − 𝜌𝑚𝑒𝑡)𝑉𝑐𝑒𝑟 (3) 

𝛼𝑚𝑎𝑡𝑟𝑖𝑥 = 𝛼𝑚𝑒𝑡 + (𝛼𝑐𝑒𝑟 − 𝛼𝑚𝑒𝑡)𝑉𝑐𝑒𝑟 (4) 

𝜅𝑚𝑎𝑡𝑟𝑖𝑥 = 𝜅𝑚𝑒𝑡 + (𝜅𝑐𝑒𝑟 − 𝜅𝑚𝑒𝑡)𝑉𝑐𝑒𝑟 
(5) 

where 𝑐𝑒𝑟 denotes a ceramic matrix and 𝑚𝑒𝑡 

denotes a metal matrix. Furthermore, the 𝜌𝑚𝑎𝑡𝑟𝑖𝑥, 

𝑣𝑚𝑎𝑡𝑟𝑖𝑥, 𝛼𝑚𝑎𝑡𝑟𝑖𝑥, 𝜅𝑚𝑎𝑡𝑟𝑖𝑥, and 𝐸𝑚𝑎𝑡𝑟𝑖𝑥 indicate the 

effective properties of nanoplate matrix. The 

subsequent method can be utilized in order to 

ascertain the volume ratio of the ceramic, indicated 

as 𝑉𝑐𝑒𝑟, using the power-law distribution [17,27]: 

𝑉𝑐𝑒𝑟 = (
1

2
+

𝑧

ℎ
)

𝑝

  ℎ1 < 𝑧 < ℎ2 (6) 

in which ℎ1 = − ℎ 2⁄  and ℎ2 = + ℎ 2⁄ . The 

variable 𝑧 represents the location toward the neutral 

axis, whereas the variable 𝑛 symbolizes the power-

law variable. 

2.3. Distribution Patterns for GPLs (GPL'ler için 

Dağılım Paternleri) 

Employing the following steps of the Halpin-Tsai 

micromechanical processes, the modulus of elasticity 

of the GPL-reinforced nanoplate can be determined 

as [28]: 

𝐸 =
3

8
(

𝜉𝐿𝜂𝐿𝑉𝐺𝑃𝐿

1 − 𝜂𝐿𝑉𝐺𝑃𝐿
) 𝐸𝑚𝑎𝑡𝑟𝑖𝑥 

+
5

8
(

1 + 𝜉𝑤𝜂𝑤𝑉𝐺𝑃𝐿

1 − 𝜂𝑤𝑉𝐺𝑃𝐿
) 𝐸𝑚𝑎𝑡𝑟𝑖𝑥 

(7) 

𝜉𝐿 =
2𝑙𝐺𝑃𝐿

𝑡𝐺𝑃𝐿
 (8) 

𝜉𝑤 =
2𝑤𝐺𝑃𝐿

𝑡𝐺𝑃𝐿
 (9) 

𝜂𝐿 =
(𝐸𝐺𝑃𝐿 𝐸𝑚𝑎𝑡𝑟𝑖𝑥⁄ ) − 1

(𝐸𝐺𝑃𝐿 𝐸𝑚𝑎𝑡𝑟𝑖𝑥⁄ ) + 𝜉𝐿
 (10) 

𝜂𝑤 =
(𝐸𝐺𝑃𝐿 𝐸𝑚𝑎𝑡𝑟𝑖𝑥⁄ ) − 1

(𝐸𝐺𝑃𝐿 𝐸𝑚𝑎𝑡𝑟𝑖𝑥⁄ ) + 𝜉𝑤
 

(11) 

The parameters 𝑤𝐺𝑃𝐿, 𝑙𝐺𝑃𝐿, and 𝑡𝐺𝑃𝐿 symbolize the 

GPLs' width, length, and thickness, respectively. The 

GPLs' modulus of elasticity is also denoted by 𝐸𝐺𝑃𝐿. 

