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1. INTRODUCTION

The creation of carbon nanotubes (CNTs) by Iijima in 1991 represented a groundbreaking advancement in
materials science, owing to their outstanding mechanical, thermal, and electrical properties. These nanomaterials
are lauded for their high tensile strength, low density, and superior thermal and electrical conductivity, making
them essential in the development of advanced composite materials. The addition of CNTs into polymer and metal
matrices has significantly elevated stiffness, strength, and thermal stability, enabling their application in aerospace,
automotive, and structural engineering. Functionally Graded Carbon Nanotube Reinforced Composites (FG-
CNTRCs) have emerged as a distinct class of functionally graded materials (FGMs), defined by compositions that
change spatially to boost performance. FG-CNTRCs employ non-uniform CNT placements to achieve tailored
mechanical responses, such as improved bending strength and vibrational resilience. These advanced composites

possess substantial potential in designing lightweight yet strong structures for challenging thermal and mechanical
conditions.

The distribution pattern of CNTs is one of the most crucial factors affecting the mechanical properties of FG-
CNTRC plates. Shen (2009) was the pioneer in exploring nonlinear bending in thermal settings, introducing the
concept of functionally graded CNT distributions. Chiker et al. (2020) demonstrated that nonlinear distribution
types, such as X-type, significantly enhance vibrational stability and bending stiffness. Similarly, Lazar et al. (2023)
emphasized the significance of exponential CNT distribution laws in achieving improved vibrational frequencies,
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exceeding those of linear and power-law configurations. Mao and Zhang (2018) studied the linear and nonlinear

vibration behaviors of graphene-reinforced plates, highlighting the mechanical advantages of tailored CNT

distributions. Maoudj et al. (2023) extended this research to cracked FG-CNTRC plates, showing that X-type
distributions provide greater resistance to vibrational degradation.The incorporation of CNTs into polymer
composites also enhances thermal conductivities. Studies by Jiang et al. (2009) and Zhu, Pan, and Roy (2007)
established a foundation for understanding the stress-strain and thermal behaviors of CNT-reinforced composites.
These findings underscored the importance of distribution strategies in enhancing mechanical and thermal

performance. FG-CNTRC plates are particularly sensitive to temperature changes, which can significantly influence

their mechanical behavior. Wang et al. (2018) analyzed thermal vibration and bending in FG-CNTRC shells,
emphasizing how thermal gradients can impact structural stability. Uymaz and Uymaz (2023) performed 3D

thermal vibration analyses and identified the ways that temperature distributions affect natural frequencies. Mehar

et al. (2015) explored the effects of thermal gradients on bending stiffness, revealing that increased temperatures

decrease stiffness while raising vibrational frequencies. The impact of mechanical loads combined with temperature

variations was investigated by Foroutan et al. (2021), who identified the optimal CNTRC distribution for improved
buckling resistance and free vibration response under joint loads. Hygrothermal vibration analysis conducted by
Zaitoun et al. (2023) demonstrated intensified stress responses in FG-CNTRCs in response to changing
environmental conditions. Research by Dey and Bandyopadhyay (2023) and Kiani (2016) examined the free
vibration characteristics of porous and spherical FG-CNT composites, respectively. These studies highlighted the
need for incorporating both thermal and mechanical factors into material design. Sobhy and Al Mukahal (2023)

expanded these studies to FG-CNTRC sandwich plates under magnetic control, demonstrating enhanced stability in
dynamic scenarios. Boundary conditions are vital for determining the mechanical response of FG-CNTRC plates.
Ansari et al. (2020) and Quoc et al. (2019) analyzed buckling and vibrational behaviors under varying conditions,
showing that clamped edges provide more resistance compared to simply supported boundaries. Rout and Hota
(2023) and Kallannavar et al. (2022) studied the impacts of moisture and temperature on laminated plates,
revealing significant effects on stability and stiffness. Bowles and Tompkins (1989) contributed early foundational
insights into the thermal expansion coefficients of CNT composites, which remain critical for understanding
boundary condition responses. Aspect ratios, including length-to-width and width-to-thickness ratios, are also
essential design considerations. Lazar et al. (2023) and Mehar et al. (2015) noted that changing aspect ratios can

optimize stiffness and bending characteristics, aiding in the creation of lightweight yet strong structures. Advanced
numerical and analytical methods have been developed for analyzing FG-CNTRC plates. Liu et al. (2020) employed
isogeometric analysis to achieve high accuracy in evaluating bending and vibration. In addition, Guo et al. (2021)
and Guo et al. (2019) utilized deep learning-based energy techniques for bending and buckling, showcasing the

effectiveness of advanced computational approaches. Meshfree methods, as used by Shams et al. (2015), provide a
versatile strategy for examining large deformations in FG-CNTRCs. Early research by Di Sciuva and Sorrenti (2019)
offered crucial insights into the mechanical properties of CNT-polymer composites and vibration behavior through
refined zigzag theories. Chalak et al. (2021) further studied hygrothermal effects in FG beams using refined zigzag

theories, revealing that moisture and temperature significantly impact vibrational stability. Van Do and Lee (2022)
investigated the nonlinear bending behavior of CNT-reinforced composite plates under thermal and combined
thermal-mechanical loading. Using an isogeometric analysis framework along with Quasi-3D shear deformable

plate theory, they demonstrated the influence of CNT volume fractions, distribution patterns, and boundary
conditions on bending performance. Their findings provide valuable insights into thermo-mechanical coupling
effects and establish benchmark solutions for advanced nanocomposite materials.

Despite extensive research, significant gaps remain in the bending analysis of FG-CNTRC plates subjected to non-
uniform CNT distributions. To remedy this shortcoming, this study introduces the first thorough bending analysis
of both linear and non-linear functionally graded carbon nanotube-reinforced composite (CNT-RC) plates by
incorporating the effects of temperature-dependent material characteristics. Utilizing first-order shear deformation
theory (FSDT), the governing equations are formulated and solved using the finite element method to assess the
central deflection of the nanocomposite plates. The analysis carefully investigates the influences of plate geometry
(Iength- towidth and width- tothickness ratios), CNT volume fraction, boundary conditions, along with both linear
and nonlinear CNT distributions on the central deflection of functionally graded CNT-RC plates. This research
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provides valuable insights for the design and optimization of functionally graded CNT-RC materials across various
engineering applications.

