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ABSTRACT
The global discussion surrounding Functionally Graded Materials (FGMs) highlights their unique and diverse

micro‑material properties that result from varying two or more materials in a strategic combination profile. These
combinations produce distinct physical and chemical characteristics. Changes in these characteristics may occur
continuously, referred to as a gradient function, or discontinuously as a stepwise function. The changes can appear
within homogeneous or heterogeneous material geometries. The variation in material properties depends on the
volume fraction index function. This variation can occur in 1D, 2D, or 3D, either in the thickness or length direc‑
tion within a material model. The vacuum in the review study on mechanically toughened and thermally resistant
Functionally Graded (FG) pipelines prompted the current review study. This study addresses the absence of an
appropriate variational function for FG cylindrical pipelines. It proposes a gradation function pattern to improve
pipeline structural performance. An appraisal based on relevant FGM literature was conducted to improve the tem‑
perature differentials in traditional composite materials and stress‑related issues in carbon steel pipelines. The
review identifies specific FGM property variations that reduce failures that are possible in conventional materials.
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Reviewed articles and evaluation procedures followed the 2020 PRISMA guidelines. Literature was obtained from
Scopus, Connected Papers, and other reputable sources. The study also discusses potential FG pipelines for gas and
green energy transportation. The reviewed literature establishes the context for this research and addresses the
gap in 3D FG model variation functions involving multiple materials.
Keywords: FGMs; Volume Fraction Index; Pipeline; Homogenous Material; Continuum; Stepwise

1. Introduction
After decades of material instability and integrity

challenges in various isotropic metal materials across
different engineering applications, the emergence of
composite materials continues to evolve. Several engi‑
neers and academic researchers have begun working to‑
wards resolving such instability and failures in conven‑
tional material types with new materials. It is always a
fact that the introduction of newmaterials into engineer‑
ing construction has improved integrity over the years.
However, as the composite materials experience a chal‑
lengedue topersistent delaminationproblemsat thema‑
terial interfaces, the birth of Functionally Graded Mate‑
rials (FMGs) begins a new era in engineering construc‑
tion. Continuous evolution and refinement of this mate‑
rial have added significant value to our engineering ap‑
plications across different construction [1–6]. FGM’s evo‑
lutionary trend resonated with the plant fibres and the
human natural bone formation phenomenon [7]. This in‑
novation has become a Standard Operating Procedure
(SOP) in engineering practice to strengthen material ge‑
ometry and enhance operational efficiency. For the en‑
ergy industry, using newmaterials such as FGMs in com‑
ponents such as pipelines and flanges is crucial. FGMs
enable the reliable and efficient commercial transport
of energy over long distances worldwide. Current lit‑
erature reviews on FGM structures predominantly fo‑
cus on manufacturing methods and application [3,4,8–15].
Li et al. [4] expanded the review by analysing multiple
studies on various FGM combinations and their result‑
ing structural products. Few studies specifically inves‑
tigate pipeline models and systematically analyse their
material variation patterns to improve pipeline strength.
Consequently, research addressing FGM pipelines is lim‑
ited to this end. Hassan et al. [8] reviewed two mate‑
rial combinations and related productionmethods; how‑

ever, their analysis does not consider geometric con‑
figurations such as pipelines. Fu et al. [16] utilised the
Euler‑Bernoulli beam formulation to analyse vibrations
in a gas‑liquid phase of an operationally loaded pipeline.
However, Zhou et al. [17] also adopted the Euler‑Bernoulli
beam theory to study structural defects in a pipeline. A
key research gap exists in developing a core grading for
pipeline structures using three distinct material proper‑
ties in FGMs for a defined purpose. Addressing this gap
could enhance pipeline operational performance and in‑
tegrity. This review proposes a focused investigation
into this specific area of research.

1.1. Background Structure

In 1972, Shen and Bever [5] found that altering the
global material properties of composite materials sig‑
nificantly enhances their capability, leading to broader
application possibilities across various engineering sec‑
tors. The research presented in Bever and Duwez, and
Bohidar et al. [7,18,19] on material variation sheds light
on today’s FGM formulation through material property
gradation patterns in polymericmaterials. Furthermore,
Kumar et al. [19] re‑echoed the research of Bever and
Duwez [7] on gradation patterns in polymeric materials
which further made Bever and Duwez’s 1972 idea more
conspicuous. This gradation could have occurred due
to changes in the chemical components of the material
monomers, themolecular structure of the polymers, and
their morphology [4,5]. The long recurrent chain of poly‑
meric material molecules is likely the same as rubber
or polyester materials in other composite models. The
whole concept of material microstructural sizes, compo‑
sition, and porosity was to create grading structural pat‑
terns for composites and polymeric materials [3,20].

Two years later, after Shen and Bever’s study [5] on
material gradation and gradient research, an American‑
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trained Polish chemist, Stephanie Louise Kwolek, tried
Kevlar composite material variation in the early 1970s.
This discovery resonated with the rationale of much re‑
cent research on FGMs [21]. Intensive research and indus‑
trial material applicability on engineering infrastructures
continued until Koizumi and Niino [22] and Koizumi [23],
who reported a severe challenge in the composite ma‑
terial. Before this time, the currently known FGMs
were initially known as Poly‑Paraphenylene Terephtha‑
lamide, named by Stephanie Louise Kwolek while work‑
ing at DuPont de Nemours Chemical Company. This idea
was solely to proffer solutions to the traditional com‑
posite materials’ delamination problems and poor ther‑
mal resistance in engineering applications. The Poly‑
Paraphenylene Terephthalamide was the K29 version of
Kevlar for industrial applications [24]. The variation in
material properties was then in a specific Kevlar mate‑
rial (K29) to improve strength. As time progresses, aca‑
demic literature has revolved around the effect of mate‑
rial stress and thermomechanical loading in numerical
analysis [25–29]. The focus was to improve the poor mate‑
rial thermal resistance with the high and advanced vari‑
ation in FGMs [9,30–34]. As technology advances, material
applications for infrastructural construction depend on
evolution and development. Material integrity and life‑
cycle expectation are the engineering factors that mea‑
sure material capability to reduce failure. Therefore, the
emerging FGM is considered under various loading ef‑
fects during operation for intense computational analy‑
sis. Varying the material microstructure in a specific gra‑
dient and patterns, for example, across thematerial thick‑
ness, eliminates the well‑defined interface seen in ordi‑
nary and traditional composite materials.