The following equation could be used to compute the 

thermal and mechanical parameters of the nanoplate 

that has been reinforced with GPL [28]: 

𝑣 = 𝑣𝐺𝑃𝐿𝑉𝐺𝑃𝐿 + 𝑣𝑚𝑎𝑡𝑟𝑖𝑥𝑉𝑚𝑎𝑡𝑟𝑖𝑥 (12) 

𝜌 = 𝜌𝐺𝑃𝐿𝑉𝐺𝑃𝐿 + 𝜌𝑚𝑎𝑡𝑟𝑖𝑥𝑉𝑚𝑎𝑡𝑟𝑖𝑥 (13) 

𝛼 = 𝛼𝐺𝑃𝐿𝑉𝐺𝑃𝐿 + 𝛼𝑚𝑎𝑡𝑟𝑖𝑥𝑉𝑚𝑎𝑡𝑟𝑖𝑥 (14) 

𝜅 = 𝜅𝐺𝑃𝐿𝑉𝐺𝑃𝐿 + 𝜅𝑚𝑎𝑡𝑟𝑖𝑥𝑉𝑚𝑎𝑡𝑟𝑖𝑥 (15) 

𝑉𝑚𝑎𝑡𝑟𝑖𝑥 = 1 − 𝑉𝐺𝑃𝐿 
(16) 

𝑉𝐺𝑃𝐿 and 𝑉𝑚𝑎𝑡𝑟𝑖𝑥 stand for the volume ratio of the 

GPLs and Si3N4/Ti-6Al-4V core, respectively. While 

GPLs are evenly distributed in the Type-U 

arrangement, the Type-X arrangement exhibits a 

declining GPL weight fraction between the lower and 

upper surfaces to the center layers. The Type-X 

design shows a declining GPL ratio from the lower 

and upper surfaces to the center, whereas GPLs are 
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evenly distributed in the Type-U distribution 

pattern. For Type-U model [29]: 

𝑉𝐺𝑃𝐿
∗ =

𝜌𝑚𝑎𝑡𝑟𝑖𝑥𝑊𝐺𝑃𝐿

𝜌𝑚𝑎𝑡𝑟𝑖𝑥𝑊𝐺𝑃𝐿 + 𝜌𝐺𝑃𝐿(1 − 𝑊𝐺𝑃𝐿)
 (17) 

where the weight ratio of the GPLs is expressed by 

𝑊𝐺𝑃𝐿, whereas the density of the GPLs is expressed 

by 𝜌𝐺𝑃𝐿. For the Type-X model [30]: 

𝑉𝐺𝑃𝐿(𝑧) = 𝑉𝐺𝑃𝐿
∗ [1 − cos (

𝑧𝜋

h
)]      

ℎ1 ≤ 𝑧 ≤ ℎ2 
(18) 

The physical characteristics of the double-FG 

nanoplate are temperature dependent. The 

mechanical and thermal characteristics can be 

expressed through a nonlinear temperature equation 

that incorporates 𝐸, 𝑣, 𝜅, and 𝛼 as follows [31–33]: 

 

𝑃 = 𝑃0(𝑃−1𝑇−1 + 1 + 𝑃1𝑇 + 𝑃2𝑇2

+ 𝑃3𝑇3) 
(19) 

where 𝑇 = 𝑇0 + 𝛥𝑇 and 𝑇0 = 300 K. 𝑃0, 𝑃−1, 𝑃1, 

𝑃2, and 𝑃3 denote the temperature-dependent 

material constants. The material constants of Si3N4, 

Ti-6Al-4V, and GPLs in which vary with 

temperature are listed in Table 1. The temperature is 

regarded as exhibiting a nonlinear change. Under 

certain temperature constraints, Eq. (19) can be 

computed to find the top and bottom layer 

temperatures (𝑇𝑡 and 𝑇𝑏) of the plate [34]. 

−
𝑑

𝑑𝑧
[𝜅(𝑧, 𝑇)

𝑑𝑇

𝑑𝑧
] = 0, 

  𝑇 (
ℎ

2
) = 𝑇𝑡,    𝑇 (−

ℎ

2
) = 𝑇𝑏 

(20) 

3.NUMERICAL RESULTS AND DISCUSSION 
(SAYISAL SONUÇLAR VE TARTIŞMA) 

In this section, the temperature-dependent effective 

material coefficients of the double-FG nanoplate are 

analyzed under thermal loads. The fundamental 

parameters of the nanostructure employed in the 

calculations are specified as 𝑎 = 𝑏 = 500 nm, ℎ =
𝑎/10. Furthermore, the physical parameters of the 

GPLs are assumed to be 𝑙𝐺𝑃𝐿 =2.5 nm, 𝑤𝐺𝑃𝐿 =1.5 

nm, and 𝑡𝐺𝑃𝐿 =0.2 nm. According to the literature, 

rising nanofiller concentration causes 

agglomeration, which reduces the mechanical 

characteristics of nanocomposites [35,36]. For this 

reason, the plate dimensions of the presented 

sandwich structure are chosen in such a way that the 

GPL effect can be clearly observed, and the 

agglomeration problem can be avoided. 

