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Functionally graded materials (FGM) are advanced composite systems

Received date: Date Mon Year characterized by a continuous variation in material composition and
Revised date:  Date Mon Year properties, allowing for improved mechanical performance and
Accepted date: Date Mon Year resistance to thermal and structural stresses. Their unique gradation

structure minimizes interfacial failures and makes them suitable for
demanding applications in aerospace, biomedical devices, defence, and

Keywords energy systems. With the advent of nanotechnology, incorporating

nanomaterials such as carbon nanotubes (CNTs) and graphene

FG Material nanoplatelets (GNPs) has significantly enhanced the mechanical

o strength, thermal conductivity, and damping characteristics of FGM. This
Vibration . . . . .

review provides a comprehensive overview of the recent advances in

Nanomaterials FGM reinforced with nanomaterials, emphasizing their types, fabrication

Manufacturing Methods techniques, and functional performance. Special attention is given to the

. vibrational behavior of these materials under various conditions,
Environmental Effects . . . . . .

including different volume fraction distributions, porosity levels, and

Dynamic Analysis. loading scenarios. Moreover, the impact of environmental factors—such

as temperature fluctuations, humidity, and chemical exposure—on the

long-term stability and functionality of FGM is thoroughly discussed.

The review aims to offer a consolidated understanding of current research

trends and identify key challenges and opportunities for the future

development of nano-reinforced FGM in engineering applications.

1. Introduction Functionally graded materials have received
significant attention from researchers in engineering
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sciences. They possess multifunctional properties
within a single part through a gradual change in
composition. Consequently, FGM plates can avoid
stress concentration and layer separation, which often
occur in composite structures. Nanomaterials and
functionally graded materials are part of recent
developments in materials science, as both contribute to
improved performance and properties. Nanomaterials,
such as carbon and graphene tubes, have exceptional
nanoscale properties, making them ideal for use in
diverse applications. Functionally graded materials, on
the other hand, allow the design of structures with
characteristics that gradually change as needed,
enhancing functionality. By combining these materials,
compounds with superior mechanical and chemical
properties can be achieved, opening new horizons in
fields such as electronics,
medicine[1]. Therefore, materials play an important role

energy, and

in human life, as man use various materials to make
multiple compounds used in various engineering
applications. Therefore, composite materials have
received considerable attention from researchers due to
their wide range of uses. Composite materials are
lighter, stronger, and more flexible in design [2].High-
performance and cost-effective body component
designs are of the highest standards that cannot be
ignored in the aerospace, automotive, civil, and other
energy industries. These critical requirements for
industries have led engineers to give great importance
to the design of high-strength materials while reducing
weight [3] .The first international conference on
functionally graded materials was launched in Japan in
1990. The first polymeric material (FGM) was patented
in 2000. FGM have a variety of applications, including
carbon nanotubes and electronics. These materials have
great importance in improving performance by
modifying their mechanical, thermal, and chemical
properties, as shown in Figure 1[4]
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Figure 1. Timeline of FGM technology[4]
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Composite materials is defined as a mixture of two or
more substances in specified proportions[5].
Functionally graded composite
distinguished from conventional materials by a smooth
transition in their properties through the composite
material, which enhances their strength and reduces the
likelihood of their failure, as shown in Figure 2, making
them an excellent choice in many fields.[6].
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Figure 2. Variation of properties in conventional
composites and FGM [6]

Pointed out that functionally graded materials are
characterized by several positive aspects, including
improving thermal properties, increasing the strength of
the material, and improving the distribution of residual
stress. It also has a high modulus of elasticity and high
fracture toughness, low modulus of stress intensity,
increased wear resistance, as well as reduced planar and
transverse stresses[7]. The concept of gradient
materials was initially designed for high-temperature
resistant materials; however, over time, these materials
have been used to control deformation, pressure, and
wear, as well as to reduce stress concentration through
a smooth, gradual transition between the layers of the
material[8] .Usually made of metals and ceramics,
Functionally Graded ingredients (FGM) are produced
using different ratios of ingredients. Stress-induced
fractures are prevented by the metallic component of
FGM, while the ceramic component is resistant to heat
[9]. In contrast to conventional composite materials,
FGM sheets' altered material characteristics contribute
to a continuous pressure distribution by lowering
residual stresses and stress concentration factors[10] .
This study presents a brief overview of nano-reinforced
functionally graded plates, highlighting the influence of
weight and volume fractions on their vibration
behavior. It summarizes various types and fabrication
methods of FG plates, explores their applications across



Journal of Science and Engineering Applications

sectors such as defense, aerospace, biomedical, energy,
and automotive industries, and examines environmental
impacts on structural performance. The review also
integrates recent research findings to guide future
advancements in structural design.