Several FGM review studies targeted different
structural schematics to illustrate grading patterns in
the FGM structural formulation and production proce‑
dures [3,9,19,32–35]. However, the material property vari‑
ation is crucial for understanding structural displace‑
ments, stresses, and shear deformation under various
loading conditions, such as force, strain, temperature,
and pressure [36–38]. As illustrated in Medeiros and
Ribeiro’s [39] study, the gradual change in material prop‑
erties that occurs along the thickness and length direc‑
tion demonstrates a stepwise mode variation. In con‑

trast, a non‑stepwise structural formulation represents
a continuous gradient along the X, Y, or Z directions,
with the Z typically referring to the thickness in a three‑
dimensional (3D) geometry [33,40,41]. Three key proper‑
ties of FGMs are the composition of material properties,
alignment of microstructure, and the gradient of mate‑
rial grain porosity, which support both stepwise and con‑
tinuous variations [3,42,43]. However, most of the litera‑
ture assessed has primarily focused on studying mate‑
rial property variation across different dimensions and
types of structural elements [43–47]. Remarkably, Singha
et al. [48] and other scholars critically focused on ele‑
ment types rather than specific structural geometries to
analyse FGM [49–51]. Structural geometries such as off‑
shore energy platforms, energy pipelines, ship hulls, etc.
Whether element types or structural geometries, a con‑
tinuous or stepwise grading pattern is feasible in all di‑
rections and dimensions of the model, as numerically
investigated in Cho [52]. Additionally, the variation of
micro‑material properties throughout the thickness of
any geometric model addresses the thermomechanical
and stress concentration challenges commonly faced by
traditional non‑FGmaterials [53]. This innovation in FGM
wouldpotentially dominate themetallurgical industry in
the coming decades.

1.2. Finite Element Analysis (FEA) of FGMs

The FEA is a certified tool and has been proven
worthy by several research publications to analyse FGM
structures [54–58]. Existing review studies on FGM struc‑
tures have demonstrated the efficiency of FEA and
shown its capacity for undamaged and damaged FGM
structures [59–61]. However, the limitation of studies on
the Functionally Graded (FG) pipeline structure regard‑
ing natural gas or hydrogen transport is a pressing issue.
The study then aimed to propose a structural evaluation
of the FG pipelines and flanges to improve understand‑
ing of the FGM pipeline research and development on a
global scale. In this instance, what is crucial then is the
material behaviour and characterisation under various
environmental factors. Natural environmental dynam‑
ics are, therefore, bound to happen under such harsh
conditions that affectmarine structures, such asoffshore
pipelines [46,62].
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2. Methodology‑Systematic Review
Structural Framework
The eligibility criteria used for literature vetting

and synthesis action, as recommended by Preferred Re‑
porting Items for Systematic Meta‑Analyses (PRISMA)
2020 (see SupplementaryMaterials), are based on the
systematic review study title and objective [63]. How‑
ever, the non‑related article titles and keywords orig‑
inally crossed out were to simplify and narrow down
the study objectives, which aimed to address the lim‑
ited study on FGM pipelines for energy transport. To ad‑
dress this limitation, the review study proposes a unique
FGM gradation function for pipeline structures to im‑
prove performance in operation. This study documents
and prioritises the existing review tools while highlight‑
ing the distinctions among the structural FG models dis‑
cussed in the cited articles. As the FG energy pipeline
remains the central focus of this study, other consoli‑
dated structural material models are under a general
cohesive appraisal. Due to numerous sources of litera‑
ture database information, it is challenging to use liter‑
ature sources without following the PRISMA guidelines.
From this perspective, the study employs innovative and
recommended PRISMA methodology to promote clarity
and consistency [63]. The PRISMA guidelines benefit the
review study by creating the structural framework and
simplifying the study plan. The study framework is or‑
ganised based on the general Finite Element (FE) geome‑
tries and various mathematical model analyses as dis‑
cussed in the appraised articles. This methodology en‑
hances the practical approach and reduces complexity,
allowing for a more straightforward interpretation and
application of the study findings.

2.1. Literature Sourcing and Documenta‑
tion

Application of the PRISMA systematic review style
aided in the literature search, record, and evaluation. Sco‑
pus, Connected Papers, Google Scholar, Academia.edu,
and Search by Literature Citation are used to achieve the
studied literature documentation and analysis. The large
volume of literature from the databases accessed has un‑
dergone effective scrutiny to allow for filtering and com‑

prehensive assessment. Among the databases utilised,
Scopus emerged as the most prominent source for the re‑
quired information to analyse the selected articles. Com‑
bining literature data information from different sources
has proven to be the most effective approach. The graph‑
ical solutions presented in Sections 2.2 and 2.3 provide
a clear illustration of the searched and filtered literature.
Someof the graphics demonstrate FGMyearlypublication
trends, subject area percentages, publication channels,
and more. The graphical information offers an overview
of the FG material’s significance. Nonetheless, the Sco‑
pus literature database is an arrow source for this study.
Meanwhile, other databases are utilised minimally to a
lesser extent. However, all the mentioned databases con‑
tributed to the systematic review study, as cited and ref‑
erenced in the bibliography.