Table 1. Mechanical and thermal constants of Si3N4/Ti-6Al-4V and GPL [33,37] (Si3N4/Ti-6Al-4V ve GPL'nin 

mekanik ve termal sabitleri) 

Material Properties 𝑷−𝟏 𝑷𝟎 𝑷𝟏 𝑷𝟐 𝑷𝟑 

Si3N4 𝐸 (Pa) 0 348.43x109 -3.070x10-4 2.160x10-7 -8.946x10-11 

 𝜐 0 0.24 0 0 0 

 𝛼 (K-1) 0 5.8723x10-6 9.095x10-4 0 0 

 𝜅 (W/mk) 0 13.723 -1.032x10-3 5.466x10-7 -7.876x10-11 

 𝜌 (kg/m3) 0 2370 0 0 0 

Ti-6Al-4V 𝐸 (Pa) 0 122.56x109 -4.586x10-4 0 0 

 𝜐 0 0.2884 1.121x10-4 0 0 

 𝛼 (K-1) 0 7.5788x10-6 6.638x10-4 -3.147x10-6 0 

 𝜅 (W/mk) 0 1 1.704x10-2 0 0 

 𝜌 (kg/m3) 0 4512 0 0 0 

GPLs 𝐸 (Pa) 0 1087.8x109 -0.261x109 0 0 

 𝜐 0 0.186 0 0 0 

 𝛼 (K-1) 0 13.92x10-6 -0.029x10-6 0 0 

 𝜅 (W/mk) 0 2200 6.739x10-2 -2.585x10-4 0 

 𝜌 (kg/m3) 0 1060 0 0 0 
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3.1. Validation of the Proposed Methodology 
(Önerilen Metodolojinin Doğrulanması) 

To validate the proposed technique, a comparison is 

conducted with the current literature. In the first 

verification analysis, the dimensionless natural 

frequencies of multilayer functionally graded 

GPL/polymer plates with various GPL distribution 

arrangements are examined and compared with the 

results of Song et al [38]. Epoxy is preferred as the 

polymer matrix in the study. The dimensions of the 

plate are taken as 𝑎=0.45 m, 𝑏=0.45 m and ℎ=0.045 

m, and the dimensions of the GPLs are taken as 

𝑙𝐺𝑃𝐿=2.5 𝜇𝑚, 𝑤𝐺𝑃𝐿=1.5 𝜇𝑚 and ℎ𝐺𝑃𝐿=1.5 𝑛𝑚. In 

addition, the mechanical properties of GPL and 

matrix are considered as 𝐸𝐺𝑃𝐿=1.01 TPa,  𝜌𝐺𝑃𝐿=1.06 

g/cm3, 𝜐𝐺𝑃𝐿=0.186, 𝐸𝑀=3 GPa, 𝜌𝑀=1.2 g/cm3,and 

𝜐𝑚=0.34. The obtained dimensionless natural 

frequencies are compared with reference work in 

Table 2. As shown in the table, there is a high 

similarity between the natural frequency values. In 

the second validation study, the free vibration 

response of graphene platelet reinforced composite 

plates is investigated for different GPL distributions 

under the influence of temperature and compared 

with the results of Quaderi et al. [39]. In the study, 

GPLs are assumed to be dispersed in the epoxy 

matrix. Two different GPL patterns are discussed in 

comparison. In Pattern 1, the GPLs are 

homogeneously distributed, while in Pattern 2, the 

GPL weight ratio is higher in the center of the plate 

and decreases towards the top and bottom surface. 

The plate dimensions and material properties are the 

same as in the first validation study. As shown in 

Table 3, the natural frequency results obtained from 

the presented study and the reference study are in 

good agreement with each other. 