2. MODELING APPROACH
2.1. Constituent Properties of the CNT-Reinforced Composite Plate

Attention is directed toward a composite plate enhanced with carbon nanotubes (CNTs), where an isotropic
polymer matrix is reinforced by nanoscale CNT fillers. Figure 1 illustrates the plate, characterized by a length
denoted as a, a width represented by b, and a thickness expressed as h, all defined within a rectangular coordinate
framework(x, y, z) . It is segmented into NL layers, all possessing equal thickness. The volume fraction of CNTs
in every layer can  either be  uniform  or change gradually throughout the  thickness direction, adhering
to three separates functionally graded (FG) distribution patterns, as detailed by Chiker et al. (2020).

UuD: Vi =V (1a)
Pin
(k) . | 2k - NL _1 | *
FG-X: Vi = (1+ Pin) — v Ver (1b)

L

Pin
. 2k—N, -1 .
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L

The parameter is the power-law index that controls both linear (Pin = 1) and nonlinear (Pin # 1) distributions. The
volume fraction of carbon nanotubes (CNTSs) can be represented as follows:

CNT
% w

CNT = (L= WY T [ o)+

(2)

w ¢NT indicates the weight fraction of carbon nanotubes (CNTs), whereas #NT and p" refer, respectively, to the
density values associated with the carbon nanotube phase and the host matrix material.

The relationship between the matrix volume fraction l{flk)and the CNT volume proportion I{f’l\?Tis as follows:

VR +V0 =1 (3)

CNT

up FG-X FGO FG-A

Figure 1. Structure and CNT dispersion profiles within the composite plate.
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Employing the mixture rule, the elastic modulus of the nanocomposite plates along the longitudinal and transverse
axes, as well as the shear modulus in the longitudinal plane, are determined as outlined below, per references Duc
2017; Golmakani, Rahimi, and Sadeghian 2021; Z. Wang and Shen 2012; Zhang, Song, and Liew 2015:

EY =n VO EN +VOE" (42)

1" CNT 1

(k) (k)
7, Vv Vi

= + (4¢)
Gy GG ‘
Vi) =Veurviy + V0V (4d)
(k) _* CNT , y,(k) m
0 Venr? VP (4e)

The characterization of the materials includes essential mechanical and physical properties. For carbon nanotubes
(CNTs), the parameters involve stiffness along different directions (E,;, E..), shear stiffness parameter (G,.),

Poisson's ratio (v,,), and volumetric density (¢°N7).Likewise, the matrix material is defined by its elastic modulus
(E), shear stiffness parameter (G,,), Poisson’s ratio (v,), and volumetric density (p,,).The quantities n,(where i=1,

2, 3) representing the effectiveness of carbon nanotube reinforcement, are provided in Table 1, as originally
published by Zhu et al. (2012).

Table 1:CNT Efficiency parameter values.
Venr UE 13 3
0.11 0.149 0.934 0.934
0.14 0.150 0.941 0.941
0.17 0.149 1.381 1.381

The thermally sensitive characteristics of the designated single-walled carbon nanotube with chirality index (10,10),
as detailed in Table 2, are directly sourced from the article by Zhu et al. (2012).

Table 2:Thermo-mechanical characteristics of a single-walled carbon nanotube with chirality
(10,10), defined by an effective wall thickness of 0.067 nm, an outer radius of 0.68 nm, a length of

9.26 nm, considering temperature variation.

Temperature EENT(TPa) ESNT(TPa) GEYT (TPa) o§IT oSN T
(K)
300 5.6466 7.0800 1.9445 3.4584 5.1682
500 5.5308 6.9348 1.9643 4.5361 5.0189
700 5.4744 0.8641 1.9644 4.6677 4.8943

2.2.Core equations of the model
The formulation originates from first-order shear deformation theory (FSDT), and as articulated by Reddy (2004),
the kinematic behavior of the CNTRC panel is expressed through the following relations:

u(x,y,2) =uy(x,y)+z0,(x,y)

V(s ¥, 2) = vy (6, y)+ 20,(x, y) (5)

w(x,y,z)=wy(x,y)
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The functionsy, (x,y), v,(x,y), and w, (x, y)represent the displacements of the central surface of the plate in the x,
y, and z directions, respectively. Moreover, the rotations of the normal to the mid-surface about the x- and y-axes

are denoted by6, (x,y)and 6, (x,y).
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The following expressions describe the linear elastic relationship that links stress to strain within the material.
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The relationships (constitutive equations) connecting the internal forces (N, N,,N,,) within the plane, shear
stresses (Q,,Q, ), and moment distributions (M, M, M,,,) are linked to their corresponding strain responses are

expressedas follows:
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N
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The plate's stiffness elements are defined as:
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By combining the equations (9-11), we obtained:

N|] [A B 0]¢g
M:;=\B D 0|« 9)

o) 10 0 FJl7y

2.3. Finite element method

A nine-node quadrilateral element, constructed via isoparametric mapping, is employed to represent the spatial
variation of displacements across the domain. Eachnode possesses five independent degrees of freedom: three
displacements along the directional path of the x,y, and z axes, represented as u, v, and w,and two rotational
components around the x and y axes, represented by @ and 6,. The displacement formulation can be expressed
mathematically as follows:

U, N, 0 0 0 O |[uy
1) 0O N O 0 O0]]w
wt=30 0 N 0 0 |lw, )
o] "o o o N 0]
6 (o o o o n]|6]

N signifies the shape functions used for interpolation.

The equation (15) can be expressed in a more condensed manner, as shown:
{o} =[NV]{s.} (16)

The functional connection between elementary deformation and positional change is characterized by:

£, [ON.Jox 0 0 0 0
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Equation 17 is transformed into a compact matrix notation, given by:

(e} = B {z.) 09

Copyright © 2024 by Author/s and Licensed by JISEM. This is an open access article distributed under the Creative Commons Attribution License 163
which permitsunrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.




Journal of Information Systems Engineering and Management

2025, 10(1)
e-ISSN: 2468-4376
https://www.jisem-journal.com/ Research Article

Employing Hamilton's variational approach, the governing finite element equilibrium equation for bending
behavior is established as:

[K ] {5 } =F (19)
Within the given equation, [ K] denotes the assembled stiffness matrix.