The study followed the identification, filtration, inte‑
gration, and synthesisation process of the auto‑generated
and selected literature. The approach employed, how‑
ever, aided in minimising biased views and providing
more reliable findings. In addition, the approach brought
absoluteness to make informed decisions and draw rea‑
sonable conclusions on the subject matter.

2.2. Literature Filtering, Collation, and Syn‑
thesisation

The application of Boolean operations effectively il‑
lustrates the principle of adding or removing literature
searched from the database to refine results. Literature
screening was employed to achieve the Boolean opera‑
tion by removing the duplicates and non‑required liter‑
ature (see Figure 1). At the Boolean operation stage
of the overall sourced literature, careful inspection of
the literature selection aided in streamlining the study
objectives. Most FGM articles focused on the fabrica‑
tion and production process of different structures. A
rigorous search process identified the substantial liter‑
ature database called Scopus. The literature search en‑
compassed various articles on FG structural models, in‑
cluding beams, bars, shell plates, solid blocks, cylindri‑
cal disk plates, pipe flanges, pipelines, etc. [46,48,64–70]. A
non‑structural model study from appraised articles on
FGM review, manufacturing, background‑based, etc, can
be found in the following studies [2,34,71–74]. Notably, the
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fabrication process of the FGMs had more recorded arti‑
cles than structural loading analyses over the last three
decades. Conversely, the cylindrical FG pipeline, which
is the principal focus of this study, has received com‑
paratively less attention in the gathered literature so
far. Therefore, the future direction of research, as high‑
lighted in the Recommendation Section of this study,
needs prolific research attention, however, for pipelines
and their flanges. Pipelines remain the commercial hall‑

mark for large quantities of energy transport across the
globe. Figure 1 shows the total research identifica‑
tion via databases, registers, and other sources, as des‑
ignated in light blue and green boxes. The light blue
boxes indicate the literature flow organogram from Sco‑
pus and the Connected Papers database search results.
The blue‑green gradient box accommodates the total
new searches and consolidated report included in the
study.

Figure 1. Literature sourcing organogram flows from Scopus and other web sources.

2.3. Literature Organisational System after
Mapping

Literature organisation is essential for the study’s
clarity, coherence, and insightfulness. Figure 1 presents
the PRISMA chronological trajectory, an effective struc‑
ture that summarises existing research, highlighting con‑
nections, research gaps, and emerging trends. Previous
studies are grouped thematically by key title, methodolo‑
gies, and problem domains. This approach establishes a
strong link to the current review study, which spansmul‑
tiple research applications. The logical structure of the
literature is schematically illustrated in the chart flow of
Figure 1. This flow chart guides readers from founda‑
tional concepts to detailed sub‑titles within the study.

The simplifiedPRISMA flowchart for the systematic

review study aimed primarily to appraise and analyse
the selected literature. The attached word ‘box’ to each
horizontal row in Figure 1 represents the entire cells
in that row based on the 4‑step PRISMA analysis. The
rationale is to clearly detail the literature selection pro‑
cess and, ideally, to reduce bias in the procedure. Ac‑
cordingly, literature identified via the ‘other source’ col‑
umn was incorporated in this study to maintain balance.
Automated methods were systematically used within
databases to retrieve relevant and high‑quality papers
for the review.

4‑Step Based Analysis of PRISMA Literature
Sourcing Strategy:

• Literature identification‑ Box 1: The literature iden‑
tification section is a core objective of the review
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study (see Figure 1). It systematically draws on
relevant searches using predefined databases and
search strategies. The electronic databases probing,
such as Scopus, Connected Papers, Google Scholar,
and Academia.edu, employed keyword terms, study
titles, abstracts, and a free‑text approach to match
the PRISMA systematic review requirements.

• Literature Screening‑ Box 2: Both automated and
manual literature generation processes were fil‑
tered based on titles, abstracts, keywords, publica‑
tion channels, and language. However, the recorded
results from different databases in Figure 1 pos‑
sess both recovered and unrecovered literature. In
this study, the documentation and application of lit‑
erature identification and selection of relevant arti‑
cles are through the PRISMA standard filtration pro‑
cess. The literature titles, abstracts, keywords, and
methodologies played a critical role in this evalua‑
tion process. All identified and imported literature
was managed using Mendeley, the preferred refer‑
ence management system, and underwent a dupli‑
cate removal process before citation.

• Literature Eligibility‑ Box 3: All searched closely re‑
lated literature to the study title and abstract were
coherently assessed and considered using PRISMA
review eligibility criteria. Again, the PRISMA crite‑
ria were employed to standardise and benchmark
the systematic review study.

• Literature Inclusion‑ Box 4: This section includes
the literature that has been reportedly cited and ref‑
erenced in this study. Literature inclusion is sys‑
tematic using automated database criteria, such as
the title of the literature, publication year, design
objective, and many more. The PRISMA automa‑
tionmethod excludes literature that has insufficient
data or poor quality to ensure that the analysis por‑
trays the study title.
Literature identification from Other Sources in‑

cludes Google Scholar and Academia.edu. Note that the
reason for including Google Scholar in the second col‑
umn of Figure 1 was based on citation search. Man‑
ual recovery of literature (ADD or REMOVE) using the
Boolean operation method was to complement the Sco‑
pus and Connected Papers literature extraction from

databases. After careful result filtering and exporta‑
tion from databases to Mendeley, literature citations are
found where they best fit throughout the study. How‑
ever, in this section, literature from Connected Paper is
the only infographic representation from other source
databases’ documentation.