Table 2. Comparison of dimensionless natural frequency  �̅� = 𝑤√𝜌𝑀 𝐸𝑀⁄  values for different GPL 

distributions. (Farklı GPL dağılımları için boyutsuz doğal frekans değerlerinin karşılaştırılması) 

  Pattern 1  Pattern 2  Pattern 3 

Mode (𝑚, 𝑛)  Ref.  [38] Present  Ref.  [38] Present  Ref.  [38] Present 

(1,1)  0.1216 0.1288  0.1020 0.1104  0.1378 0.1487 

(2,2)  0.4436 0.4578  0.3796 0.3935  0.4939 0.5133 

(3,3)  0.8869 0.9123  0.7755 0.7901  0.9690 0.9814 

Table 3. Validation of natural frequency values for temperature increase (Sıcaklık artışı için doğal frekans 

değerlerinin doğrulanması) 

   Pattern 1  Pattern 2 

𝑎/ℎ 𝑎/𝑏 𝛥𝑇 Ref.  [39] Present  Ref.  [39] Present 

10 1 

0 1300 1299  1145 1143 

30 1194 1191  1023 1022 

60 1078 1080  885 882 

90 948 946  721 718 

5 1 

0 2368 2367  3104 3104 

30 2313 2311  3064 3062 

60 2257 2255  3024 3025 

90 2200 2197  2984 2981 

Table 4. Comparison of the effective modulus of elasticity and coefficient of thermal conductivity of Si3N4 

plate (Si3N4 plakanın efektif elastisite modülü ve termal iletkenlik katsayısının karşılaştırılması) 

  𝑬 (Pa)  𝜿 (𝐖/𝐦𝐊) 

∆𝑇  Ref. [40] Present  Ref. [40] Present 

300  3.05x1011 3.03x1011  0.82x10-5 0.83x10-5 

400  2.97x1011 2.92x1011  0.89x10-5 0.93x10-5 

500  2.92x1011 2.90x1011  0.98x10-5 1.01x10-5 

600  2.88x1011 2.83x1011  1.09x10-5 1.18x10-5 

700  2.83x1011 2.80x1011  1.19x10-5 1.24x10-5 

800  2.79x1011 2.75x1011  1.31x10-5 1.35x10-5 
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In order to ensure the accuracy of the temperature 

dependent material properties and temperature 

equations, modulus of elasticity values and thermal 

expansion coefficients of Si3N4 plate are determined 

in the range of 𝛥𝑇 =300-800 K and the obtained 

results are compared with the analytical results of 

Koç et al. [40]. According to the data obtained from 

Table 4, it is seen that the results of the two studies 

are quite convergent. 

3.2. Effective Material Properties of the Double-

FG Plate (Çift-FD Plakanın Efektif Malzeme 

Özellikleri)  

This chapter determines the temperature-dependent 

effective material properties of the double-FG 

nanoplate, utilizing different power law indices 𝑝 

and GPL weight fractions, while comparing two 

distinct GPL distribution methods (Type-U and 

Type-X). Analytical investigations are conducted 

for four specific power law values (𝑝=0, 1, 2, and 5) 

within the temperature range of 0 K to 1000 K. In 

addition, the GPL weight ratio gradually increased 

from 0 to 0.2. The material properties of GPL-

reinforced double-FG nanoplate gradually approach 

from Si3N4 to Ti-6Al-4V with rising 𝑝. 

The variation of the effective modulus of elasticity 

with respect to temperature rise 𝛥𝑇, GPL weight 

fraction 𝑊𝐺𝑃𝐿  and GPL distribution patterns (Type-

U and Type-X) are depicted in Figure 3. The 

evaluation of Figure 3a and Figure 3c indicate that 

the modulus of elasticity of the FG plate 

significantly diminishes with rising temperature in 

both Type-U and Type-X distribution patterns. 

Furthermore, as the power law parameter increases, 

the modulus of elasticity decreases. The drop is 

attributed to the dominance of the Ti-6Al-4V 

characteristics of the plate as the power law index 

increases. The modulus of elasticity value of Si3N4 

is significantly greater than that of Ti-6Al-4V, as 

indicated in Table 1. In addition, a comparison of 

Type-X and Type-U dispersion models with same 

𝛥𝑇 and 𝑝 values reveals that the Type-X dispersion 

model yields higher modulus of elasticity values. 