2.Types of Functionally Graded Materials

Functionally graded materials can be classified into

two main categories: those based on the pattern of

material gradation and those based on the structural
configuration of the graded material itself. [11].
Y.1. Based on material gradient forms: Functionally

graded materials are divided into four types in terms of

gradation:
(a) In volume fraction.
(b) In particle size.
(¢) Inan angle of arrangement.
(d) shape.
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Figure.3. Functionally Graded Materials type based on gradient
[11]
2.2. Based on the structure of the tool, there are
two types: (a) continuous, and (b)
discontinuous

(a) (b)

Figure.4. FGM type based on Structure[12]

3. Applications of
materials
Most industrial applications, such as aerospace,
automotive, biomedical, and defense fields, need
specific features that require a gradual change in the

functionally graded

composition and structure of the material in a certain
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direction. The advanced class of heterogeneous
composite materials known as functionally graded
materials (FGM) is characterized by multifunctional
characteristics on the one hand, through a gradual change
in their composition or structure. They are very suitable
for engineering applications that require conflicting
properties in one component. Therefore, the graded
materials differ in their mechanical, thermal, and
frictional properties in specific fields, allowing them to
be used in many applications, including [13] as shown in
Figure (5).

1. Energy: Itis used in the development of solar energy

systems and withstands high temperatures.

2. Aviation and space: Used as barriers in spacecraft
to withstand high temperatures when they enter the
atmosphere.

3. Medicine: Used in the design of artificial limbs and
human tissues, and used in dentistry and bone
grafts.

4. Defence: It is used in the manufacture of military
armour to withstand shocks and high temperatures,
and it is also used in the manufacture of weapons.

5. Optoelectronics: It enters the field of
manufacturing lenses and optical devices that
require optical characteristics.

6. Civil engineering: Used in the development of
building materials with mechanical properties to
withstand different loads.

7. Engines: Used in the design of car engines,
specifically in combustion chambers, to withstand
high temperatures.

Energy

Civil

5 s Medicine
engineering
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Engines space

Figure 5. Applications of FGM.
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4. Limitations and Challenges in
Manufacturing Functionally Graded
Materials

While functionally graded materials (FGM) offer
significant  potential in advanced engineering
applications due to their tailored material properties, the
process of manufacturing such materials with precise
and reliable gradation remains technically challenging.

One major difficulty lies in controlling the smooth

transition of material composition across the thickness or

volume of the component. Conventional methods such
as powder metallurgy and centrifugal casting often
struggle to achieve a truly continuous gradient, resulting
instead in stepped or segmented structures that may not
meet the performance expectations in
applications [14], [15] . Additionally, the geometric
limitations of these fabrication techniques restrict the
production of complex or non-symmetrical components.

For instance, centrifugal casting is largely applicable to

cylindrical shapes, and techniques like powder pressing

may fall short in maintaining dimensional precision and
structural uniformity [15]. Additive manufacturing

critical

methods, though promising, introduce their own issues,
including thermal stress, porosity, incomplete fusion,
and cracking, all of which affect the integrity and
mechanical behavior of the final part[16]

In nano-reinforced FGM, another level of complexity
arises from the tendency of nano-fillers such as carbon
nanotubes and graphene to agglomerate. Non-uniform
dispersion leads to poor interfacial bonding and creates
localized weak zones, which can significantly impair
mechanical performance [17]. Furthermore,
inconsistencies in melt pool behavior during layer-by-
layer
microstructures and bonding defects between layers[18]
Finally, the high cost, energy consumption, and
scalability limitations of most FGM production methods
continue to be major barriers to industrial adoption. The
need for specialized equipment and long processing
times restricts large-scale manufacturing, especially for
complex or hybrid nano-structured FGM [19]

fabrication can result in  undesirable

5. Environmental Effects on the Structural
Performance of Functionally Graded
Materials

e Environmental conditions such as temperature,
humidity, and chemical exposure have a significant
impact on the performance of functionally graded
materials (FGM). Due to the heterogeneous and
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gradual nature of their composition, FGM respond
differently to environmental stimuli compared to
conventional homogeneous materials.