The connected literature assessed assisted in draw‑
ing attention to the lack of review studies in this regard.
Additionally, it indicated the slowprogression of research
on FG structural material for the energy pipelines. How‑
ever, reviews on FGMproduction and evaluation since the
inception of FGMevolution are geometrically progressing.
The appraised connected literature is a buffer to this sys‑
tematic review study. However, the Connected Papers
search is limited to 2021, which is the latest adjustable
year from the database. Therefore, from 2022 to 2025,
publication information is missing from Figures 2 and 3
and Table 1. The fairly closely related articles on FGM
are mostly on pipeline structural analysis. FGMs are nar‑
rowly missing in some of the literature titles.

Figure 3 provides a detailed graphical illustration
of the synchronised previous studies. The documented
studies are related and connected to the FGM structure,
as this study appraised past research.

Additionally, other compelling information that
supports the connected literature view is presentedhere
through the non‑linear and pie chart graphical solutions
shown in Section 3.1. The work by Attia et al. [75] serves
as a key reference that connects various studies based
on their similarities. As portrayed in Figure 3, this lit‑
erature acts as a control centre, fostering synergy and
interconnectedness among other study titles with an in‑
creased percentage of similarity.

The highest percentile similarity to the study ti‑
tle remains 100 and 16.9, as depicted by Attia et al. [75]
and Soliman et al. [76], respectively. The least similar ti‑
tles to this study range from 9.9% to 5.3%, as shown
in Figure 3 and Table 1, indicating a lesser connection
to the study. Table 1 clearly emphasises the research
view through previous studies, as documented relative
to the percentage similarity value to this study by title
and abstract. Scopus Graphical Database validates the
Connected Papers analysis with FGM percentage by sub‑
ject areas, yearly publications trend, and journal title in‑
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terest (Section 3.4). The Table 1 reference column is
created manually for readers’ easy access to the Con‑
nected Papers titles. Therefore, the expunction of the
automated authors’ names and publication years in the

Connected Papers analysis agreedwith themanually ref‑
erenced articles in Table 1. Among the 41 related publi‑
cations to this study title is the first literature in Table 1,
which certifies 100% similarity to this study.

Figure 2. Graphical web view of the Connected Papers to the literature study review.

Figure 3. Connected Papers’ graphical interpretation of article titles against percentage similarity.

Table 1. A Connected Papers network to the study objectives.

Connected Literature Titles Cite Cited
Record

Similarity to
Review Study

Thermoelastic Crack Analysis in Functionally Graded Pipelines Conveying Natural Gas by an
FEM [75]

16 23 100

Nonlinear transient analysis of FG pipe subjected to internal pressure and unsteady temperature in
a natural gas facility [76]

11 0 16.9

A New Global Spatial Discretization Method for Calculating Dynamic Responses of
Two‑Dimensional Continuous Systems with Application to a Rectangular Kirchhoff Plate [77]

6 19 9.9
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Table 1. Cont.

Connected Literature Titles Cite Cited
Record

Similarity to
Review Study

Free Vibration Analysis of Functionally Graded Skew Plate in Thermal Environment Using Higher
Order Theory [78]

9 33 8.1

Spatial vibrations of a pipeline in a continuous medium under the action of variable internal
pressure [79]

11 2 8

An excitation spectrum criterion for the vibration‑induced fatigue of small‑bore pipes [80] 11 7 8
Free Vibration Analysis of Pipes Conveying Fluid Based on Linear and Nonlinear Complex Modes
Approach [81]

12 36 7.7

Nonlinear primary resonance of imperfect spiral stiffened functionally graded cylindrical shells
surrounded by damping and nonlinear elastic foundation [82]

27 38 7.5

Investigation of multibody receding frictional indentation problems of unbonded elastic
functionally graded layers [83]

14 82 7.4

Modeling and analysis of the nonlinear indentation problems of functionally graded elastic layered
solids [84]

13 70 7.4

Nonlinear vibration and dynamic buckling of eccentrically oblique stiffened FGM plates resting on
elastic foundations in thermal environment [85]

33 38 7.4

A Hybrid Method for Transverse Vibration of Multi‑Span Functionally Graded Material Pipes
Conveying Fluid with Various Volume Fraction Laws [86]

13 43 7.4

Resilient reaction of a pipeline to an internal impact pressure [87] 3 2 7
New controller (NPDCVF) outcome of FG cylindrical shell structure [88] 8 43 6.9
Stress distribution and fatigue life of nonlinear vibration of an axially moving beam [89] 15 66 6.9
Thermoelastic Vibration of Shear Deformable Functionally Graded Curved Beams with
Microstructural Defects [90]

22 66 6.6

Spatial aperiodic vibrations of the pipelines under transient internal pressure [91] 7 1 6.5
Dynamical bifurcation and synchronization of two nonlinearly coupled fluid‑conveying pipes [92] 19 44 6.3
Predictive model for indentation of elasto‑plastic functionally graded composites [93] 28 70 6.3
A widespread internal resonance phenomenon in functionally graded material plates with
longitudinal speed [94]

5 50 6.3

Vibration and Stability Analysis of Functionally Graded Skew Plate Using Higher Order Shear
Deformation Theory [95]

6 28 6.2

Buckling and Post‑buckling Behavior of a Pipe Subjected to Internal Pressure [96] 13 9 6.2
Dynamic behaviors of multi‑span viscoelastic functionally graded material pipe conveying fluid [97] 39 34 6.1
On a comparative study of an accurate spatial discretization method for one‑dimensional
continuous systems [98]