When Figure 3b and Figure 3d are evaluated, 

modulus of elasticity values of the nanoplate 

increase significantly with increasing 𝑊𝐺𝑃𝐿. From 

the comparison of Type-X and Type-U concepts for 

𝑊𝐺𝑃𝐿  = 0.2, it is apparent that higher 𝐸 values are 

obtained in the Type-X. 

  

a) b) 

  

c) d) 

Figure 3. Evaluation of the effective modulus of elasticity depending on 𝛥𝑇 and 𝑊𝐺𝑃𝐿  for Type-U and 

Type-X dispersion models (Tip-U ve Tip-X dağılım modelleri için 𝛥𝑇 ve 𝑊𝐺𝑃𝐿 'ye bağlı olarak etkin elastisite modülünün 

değerlendirilmesi) 
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Figure 4 illustrates the variation of effective 

Poisson's ratio of the FG nanoplate according to 

temperature increase 𝛥𝑇, GPL weight ratio 𝑊𝐺𝑃𝐿. 

As shown in Figure 4a and Figure 4c, the effective 

Poisson's ratio of the plate increases with increasing 

temperature for 𝑝=1, 2 and 5. For 𝑝=0, the Poisson's 

ratio remains constant. This is because at 𝑝=0 the 

plate is completely composed of Si3N4. Moreover, 

when the Type-X and Type-U GPL dispersion 

models are examined for the same 𝛥𝑇 and 𝑝, it is 

observed that higher Poisson's ratio values are 

achieved in the Type-U dispersion model. As seen 

in Figure 4b and Figure 4d, increasing GPL weight 

ratio has a decreasing effect on Poisson's ratio value. 

The comparison of Type-X and Type-U distribution 

patterns for 𝑊𝐺𝑃𝐿  = 0.2 reveals that the Type-U 

dispersion model provides greater Poisson's ratio 

values. 

Figure 5 evaluates the fluctuation of the efficient 

thermal expansion parameter of double-FG 

nanoplate with increasing temperature, power law 

index and GPL weight ratio. As simulated in Figure 

5a and Figure 5c, increasing power law index and 

temperature have an increasing effect on the thermal 

expansion constant. In Type-U dispersion scheme, 

a 221.55% increase in the thermal expansion 

coefficient is observed for 𝑝=0, while a 49.42% 

increase is observed for 𝑝=5. This difference is due 

to the variation in the temperature dependent 

thermal expansion coefficients of Si3N4 and Ti-6Al-

4V matrices with the applied thermal load. 

Furthermore, as it is clearly seen from the figures, 

higher thermal expansion coefficients are achieved 

in Type-U compared to the Type-X, especially at 

higher power law index values. Figure 5b and 

Figure 5d demonstrate that the effective thermal 

expansion of the plate rises with an increasing GPL 

weight ratio at 𝑝=0 and 𝑝=1 power law parameters, 

however it remains almost constant at 𝑝=2 and 

decreases at 𝑝=5. The fluctuation is attributable to 

the GPL thermal expansion coefficient being lower 

than that of Ti-6Al-4V and higher than that of Si3N4. 

Furthermore, Figure 5d shows that the GPL 

distribution pattern has no significant effect on the 

effective coefficient of thermal expansion except 

for the case where the plate has an all-ceramic 

matrix (𝑝=0). 

  

a) b) 

  

c) d) 

Figure 4. Evaluation of the effective Poisson’s ratio depending on 𝛥𝑇 and 𝑊𝐺𝑃𝐿 for Type-U and Type-X 

dispersion models (Tip-U ve Tip-X dağılım modelleri için 𝛥𝑇 ve 𝑊𝐺𝑃𝐿 'ye bağlı olarak etkin Poisson oranının 

değerlendirilmesi) 
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Figure 6 presents the variation of the effective 

thermal conductivity coefficient of the proposed 

double-FG nanoplate with respect to parameters 𝛥𝑇, 

𝑝 and 𝑊𝐺𝑃𝐿. As presented in Figure 6a and Figure 

6c, the effective thermal conductivity coefficient of 

the plate decreases with increasing temperature. 