The mathematical representation of the elementary stiffness matrices [K.] is provided as:

K] :H[B]T [C]| B] dxdy (20)

Matrice [C] represent, the elasticity of the material, and are formulated as:

A B 0
[C]=|B D O (21)
0 0 F

3. NUMERICAL FINDINGS AND INTERPRETATION
3.1. Comparison studies:

To establish the credibility of the mathematical models, a benchmarking analysis was performed. This involved a

direct comparison of the computational outcomes for CNT-reinforced composites (CNT-RC) with established data
from existing scholarly publications. The comparison study investigated SSSS CNT-RC plates, focusing on varied
width- tethickness proportions and distinct CNT distribution (FG-O, FG-V, UD, FG-X). Table 3 captures the
changes in elastic characteristics of CNT-RC structures. Table 4 showcases the defining material properties of the

PmPV matrix, formally known as poly(m-phenylenevinylene)-co-(2.5-dioctoxy-p-phenylene).Table 5 presents the

efficiency parameters for varying values of V. The comparison is performed specifically for a fixed CNT volume

fraction maintained at 0.11.

Table 3:Elastic properties of the CNT reinforced composite (CNT-RC).

BT 't Gi3" " azy
5.6466 TPa 7.0800 TPa 1.9445TPa | 3.4584 (10°°/K) | 5.1682 (107°/K)

Table 4:PmPV Matrix material properties.

Property Value Units

Density, p™ 1150 Kg/ms

Poisson's Ratio, v™ 0.34 1

Young's Modulus, E™ 2.1 GPa

Table 5:Efficiency parameters for varying 17y, Values.

Venr M1 Up; UE!
0.11 0.149 0.934 0.934
0.14 0.150 0.941 0.941
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0.17 0.149 1.381 1.381

A comparative analysis of the dimensionless midpoint displacement (® = —w/h) of CNT-RC plates with simply
supported edges (SSSS), subjected to a uniformly applied load (q, = —1.0 X 107>N/m?). was conducted in relation
to the outcomes provided by Zhu et al. (2012), which are outlined in Table 6. A constant temperature of 300K
(room temperature) was maintained during the numerical analyses. The observed concordance highlights the
reliability of the outcomes obtained in the present study for CNT-RC plates that incorporate a functionally graded
nanoscale reinforcement scheme.

Table 6:Comparison of Non-dimensional midpoint displacement
for simply supported CNT-reinforced composite plates under
uniform load with Zhu et al. (2012).

a/b=1
b/h=10 b/h=50

Distribution| Present Ref. Zhu et | Present Ref.

VeNT patterns al. (2012). Zhu et
al.

(2012).

UD 0.3736%10- | 0.3739%X10 1.157 1.155

02 02

FG-V 0.4456x10 | 0.4466x10- | 1.651 1.653

02 02

0.11

FG-O 0.5105x10° | 0.5230x10" | 2.139 2.157

02 02

FG-X 0.3179%10 | 0.3177%x10° | 0.7890 | 0.7900

02 02

3.2. Parametric studies:

This section explores how various factors—such as the proportion between the plate’s length and width, the
proportion between its width and thickness, the manner in which its edges are supported, the CNT volume fraction,
and both linear and nonlinear CNT distributions —affect the natural vibration response of composite plates
strengthened with carbon nanotubes.The modeled nanocomposite plates, exhibiting a functionally graded
structure, consist of a poly(m-phenylenevinylene)-co-[(2,5-dioctoxy-p-phenylene) vinylene] (PmPV) base matrix,
reinforced with armchair-structured single-walled carbon nanotubes of the (10, 10) type. The mechanical response
under elastic deformation of these CNTs has been listed in Table 7. The temperature sensitivity of the PmPV matrix
properties is taken into account, with the relevant data listed in Table 8.

Table 7:Material parameters of the (10,10) single-walled carbon nanotube (SWCNT), including
length (L = 9.26 nm), radius (R = 0.68 nm), wall thickness (h = 0.067 nm), and effective volume

fraction (iyr = 0.175), based on Zhu et al. (2012).

Temperature (K) | E5)T(TPa) | EZ''(TPa) | GfY'(TPa) | aff"(07°/K) | af}"(107%/K)
300 5.6466 7.0800 1.9445 3.4584 5.1682
500 5.5308 6.9348 1.9643 4.5361 5.0189
700 5.4744 0.8641 1.9644 4.6677 4.8943
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Table 8: Temperature-Dependent
PmPV Matrix Material Properties.
Property | Value Units
ym 0.34 1
pm 1150 Kg/ms
E™ (3.51-0.0047xT) | GPa

The numerical analysis investigates the behavior of plates with four distinct carbon nanotube (CNT) reinforcement
configurations (UD, FG-V, FG-O, and FG-X) across different edge fixation types(CCCC, SSSS, CCSS, CSCS, CSSS,
CCCS). The corresponding CNT volume fractions and their impact on performance metrics are detailed in Table 5.
To accurately represent the gradual change in CNT concentration throughout the plate's thickness, a 20-layer
discretization (N = 20) is employed. The study examines the effects of varying proportions between width and
thickness (b/h = 10, 20, 50) and aspect ratios (a/b = 1, 1.5, 2) on the dimensionless central deflection, which is
determined using the following

mathematical expression: @ = w/h. All simulations are conducted across various thermal environments,
specifically at 300K, 500K, and 700K.

Table 9 presents the non-dimensional central deflection of simply-supported CNT-reinforced composite (CNT-RC)
plates subjected to a uniform distributed loading, with a constant width-to-thickness ratio of a/b=1 and a CNT
volume fraction of 0.11. As the width-to-thickness ratio increases, the non-dimensional central deflection of the
plates also increases, indicating a decrease in the overall stiffness of the plates as their width becomes more
significant relative to their thickness. Table 9 also reveals the significant influence of CNT distribution patterns on
the deflection behavior. Among the different distribution patterns considered, the FG-O pattern yields the highest
non-dimensional central deflection, while the FG-X pattern leads to the lowest. This suggests that the distribution
of CNTs has a critical effect on the stiffness of the nanocomposite plates. Specifically, the FG-X pattern, where
CNTs are more concentrated at the top and bottom surfaces of the plate, results in a stiffer plate, reducing the
central deflection. Furthermore, the effect of power law index variations is examined in the data. As the power law
index increases from 0 to 1.8, the non-dimensional central deflection increases for the FG-O and FG-V patterns.
However, the FG-X pattern exhibits a decrease in deflection as the index increases, while the UD pattern shows no
variation in central deflection across different power law indexes. This behavior is explained by the different CNT
distributions: in the FG-O pattern, CNTs are concentrated in the middle of the plate, leading to increased deflection
as the index rises. For FG-V, CNTs are concentrated at the upper surface, and the increase in the power law index
causes an increase in deflection. In contrast, for the FG-X pattern, where CNTs are concentrated at both the top and
bottom surfaces, higher power law indexes result in stiffer plates with reduced deflection.