10 9 6.1

Frequency‑dependent forced vibration analysis of nanocomposite sandwich plate under
thermo‑mechanical loads [99]

85 75 6

Dynamics of a Pipeline under the Action of Internal Shock Pressure [100] 9 7 6
Vibration and Buckling of Shear Deformable Functionally Graded Nanoporous Metal Foam
Nanoshells [101]

26 107 5.9

Pull‑In Instability of Functionally Graded Cantilever Nanoactuators Incorporating Effects of
Microstructure, Surface Energy and Intermolecular Forces [102]

21 99 5.8

Nonlinear dynamic behavior of inhomogeneous functional plates composed of sigmoid graded
metal‑ceramic materials [103]

5 34 5.7

Coupling effect of surface energy and dispersion forces on nonlinear size‑dependent pull‑in
instability of functionally graded micro‑/nanoswitches [104]

22 100 5.6

Primary and secondary resonance analysis of FG/lipid nanoplate with considering porosity
distribution based on a nonlinear elastic medium [105]

25 107 5.6

On the vibration analysis of coupled transverse and shear piezoelectric functionally graded porous
beams with higher‑order theories [106]

16 57 5.6

Hygro‑Thermal Nonlinear Analysis of a Functionally Graded Beam [107] 17 45 5.6
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Table 1. Cont.

Connected Literature Titles Cite Cited
Record

Similarity to
Review Study

Thermoelastic vibration analysis of functionally graded skew plate using nonlinear finite element
method [108]

11 24 5.6

Flexural vibration of functionally graded thin skew plates resting on elastic foundations [109] 10 30 5.6
Bending vibrations of the pipeline under the influence of the internal added mass [110] 1 7 5.6
Dynamic Behavior of Axially Functionally Graded Pipes Conveying Fluid [111] 40 44 5.5
Nonlinear vibration characteristics of shear deformable functionally graded curved panels with
porosity including temperature effects [112]

43 64 5.5

Nonlinear dynamics analysis of pipe conveying fluid by Riccati absolute nodal coordinate transfer
matrix method [113]

23 30 5.5

Flutter and Forced Response of a Cantilevered Pipe: The Influence of Internal Pressure and Nozzle
Discharge [114]

29 0 5.5

Comprehensive investigation of vibration of sigmoid and power law FG nanobeams based on
surface elasticity and modified couple stress theories [115]

24 81 5.3

Prior Works from Connected Papers

This study prioritises themost cited literature from
the automatically generated Connected Papers database.
Additionally, prior works are auto‑generated too to iden‑
tify the most relevant publications related to the study
title. It is crucial, therefore, to note that Gupta and
Talha [116] is a key and pioneering research for the gener‑
ated literature in Table 2. These articles are frequently

cited in the same way as in the graph of Figure 2, in‑
dicating that they are significant research contributions
in this field. It would be beneficial for readers, how‑
ever, to acquaint themselves with these works of liter‑
ature for a better understanding. According to the Con‑
nected Papers guidelines, selecting PriorWorkwill high‑
light all papers that referenced the study. Perhaps select‑
ing graph paper will further highlight all prioritised ref‑
erenced work.

Table 2. Literature Prioritisation and Connection to the Study from Connected Papers.
Priority Research Title Last Author Year Citations Graph Citations

Recent development in modelling and analysis of functionally graded
materials and structures [116]

M. Talha 2015 419 8

Vibration behaviours of functionally graded rectangular plates with
porosities and moving in thermal environment [117]

J. W. Zu 2017 253 13

Electro‑mechanical vibration analysis of functionally graded piezoelectric
porous plates in the translation state [118]

Y. Wang 2018 207 10

Nonlinear steady‑state responses of longitudinally traveling functionally
graded material plates in contact with liquid [119]

J. W. Zu 2017 141 10

Vibrations of longitudinally traveling functionally graded material plates
with porosities [120]

Y. Zhang 2017 120 9

Large‑amplitude vibration of sigmoid functionally graded thin plates with
porosities [121]

J. W. Zu 2017 79 9

Nonlinear vibrations of moving functionally graded plates containing
porosities and contacting with liquid: internal resonance [122]

Zhengbao Yang 2017 67 8

Nonlinear dynamic thermoelastic response of rectangular FGM plates
with longitudinal velocity [123]

J. W. Zu 2017 63 12

Porosity‑dependent nonlinear forced vibration analysis of functionally
graded piezoelectric smart material plates [124]

J. W. Zu 2017 57 10

Nonlinear Dynamics of a Translational FGM Plate with Strong Mode
Interaction [125]

J. W. Zu 2017 48 13
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3. Study Findings and Analyses
The findings from existing literature align with the