Considering the plate components Si3N4, Ti-6Al-4V 

and GPL separately and analyzing the thermal 

conductivity coefficients from Table 1 and Eq. (19), 

it is seen that the thermal conductivity coefficients 

of Si3N4 and GPL tend to decrease while the thermal 

conductivity coefficient of Ti-6Al-4V tends to 

increase. However, due to the superior thermal 

conductivity properties of GPL compared to other 

components, it is clearly seen that the FG plate 

shows a similar trend to the GPL behavior for 

thermal conductivity. Moreover, as depicted, the 

thermal conductivity coefficient of the double-FG 

nanostructure rises with increasing power law 

index. As given in Table 1, the initial Si3N4 thermal 

conductivity coefficient is higher than that of Ti-

6Al-4V. However, despite this, lower values are 

obtained at 𝑝=0 than at 𝑝=5 because the density of 

Ti-6Al-4V is almost twice that of the ceramic 

matrix, which results in a higher 𝑉𝐺𝑃𝐿 value. As 

illustrated in Figure 6b and Figure 6d, the effective 

thermal conductivity coefficient of the FG plate 

increases significantly with increasing 𝑊𝐺𝑃𝐿.When 

𝑊𝐺𝑃𝐿 =0 and 𝑊𝐺𝑃𝐿=0.2 values are compared at 

power law parameter 𝑝=5, it is found that the 

thermal conductivity value of the plate increases 

from approximately 6.78 W/mK to 1079.8 W/mK. 

It is also found from the figures that with increasing 

temperature, the thermal conductivity coefficient 

decreases more in the Type-X than in the Type-U 

due to the percentage of GPL on the upper and lower 

surfaces of the plate, and similarly, with increasing 

𝑊𝐺𝑃𝐿, the thermal conductivity coefficient 

increases more in the Type-X model. 

To make the findings more versatile for different 

applications, the effect of high temperature and GPL 

ratio on the effective modulus of elasticity is 

presented in Figure 7. As shown in the figure, while 

there is a linear decrease until approximately 𝛥𝑇 

=1000 K, it shows nonlinear behavior after this 

value. Also, for lower values of 𝑊𝐺𝑃𝐿, the 

difference between 𝑝=0 and 𝑝=5 curves are quite 

large, while for high values of 𝑊𝐺𝑃𝐿 this difference 

decreases significantly.

  

a) b) 

  

c) d) 

Figure 5. Evaluation of the thermal expansion coefficient depending on 𝛥𝑇 and 𝑊𝐺𝑃𝐿 for Type-U and 

Type-X dispersion models (Tip-U ve Tip-X dağılım modelleri için termal genleşme katsayısının değerlendirilmesi) 
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a) b) 

  

c) d) 

Figure 6. Evaluation of the thermal conductivity coefficient depending on 𝛥𝑇 and 𝑊𝐺𝑃𝐿 for Type-U and 

Type-X dispersion models (Tip-U ve Tip-X dağılım modelleri için termal iletkenlik katsayısının değerlendirilmesi) 

  

a) b) 

Figure 7. Variation of effective modulus of elasticity for extreme 𝛥𝑇 and 𝑊𝐺𝑃𝐿 (𝛥𝑇 ve 𝑊𝐺𝑃𝐿 nin ekstrem değerleri 

için efektif elastisite modülünün değişimi) 

A sensitivity analysis is carried out to examine how 

small changes in the 𝛥𝑇, 𝑝 and 𝑊𝐺𝑃𝐿 parameters 

would impact the results. In the analysis, each 

parameter is increased by 10 % of the initial value 

for each step, finally reaching 50% above the initial 

value. As shown in Table 5, sensitivity analysis is 

carried out for 𝐸 for mechanical properties and 𝛼 for 

thermal properties. When the changes of the 

modulus of elasticity obtained for small changes in 

all three parameters are analyzed, it is seen that in 

the specified range, the lowest effect is 𝛥𝑇 with 0.1 

%, while the highest effect is 𝑊𝐺𝑃𝐿with 20.47 %. 