e Temperature plays a crucial role, especially in high-
performance applications. Variations in temperature
can alter the material’s stiffness, induce thermal
stresses due to mismatched thermal expansion
coefficients across layers, and, in some cases, lead to
micro-cracking or delamination. FGM designed for
high-temperature  environments—such as in
aerospace or energy systems—must be carefully
engineered to maintain structural integrity under
thermal gradients.

e Humidity and moisture absorption primarily affect
FGM with polymeric or organic matrices. These
conditions may degrade the matrix, reduce interfacial
bonding between phases, and ultimately weaken the
mechanical properties, such as strength, toughness,
and damping capacity.[20]A bibliometric review of
3D-printed functionally graded materials, focusing on
mechanical properties[21]

In summary, the performance and reliability of FGM
are highly dependent on their exposure environment.
Therefore, environmental effects must be thoroughly
considered during the design and selection process,
especially for long-term or mission-critical applications.
6. Composite and nano materials

Composite materials are divided into two categories
based on the type of matrix (plastics, ceramics) and the
type of reinforcement (fibers or particles). Thermoplastic
polymer compounds superior
properties, making them desirable in engineering fields.
Figure (6) shows the main classification of composite

materials.
materials
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Figure 6. Classification of composite materials based on matrix
and reinforcement type [22].

Nanomaterials, typically ranging in size from 1 to 100
nanometers, have emerged as one of the most significant
innovations in modern engineering. Due to their unique
scale and structure, they play a central role in the

4



Journal of Science and Engineering Applications

advancement of nanotechnology. Among these
materials, carbon nanotubes (CNTs) and graphene
nanoparticles (GNPs) stand out for their exceptional
mechanical, electrical, and thermal properties, making
them highly effective as reinforcing agents in polymer-
based nanocomposites[23], [24].

7. Free vibration of metal-ceramic FG plate

A plate is a three-dimensional structural element whose
very small thickness, when compared with other
dimensions (length and width). The mechanical behavior
of a functionally graded (FG) plate under a transverse
[26] Studied the vibration
of the FG plate that is exposed to moving loads as shown
in Figure (7). Hamilton's principle was used to derive the
governing equations, taking into account the effect of
high deformations. The free vibration behavior of
functionally graded ceramic metal sandwich flat panels
is investigated by [27] as shown in Figure (8).

load is investigated by [25].

T 30ITIT
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Figure7. The Geometry of FG plates [26].
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Figure 8. (a)Geometry, (b) lay-up scheme of FG sandwich flat
plate[27].

[28] used an innovative mixed-layer model for the static
evaluation of graded material sheets, and functionally,
including embedded FGM as either surface layer or axial
layers.[29] studied the free vibration behavior of plates
made of graded materials and functionally.[30] studied
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free vibration of non-local plates with gradient ratios
under different boundary conditions. Rayleigh-Ritz and
classical plate theory were used to calculate the natural
frequencies of nanoplates with graded ratios. [31]
Analyzed the forced nonlinear dynamic behavior of a
functionally graded plate (FGM) under external dynamic
loads high-order implicit algorithm. The finite elements
are discretized using a four-node quadrilateral element
with seven degrees of freedom per node, as shown in
Figure (9).

on| (33

1) )
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Figure 9. Quadrilateral element with four nodes and seven
degrees of freedom per node [31].

[32] studied and analyzed the mechanical behavior of
FG sheets under the influence of various loads. Two
types of combined materials have been used, ceramic
materials, such as alumina Al,O3 and zirconia ZrO, and
metal materials, such as aluminum (Al). [33] developed
an analytical solution to the behavior of the free vibration
analysis of porous functionally graded sandwich plates
consisting of an FGM core and two skins. [34] analyzed
the natural frequency of conical FG plates with variable
thickness, which is based on Pasternak's principle.
Manufactured (FGM) is made from materials such as
zirconia (ZrO;) and alumina (AlO3) in the form of
multiple layers. [35] analyzed the dynamic behavior of
plates made from functionally graded materials using an
implicit algorithm approach. The sigmoid law (S-FGM),
the exponential law (E-FGM), and the power law (P-
FGM) are shown in Figure (10). [36] Investigated of the
vibrational properties of functional gradient (FG)
supported plates based on a Winkler-Pasternak, using 3D
shear theory. Table 1 presented the summary of different
methods used to study the free vibration FG plate.
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Figure 10. Comparison of natural frequencies between P-FGM and