study’s main objectives. Data were mainly sourced from
Scopus and Connected Papers, then systematically anal‑
ysed using Excel. The resulting graphics and illustra‑
tions offered direct insights and enhanced the review.
Supplemental literature searches further reinforced the
analysis. These visualizations clarified the study’s ob‑
jectives. Using these tools strengthened the clarity and
originality of the study’s core concepts. A sub‑section
of Yao et al. [126] review examined an established FGM
additive manufacturing method. The study primarily fo‑
cused on general FGM structural optimisation in print‑
ing procedures. It did not report material property varia‑
tion patterns relevant to the stability and performance of
cylindrical pipelines. In the same vein, recent studies by
Pasha and B.m [127], Yadav et al. [128] and Jin et al. [129] also
focused on FGM general formulations and fabrications,
which do not reflect this study’s core objective, which is
based on pipelinematerial structural gradation and index
functions. In another study, Cao [130] analyses how buried
FGM pipelines respond mechanically to strike‑slip fault
displacements, using classical beam theory and a first‑
yielding criterion to estimate yield fault displacement.
However, Jing et al. [131] analysed fluid oscillatory motion
in aviation fuel engine pipes using Euler‑Bernoulli beam
theory, identifying axial vibration instability during pul‑
sating fuel flow in jet engines. Thismethodeffectively cap‑
tures the dynamic response of slender pipeline structures
under axial excitation and unsteady internal flow. Tuo et
al. [132] also used same theory to evaluate pipeline vibra‑
tion along the thickness direction, confirming its value
for assessing deformation in pressurised conduit pipes.
The previous works have not only validated the dearth
of review studies on pipeline FGM structures but also re‑
vealed a lack of research in mechanically toughened and
thermally resistant FGM optimisation. In contrast, the
FE results in Section 4.3 reveal a distinct radial varia‑
tion pattern for a static gas pipelinewithout internal fluid.
This comparisonunderscores the differing vibration char‑
acteristics between dynamic systems with internal flow
and static, fluid‑free conditions. However, this study ad‑
dresses this research gap by focusing on structural grada‑
tion patterns in pipelines and presenting distinct grada‑

tion functions as a proposition to enhance pipeline oper‑
ational stability.

3.1. General View of FGMs Compared to
Other Materials

The research study of Zhang et al. [133] investigated
the variations of pure aluminium, pure ceramic, and
FG aluminium‑ceramicmaterials through a detailed con‑
vergence study to uncover thermal distributions across
different materials. Remarkably, in the same study by
Zhang et al. [133], the higher the mesh size, the higher the
temperature across the whole model. However, at about
seventy thousand element‑meshed sizes and beyond,
the temperature variation remained infinitesimally in‑
significant. Hence, a continuous FG variation pattern is
practically possible. Structurally, various studies have
conducted one or two experiments, numerically and an‑
alytically, by evaluating different carbon steel, compos‑
ite, and FG material configurations [134–138]. Table 3
establishes further satisfactory information regarding
these three evolutionary material strength parameters.
The recent structural review by Ebili et al. [139] compre‑
hensively examined the capabilities and limitations of
isotropic carbon steel pipeline materials used for trans‑
porting various natural gas products. However, the
present study analyses existing articles on FGM struc‑
tures as it focuses on the FG pipelines. Table 3 gives
a clearer pictorial view for comparing the mechanical
strength of carbon steel with that of FGM. Furthermore,
on the FGM core value, Sections 3.3 and 4 demonstrate
the high strength of material based on the core grading
pattern in FGM. Material grading is carried out based on
structural application requirements and assigningmate‑
rial properties to achieve core and well graded regions
for optimal performance. These analyses show a radial
and axial grading functions of an intact pipeline under in‑
ternal pressure condition. An FG material grading is ba‑
sically determined by area of application. The schemat‑
ics in Section 4.1 demonstrate how material variability
patterns are addressed during structural project feasibil‑
ity studies. This connection clarifies how the potential
pipeline project feasibility study influences the choice of
FGM pipeline gradation. In addition, a numerical inves‑
tigation of a beam element with material numbers indi‑
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cates an axial grading and distribution of material prop‑ erties in FGM (see Section 4.3).

Table 3. Material Strength Along Evolutionary Trend.

According to Table 3, VH, M, and L represent Very
High, Medium, and Low, respectively, which indicate the
material strength evaluations. The backwards slash (/)
signifies ‘to’ as used in the Table 3 material overview.
The mechanical strength of the FGM meets offshore and
onshore environmental standards and requirements for
structural applications. Perhaps the information in the
table could be utilised as a benchmark tool for a future
study. However, this is a general view regarding the
under‑listed material strength. The area of application
determines the structural variation formulation for the
FGM, as thematerial strength sectionmay vary inTable 3.
FGM is structurally feasible inmany engineering and non‑
engineering applications across many industrial sectors.
These sectors include energy pipelines, aerospace, mil‑
itary, and medical, shipping, building and construction,
among others, for global technological improvement. In‑
vention of Kevlar as a synthetic fibre is renowned and ex‑
ceptional in its strength and lightweight (24). This mate‑
rial composition made it highly stronger than austenitic,
ferritic, martensitic, and duplex Steel combined. Addi‑
tionally, the evolution of Kevlar material into FGM could
also solve the embrittlement problem in traditional hy‑
drogen pipeline material due to its low temperature
−260 °C to −325 °C [140]. Therefore, the information in
here is relevant for all engineering and non‑engineering
construction purposes, depending on the type of struc‑
ture and application environment.

The material strength characteristics of duplex
stainless steel are very high, high, and medium across
all parameters, with low deformability quality. Addition‑

ally, it is twice the design strength of the ferritic and
austenitic combined. However, it is not comparable to
FGMmaterial strength and cost. With a suitable temper‑
ature for cryogenic environments, FGM can confidently
demonstrate exceptional quality in structural operation.
Table 3 presents material progression trends that serve
as the foundation for the generational evolutionary pat‑
tern shown in Figure 4, highlighting how these trends
have influenced literature publications over the years.
The arrows in Figure 4 progressively indicate the dis‑
tribution of the material evolution over the years, which
referred to as traditional evolution [74,141]. The FGM in
Table 3 is virtually high to very high material strength
across all listed material strength properties, with low
deformation under extreme load conditions (90).