Similarly, when the coefficient of thermal 

expansion is analyzed, the lowest effect is at 𝛥𝑇 

with 0.44 %, while the highest effect is at 𝑊𝐺𝑃𝐿 with 

4.13 % 
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Table 5. Sensitivity analysis for small variations in fundamental parameters (Temel parametrelerdeki küçük 

değişimler için duyarlılık analizi) 

  Parameters 

  𝛥𝑇=10 𝛥𝑇=11 𝛥𝑇=12 𝛥𝑇=13 𝛥𝑇=14 𝛥𝑇=15 

𝐸 (GPa)  239.362 239.313 239.265 239.217 239.168 239.120 

  𝑊𝐺𝑃𝐿=0.1 𝑊𝐺𝑃𝐿=0.11 𝑊𝐺𝑃𝐿=0.12 𝑊𝐺𝑃𝐿=0.13 𝑊𝐺𝑃𝐿=0.14 𝑊𝐺𝑃𝐿=0.15 

𝐸 (GPa)  239.362 249.364 259.264 269.064 278.765 288.369 

  𝑝=1 𝑝=1.1 𝑝=1.2 𝑝=1.3 𝑝=1.4 𝑝=1.5 

𝐸 (GPa)  239.362 236.685 234.190 231.859 229.675 227.627 

  𝛥𝑇=10 𝛥𝑇=11 𝛥𝑇=12 𝛥𝑇=13 𝛥𝑇=14 𝛥𝑇=15 

𝛼 (K−1)(10−6)  10.654 10.664 10.673 10.682 10.691 10.701 

  𝑊𝐺𝑃𝐿=0.1 𝑊𝐺𝑃𝐿=0.11 𝑊𝐺𝑃𝐿=0.12 𝑊𝐺𝑃𝐿=0.13 𝑊𝐺𝑃𝐿=0.14 𝑊𝐺𝑃𝐿=0.15 

𝛼 (K−1)(10−6)  10.654 10.749 10.840 10.927 11.012 11.094 

  𝑝=1 𝑝=1.1 𝑝=1.2 𝑝=1.3 𝑝=1.4 𝑝=1.5 

𝛼 (K−1)(10−6)  10.654 10.735 10.808 10.874 10.934 10.990 

4.CONCLUSIONS (SONUÇLAR) 

In this research, the variation of effective 

mechanical and thermal material characteristics of 

double-FG GPLs-reinforced nanoplates with 

respect to temperature rise, GPL weight ratio and 

GPL dispersion patterns has been evaluated. 

According to the detailed parametric analysis, some 

important findings have been obtained. When the 

effects of temperature increase, GPLs weight ratio 

and GPLs dispersion patterns on the effective 

modulus of elasticity are examined, it is found that 

both temperature increase and increasing power law 

parameter significantly decrease the effective 

modulus of elasticity values. Additionally, it is 

discovered that the Young’s modulus rise 

noticeably with rising GPL fraction and higher 𝐸 

values are obtained in the Type-X dispersion model. 

Examining the effective Poisson's ratio variation 

curves, it is concluded that the Poisson's ratio 

increases significantly with increasing temperature 

and power law parameter and decreases as GPL 

fraction rises. In addition, the Type-U dispersion 

model provides higher Poisson's ratio. The 

coefficient of thermal expansion of the proposed 

double-FG plate increases with 𝛥𝑇 and 𝑝 in both 

Type-U and Type-X dispersion models. The effect 

of increasing GPL weight ratio on the thermal 

expansion coefficient tends to increase or decrease 

according to the power law index. Moreover, higher 

values of the thermal expansion coefficient are 

observed in the Type-U dispersion model. In the 

variation of the thermal conductivity coefficient, it 

is observed that the FG-plate shows more complex 

behavior. It is determined that the thermal 

conductivity coefficient of Si3N4, Ti-6Al-4V and 

GPL show different trends with increasing 

temperature, but the effective thermal conductivity 

coefficient of the plate tends to decrease due to the 

dominant thermal conductivity coefficient of GPL. 

Moreover, increasing power law index and GPL 

weight ratio increases the effective thermal 

conductivity coefficient of the plate. In addition, 

according to the sensitivity analysis performed with 

small changes in the determined parameters, 𝑊𝐺𝑃𝐿 

has the highest effect on the change in the modulus 

of elasticity, while 𝛥𝑇 has the least effect. Similarly, 

in the analysis for the coefficient of thermal 

expansion, it was determined that 𝑊𝐺𝑃𝐿 has the 

highest effect and 𝛥𝑇 has the least effect. With this 

research, important results have been obtained on 

the determination of thermal and mechanical 

properties of double-FG GPL-reinforced 

nanoplates. These results are expected to contribute 

to the gap in the literature. 
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