Table 1 The summary of the different methods

S-FGM [35].
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8. Graphene nanoplate—Epoxy FG plate

conical FG
plates
Properties of the
material constantly ~ Dynamic
[35] Analytically ~ change across the behavior of an
thickness of the FGM plate.
plate.
Vibrational
properties of affect the
[36] Analytically  functional gradient  natural
(FG) supported frequencies
plates

The nopnlineag D

Authors  Type In study Compute reinforced composite FG in thermal environments is
imprOVe ltS Mechanical behavior bt‘udlcd by[37] ThU Rcdd_y thCUl)’ Uf thild'UldCl
high- under transverse bending was adopted. Halpin-Tsai model is used to

[25] Analytically ;e;?ff(’):z;‘g:e load estimate the properties and the gradient of graphene
in different in the layers. [38] presented the effect of graphene
environments sheets on the properties of composite materials used
Effect of . .. . . .
stresses and vibration of the FG in aerospace applications, especially in high

[26] Analytically  damping plate that exposed to combustion conditions. Equations were used to
coefficients on - moving loads calculate combustion rates and percentages. Different
displacement
Effect of the free vibration weight fractions of graphene were used (0,0.3,0.5,

(27] Numerically zg"t"}i’; ::)iex behavior of FG. and 1%) wt, and the thermal conductivity was
mixed-layer model Mechanical measured  according  to  ASTM  standards.

[28] Analytically  for the static ?}?:mal [39]developed the effect of graphene nanoplate
evaluation of behavior. concentration on the tensile properties of graphene
Effects of the plate Er;e Vvlbratfl‘on ngnoplate/ep.oxy composm'es. Four samples with

[29] Analytically  length to thickness panlvsK:;;de different weight concentrations (0, 0.25, 0.5, 1, and
ratio of FGM. 2%) of graphene nanoplates are simulated. The results
Vibration and vibration showed that for ductile epoxy with 1% of
buckling behavior f - . o/ . .

[30] Analytically  analysis of FGM- ar;éll;zf;illeiz nanoparticles, there was a 41% increase in tensile
based pressures & strength and a 19% increase in Young’s modulus, as

it L .
NAnoeomposIies shown in Figure (11). [40] analyzed the bending and
Comparison ) ) - ]
between natural Analysis of vibration of FG polymer nanocomposite reinforced
. vibration nonlinear with graphene nanosheets under distributed load.

[31] Analytically  frequency and dynamic
dynamic response bZhavior
of FGM

Analytically Effect of volume Mechanical T €
and . . < %

[32] experimental ratio, stresses, and  behavior = 3

1 mechanical analysis for 5 =
¥ properties different loads E §
Development = £
Effect of porosity :gl?ltlilz\: for
[33] Analytically  on natural o Hleat Riasity Eiardana
free vibration
frequency lysi
ta)ni ys1s Figure .11 Mean tensile strength and fracture strain values of
:n;;‘s‘l’; — GNP /Epoxy with and 1% GNPs [39].
[34] Analytically Effect of porosity -l The free vibration and instability of FG porous

on FG sheets.

frequency of

laminates reinforced with graphene sheets (GPLs) is
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presented by (Nguyen et al., 2020) as shown in Figure
(12).

a

Figure 12. A model of a rectangular FGP-GPLs plate[41]

Under axial load, the dynamic responce of FG sheets
reinforced with graphene nanoplates is developed by [42].
While [43] investigated the influence of Graphene on the
tensile properties and surface adhesion between flax fibers and
epoxy resin. The results showed that the addition of graphene
oxide (GO) to the surfaces of flax fibers enhanced the adhesion
between the fibers and the matrix.

The free vibration of an FG plate reinforced with graphene
nanoplate (GNPs) is presented by [44]. The modified strain
gradient theory (MSGT) is investigated to analyses the
vibration response. The results showed that the elastic young’s
modulus increases with 31% and 62% when the weight
fraction of GNPs is 0.1% and 0.7%, respectively.[45]
developed the mechanical properties of FG porous structures
supported by graphene plate (GPLs). Different weight ratios of
graphene ranging from 0.1% to 6%, with the porosity
controlled between 10% and 30%, are studied to find the
optimal performance. The results indicate that the graphene
plates lead to a significant increase in the stiffness of the
structures and that the efficient distribution of graphene
significantly affects the behavior of the structures under
loading, making them ideal for engineering applications.[46]
presented the dynamic behavior of panels under the influence
of graphene distribution and density, as shown in Figure (13).
The first-order deformation theory was used to derive the
equations of motion using the Halpin-Tsai model. The results
showed that this model improves the dynamic performance of
advanced materials in engineering.
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Figure 13. Different GPL distribution patterns[46] .