These findings underline the crucial role of both CNT distribution and power law index in tuning the mechanical
properties of CNT-RC plates, offering insights into the optimal design for enhanced stiffness.

Table 9: Non-dimensional central deflectioniw = —w/h of simply-supported CNT-RC plates subjected!
to a uniform distributed loadinggq, = —1.0 X 10"°N/m?, under the effects of different width-to-
thickness ratios, CNT distribution patterns, and power law indexes. With fixed a/b=1, SSSS, ¥yt =
0.11and T=300k.

Pin
b/h | Distribution 0 0.4 0.8 1 1.4 1.8
Patterns
UD 0.3736%10 | 0.3736%x10° | 0.3736%10~ | 0.3736%x10° | 0.3736x10° | 0.3736%x10"
02 02 02 02 02 02
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10 FG-V 0.3736x10 | 0.3979%10° | 0.4290%10° | 0.4456x10 | 0.4801x10" | 0.5153%10"
02 02 02 02 02 02
FG-O 0.3736%10 | 0.4265%10 | 0.4875%10- | 0.5195%10 | 0.5850%10 | 0.6513%10-
02 02 02 02 02 02
FG-X 0.3736%x10 | 0.3423%10° | 0.3243%10" | 0.3179%x10 | 0.3080%x10 | 0.3007%10"
02 02 02 02 02 02
UD 0.3631x10° | 0.3631x10° | 0.3631x10° | 0.3631x10 | 0.3631x10" | 0.3631%x10"
01 01 01 01 01 01
20
FG-V 0.3631x10° | 0.4046%10" | 0.4583%x10" | 0.4873%10 | 0.5474%x10 | 0.6090x10°
01 01 o1 01 01 01
FG-O 0.3631x10° | 0.4527x10° | 0.5563%10" | 0.6107x10 | 0.7222x10" | 0.8353%10"
01 01 01 01 01 o1
FG-X 0.3631x10° | 0.3110x10° | 0.2814x10- | 0.2710%x10" | 0.2552X10" | 0.2439%10"
01 01 o1 01 01 01
UD 1.157 1.157 1.157 1.157 1.157 1.157
50 FG-V 1.157 1.321 1.535 1.651 1.891 2.138
FG-O 1.157 1.512 1.923 2.139 2.583 3.032
FG-X 1.157 1.087 1.027 1.007 0.977 0.956
Table 10 presents the non-dimensional central deflection of simply-supported CNT-RC plates subjected to a

uniform distributed loading, considering the effects of aspect ratio, CNT distribution patterns, and power law
indexes. With a fixed aspect ratio b/h=10 and CNT volume fraction ¥, = 0.11, the results show that as the aspect
ratio increases from 1 to 2, the non-dimensional central deflection increases for all power law indexes and CNT
distribution patterns, indicating a reduction in stiffness as the aspect ratio becomes larger. Among the various CNT
distribution patterns, the FG-O pattern yields the highest non-dimensional central deflection, while the FG-X
pattern produces the lowest deflection, suggesting that the FG-X pattern, where CNTs are concentrated at the top
and bottom surfaces, results in a stiffer nanocomposite plate. The effect of varying the power law index from o to
1.8 shows that for the FG-O and FG-V patterns, the non-dimensional central deflection increases as the index
increases, while for the FG-X pattern, the deflection decreases, and the UD pattern shows no variation. This is due
to the same reason mentioned in the above paragraph.

Table 10: non-dimensional central deflection w = —w/h of simply-supported CNT-RC plates
subjected to a uniform distributed loadingg = —1.0 X 10-5N/m?, under the effects of different
aspect ratios, CNT distribution patterns, and power law indexes. With fixed b/h=10, SSSS,
Vent = 0.11 and T=300k.
Pin
a/ | Distributi o) 0.4 0.8 1 1.4 1.8
b on
Patterns
1 UD 0.3736%x10° | 0.3736x1 | 0.3736x10 | 0.3736%10 | 0.3736%10 | 0.3736%10
02 0-02 -02 -02 -02 -02
FG-V 0.3736x10° | 0.3979%1 | 0.4290x1 | 0.4456%10 | 0.4801x1 | 0.5153%10
02 0—02 0—02 -02 0—02 -02
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FG-O 0.3736x10° | 0.4265x1 | 0.4875%10 | 0.5195%10 | 0.5850%x1 | 0.6513%x10
02 0—02 -02 -02 0—02 -02
FG-X 0.3736%10 | 0.3423x1 | 0.3243%x1 | 0.3179x10- | 0.3080%x1 | 0.3007x1
02 0-02 0-02 02 0-02 Q-02
UD 0.1199x10 | 0.1199%x10 | 0.1199x10 | 0.1199%x10" | 0.1199%10 | 0.1199x10
01 -01 -01 01 -01 -01
FG-V 0.1199x10 | 0.1289x1 | 0.1397x10 | 0.1452%10 | 0.1558x10 | 0.1659%10
01 0-01 -01 -01 -01 -01
FG-O 0.11909x10 | 0.1397%x10 | 0.1609x10 | 0.1713x10" | 0.1914%x10 | 0.2100x1
01 -01 -01 o1 -01 0—01
FG-X 0.1199x10 | 0.1076%x10 | 0.1003%10 | 0.9767x10 | 0.9359x1 | 0.9057%1
01 -01 -01 -02 0-02 0-02
UD 0.2537x10° | 0.2537x1 | 0.2537x10 | 0.2537%x10 | 0.2537x10 | 0.2537x10
01 0—01 -01 -01 -01 -01
FG-V 0.2537x10° | 0.2703x1 | 0.2883x1 | 0.2067%x10 | 0.3116x10 | 0.3242x1
01 0-01 O-Ol -01 -01 0-01
FG-O 0.2537x10- | 0.2009x1 | 0.3270x1 | 0.3435x10 | 0.3727x10 | 0.3969x1
o1 0-01 0-01 -01 -01 0-01
FG-X 0.2537x10° | 0.2286x1 | 0.2131%x10" | 0.2073x10 | 0.1982%x10 | 0.1913%x10
01 0-01 01 -01 -01 -01