3.2. Graphical Illustration and Evaluation
of Scopus Database Information

The Scopus database graphical illustrations reveal
a satisfactory threshold of how effective systematic
review appears under PRISMA innovative guidelines.
Previous review literature publications on FGM have
demonstrated this quality. The generated FGM publica‑
tion results of the 2000–2025 yearly survey examined
the general publication trend of FGM over the indicated
number of years (see Figure 5). In 2024, the Figure
5 graph recorded the highest number of publications
with 153, before declining to 41 in 2025, with publica‑
tions starting in 2000. However, the analysis of non‑
FGM presence in some of these databases complements
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Corrosion Resistance L L/M M H H H
Temperature Strength L/M L/M H H M/H H/VH
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Yield Strength M M H/VH H M H
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the study’s aim and objectives. The non‑FGM literature,
as recorded in this study, is associated with literature re‑

lated to composite and metal materials that formed the
building block of the study.

Figure 4. Graphical illustration of material evolution over the years.

The FGM unfiltered data literature survey and anal‑
ysis in Figure 5 illustrates FGM’s progression by litera‑
ture publication in general. The sigma phase trend be‑
tween 2017 and 2024 dropped geometrically in 2025.

The graphical analysis is further dependent on current
data as 2025 does not have a complete data set to jus‑
tify the 2025 trend. Hence, the available data predicted
an increase between 2016 and 2025. Quantitatively, af‑

204



Sustainable Marine Structures | Volume 07 | Issue 04 | December 2025

ter further filtering the overall data retrieved by title,
abstract, and keywords, the study identified less liter‑
ature on FGM pipelines than expected. The complete
graphical description of the number of publications on
FG pipelines is given in Figure 6.

The sigma phase view of the graph in Figure 6
clearly illustrates the rising and falling trend of struc‑
tural publications related to the FG pipelines. As indi‑
cated in Figure 6, the literature on the constant phase
has shown very little activity concerning FG pipeline re‑

search and publication over a span of more than two
and a half decades. Interest began to pick up around
2007, reaching a peak by 2024, with about eleven re‑
lated publications emerging in this field. Despite this no‑
table increase in publications, there is yet no comprehen‑
sive review of the literature, ideally focusing on energy
pipelines. In light of the observed gap in the literature,
the review study created a structural framework and in‑
sights to address the identified gap.

Figure 5. General FGM’s Publication Yearly Survey.

Figure 6. A graphical illustration of the FG pipeline literature trend with no review studies.
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In a similar context, the pie chart in Figure 7 offers
a comprehensive analysis that aims to address the distri‑
bution of various subject areas of applications for FGMs.
The study meticulously adopted a filtration method for
the data extracted from Scopus. Notably, the nine dis‑
tinct subject areas graphically plotted are to pinpoint
the most prevalent applications of the FGM technology
in general. The engineering sector possesses a higher
percentage of FGM applications, with 49%. As depicted
in Figure 7, the significant adoption and utilisation of
FGMs in structures measure their application percent‑
age level in each area. Following closely behind, mate‑
rial science emerges as another critical area of applica‑
tion based on production. This domain plays a crucial

role in evaluating the strength and quality of materials
before actual application, underlining its importance in
ensuring the efficacy and reliability of FGMs.

Furthermore, the pie chart’s legend provides a de‑
tailed overview of the various subject areas where FGMs
are applied, acting as a valuable reference for under‑
standing real‑world applications. Notably, environmen‑
tal science, chemical engineering, and chemistry are
capped as the least engaged subject areas in the con‑
text of FGM use, each reporting a utilisation rate of less
than 1%. This stark contrast emphasises the potential
for growth and innovation within these fields concern‑
ing the implementation of FGMs.

Figure 7. A pie‑chart graphical illustration of closely related subject areas to the study.

The pie chart presented in Figure 8 vividly show‑
cases the varying proportions of different publication
types within the fascinating realm of FGM research.
This colourful representation reveals a landscape where
three primary formats of research literature are em‑
ployed to gauge the fame and impact of FGMsover recent
decades. Notably, the literature review publications de‑
picted in the pie chart barely make a mark in the FGM
evolutionary trend, accounting for 1%. While the tradi‑
tional article‑type publication domain made an impres‑
sive 96%. Again, a significant gap is observed in this re‑
search direction, showing a scarcity of comprehensive

reviews in FGM literature. In particular, it is striking that
no review studies have addressed the FG pipeline for en‑
ergy transport, underscoring a potential area for explo‑
ration and growth in this dynamic field.

In Table 4, the study showcases over 47 esteemed
journals from the Scopus database that primarily focus
on research related to FGM. Figure 9 features a visually
engaging TreeMap that categorises these potential jour‑
nals for FGMand its related structural research. The rect‑
angular blocks TreeMap compare citation scores while
highlighting the significance of each journal’s contribu‑
tions. Moving towards the right direction across the
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block, TreeMap, the citation scores gradually decrease,
with “SustainableMaterials andTechnologies” recording
the lowest score at 13.4. In contrast, “Nature Reviews
Materials” achieves the highest citation score at an im‑
pressive 119.4, underscoring its crucial role in dissem‑
inating impactful FGM structural investigations and re‑
view literature. Principally, the study suggests Elsevier
as the vanguard publisher of FGM articles, as demon‑
strated in Table 4, supported by robust data from the
Scopus database. It is, therefore, paramount to note that
Elsevier encompasses a broad range of journals, estab‑
lishing itself as a significant platform in this field. The
second most prominent platform for FGM publications
is Springer Nature; however, based on the data, Elsevier
emerges as the most reliable choice for comprehensive
research on FGMs and related studies. Additionally, the
affiliation of the Scopus database with Elsevier further
reinforces its credibility. The exceptional citation perfor‑
mance highlighted in the Journal Source Comparison for
FGM General Review Papers not only reflects the quality
of the journals analysed but also serves as a compelling
recommendation for researchers seeking authoritative
sources in this evolving area of research.