The free vibration analysis of sandwich plates
reinforced with graphene nanoparticles, focusing on the
effects of porosity distribution and graphene on the
vibration behavior is presented by [47]. The results
showed that the plates reinforced with graphene
nanoparticles exhibit enhanced vibration behavior.[48]
studied the effect of adding graphene particles on the
flexural properties of the epoxy matrix experimentally.
The effect of six different graphene weight
concentrations (0, 0.5, 1, 2.5, 5, and 10) % is studied.
Their results showed that adding graphene enhanced the
flexural modulus.[49] created FG nanocomposites from
graphene nanoparticles and a polyester matrix, and
calculated the mechanical properties. The results showed
that the addition of 4% graphene nanoparticles lead to an
increase in the elastic modulus and tensile strength of
44.5% and 79.2%, respectively.[50] studied the effect of
temperature on the dynamic response of a three-layer
microplate, a composite core of epoxy-based (FG)
reinforced with graphene nanosheets. Sinusoidal shear
deformation plate theory (SSDPT) is used to predict the
mechanical properties of the nanocomposite. The results
indicate that the temperature has a significant effect on
the stiffness and frequencies of the composite plates. An
increase in temperature results in a decrease in frequency
stiffness.[51] developed the effect of
nanographene on the hardness, impact strength, and
density of glass-epoxy composites. The effect of
different concentration is studied. The results showed
that the addition of 2% graphene leads to an increase in

the hardness values from 60 to 74.
Table 2. The summary of the different methods used to study the graphene

due to

nanoplates.
Authors In study Computation
Non-linear vibration nonlinear
(37] behavior of a vibration
graphene sheet- characteristic
reinforced composite.  s.
Effect of graphene in ~ Improved
[38] composite materials. thermal
stability.
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Effect of graphene Behavior of
[39] nanoplate graphene
concentration on the nanoparticles.
tensile properties.
Analyzed the bending  gradient
[40] and vibration of the distribution
FG polymer of graphene
nanocomposite. sheets.
Developed a new material
model of high-order properties,
[41] shear deformation such as
theory Young's
modulus,
density.
under axial Improvement
[42] mechanical load in composite
design.
Effect of Graphene Transverse
[43] oxide on the tensile bending and
properties and surface
surface adhesion shearing.
free vibration of an Young's
(44] FG plate reinforced elastic
with graphene modulus.
nanoplates.
Mechanical Behavior of
properties of FG mechanical
[45] porous structures properties.
supported by
graphene plate
Dynamic behavior of  dynamic
panels under the performance.
[46] influence of graphene
distribution and
density.
Free vibration vibration
analysis of sandwich ~ behavior.
spiral plates
[47] reinforced with
graphene
nanopatrticles.
Effect of adding Behavior of
graphene particles on  mechanical
48] the flexural properties.
properties of the
epoxy matrix
experimentally.
Production of mechanical
[49] nanocomposites from  properties.
graphene and
polyester Matrix
Effect of temperature  stiffness and
on the dynamic frequencies
[50] response of a three- of the
layer microplate. composite
plates
Effect of Hardness

nanographene on the
hardness, impact
strength, and density.

[51]

9. Carbon nanotube—epoxy FG plate
The effects of (MWCNTs) on the mechanical
performance of epoxy matrix is studied by [52]. While
[53] developed the effect of the carbon nanotubes and
aluminium oxide with epoxy on the dynamic properties
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experimentally. [54] simulated the free vibration of the
reinforced nanocomposite plates.(Saravanan et al., 2018)
improved in mechanical properties of epoxy
nanocomposites by different weight percentages of
fillers (2, 4, and 6%).[56] presented the effect of
MWCNT with the epoxy on tensile properties. The
results showed that the adding of MWCNT improved the
tensile strength by 11% and the tensile modulus by
68.7% compared to pure epoxy. [57] developed the
effect of adding different sizes of MWCNT on the
mechanical properties of the epoxy composite material.
The results showed that the tensile strength was
improved by 172% compared to pure epoxy. [58]
investigated the dynamic behavior of cylindrical plates
reinforced with single-walled carbon nanotubes. [59]
improved the mechanical properties of epoxy-based
nanocomposites by adding multi-walled carbon
nanotubes (MWCNT), zirconium dioxide (ZrO,), and
yttrium oxide (Y203). Table 3 presented the summary of
the different methods that used to study carbon