Table 11 presents the non-dimensional central deflection of simply-supported CNT-RC plates subjected to uniform
distributed loading, considering the effects of CNT volume fraction, CNT distribution patterns, and power law
indexes. With a/b=1 and b/h=10, as the CNT volume fraction increases from 0.11 to 0.17, the non-dimensional
central deflection decreases for all CNT distribution patterns and power law indexes, indicating that a higher
volume fraction of CNTs enhances the stiffness of the nanocomposite plates. Among the different CNT distribution
patterns, the FG-O pattern results in the highest non-dimensional central deflection, while the FG-X pattern yields
the lowest deflection, suggesting that a more concentrated CNT distribution at the top and bottom surfaces (as in
the FG-X pattern) produces a stiffer plate. The effect of varying the power law index from 0 to 1.8 shows that the
non-dimensional central deflection increases for the FG-O and FG-V patterns, decreases for the FG-X pattern, and
remains unchanged for the UD pattern. As previously explained, this behavior is explained by the differing CNT
distributions: in the FG-O pattern, CNTs are concentrated in the middle of the plate, while in FG-V, CNTs are
concentrated at the upper surface, and in UD, the CNT volume fraction remains constant across the thickness of the
plate.

Table 11: non-dimensional central deflection @ = —w/h of simply-supported CNT-RC plates subjected:
to a uniform distributed loading ¢ = —1.0 X 10"°N/m? under the effects of different CNT volume
fractions, CNT distribution patterns, and power law indexes. With fixed a/b=1, b/h=10, SSSS and
T=300k.
Pin
Vinr | Distribution 0 0.4 0.8 1 1.4 1.8
Patterns
UD 0.3736%10" | 0.3736%10" | 0.3736x10- | 0.3736%10" | 0.3736%10" | 0.3736%10"
02 02 02 02 02 02

0.11

FG-V 0.3736x10° | 0.3979%x10" | 0.4290%x10° | 0.4456%x10° | 0.4801%x10° | 0.5153%x10"
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02 02 02 02 02 02
FG-O 0.3736%10 | 0.4265%10- | 0.4875%10- | 0.5195%10- [ 0.5850x10" | 0.6513%10-
02 02 02 02 02 02
FG-X 0.3736%10° | 0.3423%10" | 0.3243%10" | 0.3179%x10"- | 0.3080%10 | 0.3007%10"
02 02 02 02 02 02
UD 0.3205%x10" | 0.3295x10" | 0.3295%10" | 0.3295x10" | 0.3295%10" | 0.3295%10"
02 02 02 02 02 02
0.14
FG-V 0.3295%10 | 0.3490%10" | 0.3741x10" | 0.3876%x10" | 0.4159%10™ | 0.4449%10°
02 02 02 02 02 02
FG-O 0.3295X10 | 0.3722X10" | 0.4220x10° | 0.4483x10" | 0.5028x%x10" | 0.5589x%10"
02 02 02 02 02 02
FG-X 0.3205x10 | 0.3041x10- | 0.2893%x10" | 0.2840%10 | 0.2755%10" | 0.2691x10"
02 02 02 02 02 02
UD 0.2393%x10° | 0.2393x10" | 0.2393x%10" | 0.2393%x10" | 0.2393x10" | 0.2393x10"
02 02 02 02 02 02
0.17
FG-V 0.2393%x10 | 0.2550%10- | 0.2751x10- | 0.2859%x10- | 0.3080%10 | 0.3305%10-
02 02 02 02 02 02
FG-O 0.2393x10 | 0.2740%10" | 0.3142x10" | 0.3353%x10" | 0.3788x10" | 0.4229x10"
02 02 02 02 02 02
FG-X 0.2393x10 | 0.2183%10" | 0.2060%x10 | 0.2015%X10" | 0.1942x10 | 0.1886x10"
02 02 02 02 02 02

Table 12 examines the non-dimensional central deflection of CNT-RC plates subjected to uniform distributed
loading, considering various boundary condition combinations, CNT distribution patterns, and power law indexes.
To improve clarity, a four-letter notation is used to specify the boundary conditions at each edge of the plate. For
example, FSSC indicates that the plate is free (F) at the x= 0 edge, simply supported (S) at the y = 0 edge, simply
supported (S) at the x = aedge, and clamped (C) at the y = b edge. With a/ b=1, b/h = 10, and }},;, = 0.11, the
results indicate that the highest non-dimensional central deflection corresponds to the SSSS boundary condition,
while the lowest occurs for the CCCC boundary condition, suggesting that plates with clamped edges are stiffer than
those with simply-supported edges. Among the different CNT distribution patterns, the FG-O pattern results in the
highest deflection, and the FG-X pattern gives the lowest, demonstrating that dispersing CNTs according to the FG-
X pattern, which concentrates CNTs at the top and bottom layers, leads to a stiffer nanocomposite plate. The
variation in power law index from o to 1.8 shows that for the FG-O and FG-V patterns, the non-dimensional central
deflection increases with the power law index, while for the FG-X pattern, the deflection decreases, and for the UD
pattern, the deflection remains unchanged, regardless of the boundary conditions. These trends reflect the different
CNT distributions: FG-O concentrates CNTs in the middle, FG-V places them at the upper surface, and UD
maintains a uniform distribution across the plate thicknes.

Table 12: non-dimensional central deflection® = —w/h of CNT-RC plates subjected to a uniform
distributed loadingg, = —1.0 x 107°N/m?, under the effects of different boundary condition
combinations, CNT distribution patterns, and power law indexes.With fixed a/b=1, b/h=10, ¥, = 0.11

and T=300k.
Pin
BC | Distribution 0 0.4 0.8 1 1.4 1.8
Patterns
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UD 0.3736%x10° | 0.3736x10° | 0.3736x10° | 0.3736x10" | 0.3736%x10" | 0.3736%10"
02 02 02 02 02 02
SSSS
FG-V 0.3736x10 | 0.3979%10 | 0.4290%10- | 0.4456x10- | 0.4801x10- | 0.5153%10-
02 02 02 02 02 02
FG-O 0.3736%x10 | 0.4265%x10 | 0.4875%x10° | 0.5195%10" | 0.5850%x10" | 0.6513%10"
02 02 02 02 02 02
FG-X 0.3736X%10° | 0.3423%10 | 0.3243%10" | 0.3179x10~ | 0.3080x10 | 0.3007%X10"
02 02 02 02 02 02
UD 0.2222x10° | 0.2222X10° | 0.2222X10" | 0.2222x10" | 0.2222x10" | 0.2222X10°
02 02 02 02 02 02
CCCC
FG-V 0.2222x10 | 0.2266%x10 | 0.2320%10" | 0.2349x10° | 0.2408x10 | 0.2468x10"
02 02 02 02 02 02
FG-O 0.2222x10 | 0.2323%10" | 0.2440%10" | 0.2501x10" | 0.2629%x10" | 0.2760%x10°
02 02 02 02 02 02
FG-X 0.2222%x10 | 0.2158%x10" | 0.2119%x10 - | 0.2104%X10" | 0.2079%10" | 0.2058%10"
02 02 02 02 02 02
UD 0.2897x10 | 0.2897x10 | 0.2897x10- | 0.2897x10- | 0.2897%x10 | 0.2897%x10
02 02 02 02 02 02
CCSS
FG-V 0.2897x10 | 0.2997x10° | 0.3123%10" | 0.3189%10° | 0.3324%10 | 0.3463%x10
02 02 02 02 02 02
FG-O 0.2897%x10 | 0.3119%x10° | 0.3371x10° | 0.3503%10" | 0.3781x10 | 0.4065%x10°
02 02 02 02 02 02
FG-X 0.2897x10 | 0.2758x10° | 0.2674%x10" | 0.2643%x10° | 0.2594X%10 | 0.2555%X10°
02 02 02 02 02 02
UD 0.2363%x10 | 0.2363%x10° | 0.2363x10" | 0.2363%x10° | 0.2363%x10 | 0.2363%x10"
02 02 02 02 02 02
CSCS
FG-V 0.2363%10 | 0.2414x10° | 0.2481%x10" | 0.2517X10° | 0.2594%x10 | 0.2675%10
02 02 02 02 02 02
FG-O 0.2363%x10 | 0.2476x10° | 0.2611x10° | 0.2683%x10- | 0.2836%10" | 0.2998%x10"
02 02 02 02 02 02
FG-X 0.2363x10 | 0.2295x10 | 0.2254%10- | 0.2238x10 | 0.2214x10 | 0.2194x10
02 02 02 02 02 02
UD 0.2084x10 | 0.2984%x10° | 0.2084%x10" | 0.29084%x10" | 0.2984x10 | 0.2984x10"
02 02 02 02 02 02
CSSS
FG-V 0.2984x10 | 0.3093%10" | 0.3232%10" | 0.3307x10" | 0.3461%x10 | 0.3623%x10"
02 02 02 02 02 02
FG-O 0.2084%x10 | 0.3222x10 | 0.3496x10" | 0.3642x10 | 0.3951x10 | 0.4271x10°
02 02 02 02 02 02
FG-X 0.2084x10 | 0.2837x10° | 0.2750%x10" | 0.2717x10" | 0.2666x10 | 0.2627x10"
02 02 02 02 02 02
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UD 0.2322x10 | 0.2322X10° | 0.2322x10" | 0.2322%x10" | 0.2322x10" | 0.2322%X10"
02 02 02 02 02 02
CCCS
FG-V 0.2322x10 | 0.2370x10° | 0.2431%x10- | 0.2464%x10 | 0.2534%10 | 0.2606%10-
02 02 02 02 02 02
FG-O 0.2322x10 | 0.2430x10 | 0.2557x10" | 0.2626x10" | 0.2768x10 | 0.2917x10°
02 02 02 02 02 02
FG-X 0.2322x10 | 0.2254x10 | 0.2214%x10" | 0.2198%10" | 0.2173X10° | 0.2153%x10°
02 02 02 02 02 02

Table 13 presents the non-dimensional central deflection of simply-supported CNT-RC plates subjected to uniform
distributed loading, considering the effects of different temperatures for mechanical properties, CNT distribution
patterns, and power law indexes. With a/b=1, b/h=10, and ¥, = 0.11, as the temperature increases from 300 K to

700 K, the non-dimensional central deflection slightly increases for all CNT distribution patterns and power law
indexes. This suggests that the stiffness of the plates decreases with rising temperature, although the change is

modest. Among the CNT distribution patterns, the FG-O pattern results in the highest deflection, while the FG-X
pattern yields the lowest, indicating that dispersing CNTs according to the FG-X pattern leads to a stiffer
nanocomposite plate across all considered temperatures and power law indexes. As the power law index increases

from o0 to 1.8, the non-dimensional central deflection increases for FG-O and FG-V patterns, decreases for the FG-X
pattern, and remains unchanged for the UD pattern. These trends reflect the CNT distribution patterns: in FG-O,
CNTs are concentrated in the middle, in FG-V, they are concentrated at the upper surface, and in UD, the CNTs are
uniformly distributed across the plate thickness.

Table 13: non-dimensional central deflection @ = —w/h of simply-supported CNT-RC plates subjected
to a uniform distributed loading ¢, = —1.0 x 10~>N/m?, under the effects of different temperature for
the mechanical properties, CNT distribution patterns, and power law indexes. With fixed a/b=1,
b/h=10, SSSS andV/; = 0.11.
Pin
T(K) | Distribution 0 0.4 0.8 1 1.4 1.8
Patterns
UD 0.3736%x10 | 0.3736x10" | 0.3736%10- | 0.3736%10- | 0.3736x10" | 0.3736%10"
02 02 02 02 02 02
300
FG-V 0.3736%x10" | 0.3979%10" | 0.4290%10" | 0.4456%10" | 0.4801x10" | 0.5153%10"
02 02 02 02 02 02
FG-O 0.3736%10" | 0.4265x10" | 0.4875%10" | 0.5195%x10"- | 0.5850x10" | 0.6513%10"
02 02 02 02 02 02
FG-X 0.3736x10- | 0.3423%10 | 0.3243%10- | 0.3179x10- | 0.3080%10 | 0.3007x10-
02 02 02 02 02 02
UD 0.3770%x10 | 0.3770x10" | 0.3770x10 | 0.3770%x10" | 0.3770%x10" | 0.3770%X10"
02 02 02 02 02 02
500
FG-V 0.3770%10" | 0.4017%x10" | 0.4333%10" | 0.4502x10" | 0.4852x10" | 0.5208x%x10
02 02 02 02 02 02
FG-O 0.3770%10" | 0.4309x10° | 0.4929%x10° | 0.5253%10" | 0.5917x10 | 0.6589%10"
02 02 02 02 02 02
FG-X 0.3770x10" | 0.3452%10" | 0.3269%x10" | 0.3203%10" | 0.3102%x10" | 0.3027%10"