nanotubes.
Table 3. The summary of the different methods used to study Carbon

nanotubes.
Authors In study Computation
Effects of multi-walled mechanical
(52] carbon nanotubes and Nano properties.
diamonds on the mechanical
performance of epoxy matrix.
Effect of mechanical and Ultimate
[53] dynamic properties. tensile
strength.
Vibration and bending Increasing
(54] behavior of the plates. the volume
fraction of
CNTs.
Improvement in mechanical Tensile
55] properties of epoxy strength and
nanocomposites. modulus of
elasticity.
Effect of multi-walled carbon ~ mechanical
[56] nanotubes with the epoxy on properties.
tensile and shear properties.
Effect of adding different Tensile
[57] sizes of multi-walled carbon strength.
nanotubes.
Vibrational behavior of dynamic

cylindrical plates reinforced response of

(58] with single-walled carbon the composite
nanotubes. plates.
Improved the mechanical Young's

[59] properties of epoxy-based modulus and
nanocomposites. toughness.
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10. Graphene nanoplate - Carbon nanotube- Epoxy
FG plate

The free vibrations of composite plate supported by
CNT and graphene is investigated by [60]. [61] studied
the effect of the shape arrangement of multi-walled
carbon tubes and graphene nano-plate on the mechanical
properties of epoxy-based nanocomposite materials.
Halbin Cai Lee is used to estimate the elastic properties
of the composite materials. [62] investigated the free
vibration behavior of functionally inserted multilayer
nanocomposite plates containing nanofillers (carbon
nanotubes and graphene sheets). [63] studied the
development of epoxy composites containing a mixture
of graphene sheets and carbon nanotubes to improve
their ~mechanical and thermal properties.[64]
investigated the effect of adding multi-walled carbon
nanotubes (MWCNT) and graphene nanoparticles
(GNP) on the mechanical properties of glass-epoxy
composites. The results found a significant improvement
in the compressive strength and compressive modulus
(80% and 74%), respectively, at a ratio of 0.2% of multi-
walled carbon nanotubes and graphene nanoparticles.
Their highest ratio (0.3%) led to a decrease in the
mechanical properties due to the agglomeration of the
materials. Table 4 presented the summary of the different
methods used to study graphene nanoplate - carbon

nanotube- epoxy FG plate
Table 4. The summary of the different methods used to stud
graphene nanoplate - carbon nanotube- epoxy FG plate.

Authors In study Computation
Bending characteristics and dynamic
[60] free vibrations of composite behavior of
panels. the composite
nanoplatelets
Effect of the shape mechanical
[61] arrangement of multi-walled properties.
carbon tubes and graphene
nano-plate,
Free vibration behavior of natural
[62] functionally inserted frequencies
multilayer nanocomposite
plates
development of epoxy mechanical
[63] composites containing a properties.
mixture of graphene sheets
and carbon nanotubes.
Effect of adding (MWCNT) compressive
[64] and (GNP) on the mechanical  strength and

properties compressive

modulus.

11. Conclusions
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Based on this study, the following conclusions can be
drawn:

1. Functionally graded materials (FGM) have proven
to be highly effective in addressing performance
requirements in advanced engineering applications
by enabling gradual transitions in mechanical and
physical properties.

. The integration of nanomaterials such as carbon
nanotubes (CNTs) and graphene nanoplatelets
(GNPs) into composite systems has shown a marked
improvement in stiffness, strength, and durability.

. Studies based on higher-order shear deformation
theories confirm that the distribution of material
constituents  significantly affects vibrational
characteristics, particularly in enhancing natural
frequencies.

. Higher levels of porosity in functionally graded
materials can significantly reduce their structural
stiffness and diminish vibrational performance,
highlighting the need for precise control of porosity
during the manufacturing process.

. Finite element analyses reveal that adjusting the
spatial arrangement of reinforcing nanomaterials
can enhance the mechanical performance of FGMs
under both static and dynamic loading.

. Changes in temperature have a notable effect on the
dynamic characteristics of FGMs, as increased
thermal conditions tend to lower their natural
frequencies, emphasizing the importance of
ensuring thermo-mechanical stability in their
design.

. Advancing the use of FGMs in fields such as
aerospace, biomedical, and structural engineering
depends on the continued refinement of accurate
modeling tools and reliable fabrication techniques.
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