Copyright © 2024 by Author/s and Licensed by JISEM. This is an open access article distributed under the Creative Commons Attribution License
which permitsunrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

171



Journal of Information Systems Engineering and Management

2025, 10(1)
e-ISSN: 2468-4376
https://www.jisem-journal.com/ Research Article
02 02 02 02 02 02
UD 0.3786%x10 | 0.3786x%x10- | 0.3786x10- | 0.3786%x10- | 0.3786x10- | 0.3786x10-
02 02 02 02 02 02
700
FG-V 0.3786x10" | 0.4035%10° | 0.4353%10° | 0.4523%10" | 0.4875%x10" | 0.5234%10"
02 02 02 02 02 02
FG-O 0.3786x10" | 0.4329%x10° | 0.4953%10" | 0.5280x10" | 0.5948%x10" | 0.6624x10
02 02 02 02 02 02
FG-X 0.3786%x10 | 0.3465%10 | 0.3280%10° | 0.3214x10" | 0.3112x10" | 0.3037%10"
02 02 02 02 02 02

Table 14 presents the non-dimensional central deflection of simply-supported CNT-RC plates subjected to uniform
distributed loading, considering the effects of temperature, CNT volume fractions, CNT distribution patterns, and
power law indexes. With a/b=1 and b/h=10, as the temperature increases from 300 K to 700 K, the non-
dimensional central deflection slightly increases for all CNT distribution patterns and power law indexes. This
indicates that the plates become slightly less stiff with increasing temperature. On the other hand, as the CNT
volume fraction increases from 0.11 to 0.17, the non-dimensional central deflection decreases for all considered
temperatures, power law indexes, and CNT distribution patterns, suggesting that higher CNT content enhances the
stiffness of the nanocomposite plates. Among the different CNT distribution patterns, the FG-O pattern leads to the
highest deflection, while the FG-X pattern results in the lowest deflection, demonstrating that dispersing CNTs
according to the FG-X pattern, which concentrates them at the top and bottom layers, results in a stiffer
nanocomposite plate across all temperatures and power law indexes.

Table 14: non-dimensional central deflection ® = —w/h of simply-supported CNT-RC plates
subjected to a uniform distributed loadingg = —1.0 x 10"°N/m?, under the effects of different
temperature for the mechanical properties, CNT volume fractions, CNT distribution patterns, and
power law indexes.With fixed a/b=1, b/h=10, and SSSS.
Pin
T( | V{yr| Distributi | o 0.4 0.8 1 1.4 1.8
K) on
Patterns
UD 0.3736x1 | 0.3736x10 | 0.3736x10 | 0.3736x10 | 0.3736%x10 | 0.3736%10
0—02 -02 -02 -02 -02 -02
FG-V 0.3736x1 0.3979%10 | 0.4290%1 | 0.4456%x1 | 0.4801x1 | 0.5153%10
0-02 -02 0-02 0-02 0-02 -02
30
o FG-O 0.3736x1 | 0.4265x1 | 0.4875%x10 | 0.5195%10 | 0.5850%x1 | 0.6513x10
0—02 0—02 -02 -02 0—02 -02
FG-X 0.3736x1 | 0.3423x1 | 0.3243x%1 0.3179%x10 | 0.3080x%1 | 0.3007x1
0-02 0-02 0-02 -02 0-02 0-02
UD 0.3295%1 | 0.3295%1 | 0.3295x%1 0.3295x%1 0.3295%x1 | 0.3295x%1
0—02 0-02 0—02 0—02 0-02 0—02
FG-V 0.3205%x1 | 0.3490x1 | 0.3741x10 | 0.3876x1 | 0.4159%x10 | 0.4449x1
0-02 0-02 -02 0-02 -02 0—02
FG-O 0.3205%x1 | 0.3722x10 | 0.4220%x1 | 0.4483x1 | 0.5028x1 | 0.5589x1
0-02 -02 0-02 0-02 0-02 0-02
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FG-X 0.3295%1 | 0.3041x10 | 0.2893%x1 | 0.2840x1 | 0.2755%10 | 0.2691x10
0—02 -02 0—02 0—02 -02 -02
UD 0.2393%x1 | 0.2393x1 | 0.2393x1 0.2393x1 0.2393x1 | 0.2393x1
0-02 0-02 0-02 0-02 Q-02 0-02
0.1
7 FG-V 0.2393x1 | 0.2550%x1 | 0.2751x10 | 0.2859x1 | 0.3080x1 | 0.3305x1
0—02 0—02 -02 0—02 0—02 0—02
FG-O 0.2393%x1 | 0.2740x1 | 0.3142x10 | 0.3353%10 | 0.3788x1 | 0.4229x1
0-02 0-02 -02 -02 0-02 0-02
FG-X 0.2393x1 | 0.2183x10 | 0.2060%x1 | 0.2015%10 | 0.1942x10 | 0.1886%x10
0—02 -02 0—02 -02 -02 -02
UD 0.3770%x1 | 0.3770%x10 | 0.3770%10 | 0.3770%x10 | 0.3770%10 | 0.3770x10
0-02 -02 -02 -02 -02 -02
0.1
1 FG-V 0.3770%x1 | 0.4017%x10 | 0.4333%1 0.4502x1 | 0.4852x1 | 0.5208x1
0—02 -02 0—02 0—02 0—02 0—02
0
i FG-O 0.3770x1 | 0.4309x1 | 0.4929%x1 | 0.5253x10 | 0.5917%x10 | 0.6589x1
0-02 o) -02 0-02 -02 -02 0—02
FG-X 0.3770x1 | 0.3452x1 | 0.3260x1 0.3203x%1 | 0.3102x10 | 0.3027x1
0-02 0-02 0-02 0-02 -02 0-02
UD 0.3323x1 | 0.3323x1 0.3323x1 0.3323x1 0.3323%x1 | 0.3323x1
0-02 O -02 0-02 0-02 0-02 0-02
0.1
4 FG-V 0.3323x1 | 0.3521x10 | 0.3776x10 | 0.3914%10 | 0.4201%x10 | 0.4496x%x1
0—02 -02 -02 -02 -02 0—02
FG-O 0.3323x1 | 0.3758%x10 | 0.4264x1 0.4532x1 0.5086x%x1 | 0.5654x%10
0-02 -02 0-02 0-02 0-02 -02
FG-X 0.3323%x1 | 0.3064x1 | 0.2914%x10 | 0.2859x1 0.2773%10 | 0.2707%x10
0-02 0-02 -02 0-02 -02 -02
UD 0.2415%10 | 0.2415%10 | 0.2415%x10 | 0.2415%x10 | 0.2415%10 | 0.2415%10
-02 -02 -02 -02 -02 -02
0.1
7 FG-V 0.2415x%10 | 0.2575%10 | 0.2780%x1 | 0.2889x1 | 0.3114x10 | 0.3341%10
-02 -02 0-02 0-02 -02 -02
FG-O 0.2415%10 | 0.2769x10 | 0.3177x10 | 0.3392x1 | 0.3834x1 | 0.4281x10
-02 -02 -02 0-02 002 -02
FG-X 0.2415%10 | 0.2202x1 | 0.2076x%1 0.2030%1 | 0.1957x10 | 0.1899x%x10
-02 0-02 0-02 0-02 -02 -02
UD 0.3786x1 | 0.3786x1 | 0.3786x1 | 0.3786x1 | 0.3786x1 | 0.3786x1
0—02 o -02 0—02 0—02 0—02 0—02
0.1
1 FG-V 0.3786x1 | 0.4035%1 | 0.4353%10 | 0.4523x1 0.4875%10 | 0.5234x%1
0-02 0-02 -02 0-02 -02 0-02
0
Z FG-O 0.3786%x1 | 0.4329%x1 | 0.4953%1 0.5280x1 | 0.5948x1 | 0.6624x1
0—02 0 -02 0—02 0—02 0-02 0—02
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FG-X 0.3786x1 | 0.3465x1 | 0.3280x1 | 0.3214%10 | 0.3112x10 | 0.3037x1
0—02 0—02 0—02 -02 -02 0—02
UD 0.3336x1 | 0.3336x1 | 0.3336x1 0.3336x1 | 0.3336x1 | 0.3336x1
0-02 0-02 0-02 0-02 Q02 0-02
0.1
4 FG-V 0.3336x1 | 0.3535%10 | 0.3793%x10 | 0.3931x10 | 0.4220%x1 | 0.4517%X10
0—02 -02 -02 -02 0—02 -02
FG-O 0.3336%x1 | 0.3774%10 | 0.4284%1 | 0.4554%10 | 0.5112x10" | 0.5684x1
0-02 -02 0-02 -02 02 0-02
FG-X 0.3336x1 | 0.3075%10 | 0.2923x1 | 0.2867x1 | 0.2781x10 | 0.2715%10
0—02 -02 0—02 0—02 -02 -02
UD 0.2425%1 | 0.2425%1 | 0.2425x1 0.2425x%1 0.2425%x1 | 0.2425x%1
0-02 0-02 0-02 0-02 0-02 0-02
0.1
7 FG-V 0.2425%1 | 0.2587x10 | 0.2793%x10 | 0.2903%x1 | 0.3129x10 | 0.3358x1
0—02 -02 -02 0—02 -02 0—02
FG-O 0.2425x1 | 0.2782x1 | 0.3194%x10 | 0.3410x10 | 0.3854x1 | 0.4305x%1
0-02 0-02 -02 -02 0-02 0-02
FG-X 0.2425x1 | 0.2211x10 | 0.2084x1 | 0.2037x1 0.1963%x10 | 0.1905%10
0-02 -02 0-02 0-02 -02 -02

4. CONCLUSION:

In conclusion, this article presents a comprehensive bending analysis of functionally graded carbon nanotube-
reinforced composite (CNT-RC) plates with temperature-dependent material properties. The study provides an in-
depth exploration of both uniform and non-uniform (functionally graded) CNT distributions across the plate
thickness, a novel approach that has not been extensively studied before. To account for the temperature and
moisture dependence of the material properties, the extended rule of mixtures is employed to determine the
effective properties of the CNT-RC. The governing equations, incorporating are derived using first-order shear
deformation theory (FSDT) and solved through the finite element method (FEM). A validation study ensures the
accuracy and reliability of the analytical and numerical approaches used in this research. The subsequent
parametric study explores various factors that influence the bending behaviour of CNT-RC plates, including plate
geometry (length- towidth and width- tothickness ratios), boundary conditions, CNT volume fraction, and both
linear and non-linear CNT distribution patterns. Below are the findings of this paper:

e Results show, that increasing the width- to-thickness ratio raises the deflection for all patterns. FG-O gives
the highest deflection, while FG-X provides the lowest, with the power law index affecting FG-O and FG-V
patterns more significantly.

e Findings indicate that, as the aspect ratio increases, deflection increases for all patterns. FG-O has the
highest deflection, and FG-X the lowest. Higher power law indices increase deflection for FG-O and FG-V,
while decreasing it for FG-X.

e It is observed that, increasing CNT volume fraction reduces deflection across all patterns. FG-O shows the
highest deflection, and FG-X the lowest, with the power law index affecting FG-O and FG-V more, and FG-

X less.

e The analysis demonstrates that, the SSSS boundary condition gives the highest deflection, and CCCC the
lowest. FG-O leads to the highest deflection, while FG-X leads to the lowest. The power law index increases
deflection for FG-O and FG-V, and decreases it for FG-X.
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e The study reveals that, as temperature increases, deflection slightly increases. FG-O shows the highest
deflection, and FG-X the lowest. The power law index increases deflection for FG-O and FG-V, and
decreases it for FG-X.

e The observations show that, higher temperatures slightly increase deflection, while higher CNT volume
fractions reduce deflection. FG-O gives the highest deflection, and FG-X the lowest, with the power law
index influencing FG-O and FG-V patterns more.
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