The Scopus citation list column inTable 4 provides
valuable insights into previous literature publications,
showcasing key developments in the FGM field. In this
study, the structural articles are evaluated based on FGM
publications across various journals over the years in an
auto‑generated timeframe. The SCImago Journal Rank

(SJR) indicator serves as an effective tool for rating and
positioning the impact of academic articles on society.
By utilising these evaluation metrics, the study gained
a clearer understanding of an article’s quality within
the Scopus database. The SJR serves as a benchmark
for assessing scholarly journals, considering both the
number of citations received and the academic research
view fromwhich these citations originate. This standard
makes SCImago a recognised and reliablemetric for eval‑
uating research in the fields of science and technology.
Progressively, the Source Normalised Impact per Paper
(SNIP) complements the SJR by measuring citation im‑
pact at the article level. Together, these metrics, SJR
and SNIP, are crucial for understanding the academic
landscape, with SNIP providing insights into publication
trends. Notably, the Nature Reviews Materials journal
under Springer Nature recorded a high citation score, as
reflected in Table 4. The highlighted cells in Table 4 in‑
dicate the journals with the highest publication counts
and citation percentages, aligning clearly with their re‑
spective column headers. The auto‑generated Table 4
for the pipeline FGM literature review is based on cita‑
tion scores, which further confirm that Nature Reviews
Materials is among the leading journals in this field. The
highlighted journal literature scores’ publishers are indi‑
cated in light coloured orange accent 2 type of font. This
analysis not only supports ongoing research but also of‑
fers a solid foundation for future exploration in FGMs.

Figure 8. FGM percentage analysis according to the publication channel.
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Table 4. Journal Source Comparison of General Review Papers on FGMs.

Journal Source Cite
Score

2020–2023
Citations

2020–2023
Documents

%
Cited SNIP SJR Publisher

Nature Reviews Materials 119.4 30099 252 79 12.106 21.836 Springer Nature
Materials Science and
Engineering R: Reports 60.5 6111 101 95 6.823 6.822 Elsevier

Nature Nanotechnology 59.7 37891 635 94 6.292 14.577 Springer Nature
Progress in Materials Science 59.6 19738 331 94 8.581 7.796 Elsevier
Progress in Energy and
Combustion Science 59.3 7536 127 98 7.566 6.114 Elsevier

Proceedings of the IEEE 46.4 16286 351 93 6.982 6.085 IEEE
Advanced Materials 43 302064 7025 93 3.856 9.191 John Wiley & Sons
Advanced Energy Materials 41.9 130903 3126 92 3.289 8.748 John Wiley & Sons
Military Medical Research 38.4 8251 215 90 3.384 2.745 Springer Nature
Materials Today 36.3 23435 645 90 3.257 5.949 Elsevier
Renewable and Sustainable
Energy Reviews 31.2 112715 3612 93 3.592 3.596 Elsevier

Advanced Functional
Materials 29.5 267474 9056 92 2.516 5.496 John Wiley & Sons

International Materials
Reviews 28.5 2680 94 95 5.12 3.233 SAGE

Applied Mechanics Reviews 28.2 1127 40 100 5.078 2.908 American Society of
Mechanical Engineers

Advanced Industrial and
Engineering Polymer
Research

26.3 2659 101 93 3.746 2.234 KeAi Communications Co.

Advanced Composites and
Hybrid Materials 26 16922 652 85 2.566 3.623 Springer Nature

Polymer Reviews 24.8 2258 91 98 2.861 2.529 Taylor & Francis
Composites Part B:
Engineering 24.4 65504 2689 93 2.599 2.802 Elsevier

Critical Reviews in Solid
State and Materials Sciences 22.1 1898 86 93 2.863 1.959 Taylor & Francis

Journal of Advanced
Research 21.6 13737 635 97 2.258 1.905 Elsevier

Journal of Advanced
Ceramics 21 10099 482 87 3.369 3.457 Tsinghua University Press

Progress in Aerospace
Sciences 20.2 2625 130 92 5.505 2.57 Elsevier

Journal of Magnesium and
Alloys 20.2 16036 793 91 2.972 2.93 KeAi Communications Co.

Journal of Materials Science
and Technology 20 62611 3125 96 2.168 2.309 Chinese Society of Metals

Additive Manufacturing 19.8 50844 2574 90 2.399 2.837 Elsevier
Materials Horizons 18.9 24615 1301 79 1.854 3.376 Royal Society of Chemistry
Advanced Fiber Materials 18.7 5354 286 92 2.23 3.398 Springer Nature
Nano Materials Science 17.8 2374 133 98 1.779 1.721 KeAi Communications Co.
Accounts of Materials
Research 17.7 5384 304 88 1.914 4.403 American Chemical Society

Energy and Environmental
Materials 17.6 7921 449 96 1.67 3.493 John Wiley & Sons

Composites Science and
Technology 16.2 30743 1900 90 1.699 1.8 Elsevier

NPJ Computational Materials 15.3 13198 863 88 2.017 2.447 Springer Nature
Applied Materials Today 14.9 21796 1465 88 1.249 1.623 Elsevier
NPJ 2D Materials and
Applications 14.5 4314 297 87 2.077 2.46 Springer Nature

ES Materials and
Manufacturing 14.4 2178 151 80 0.914 0.583 Engineered Science

Publisher
Materials and Design 14.3 59186 4127 87 1.918 1.684 Elsevier
Journal of Materiomics 14.3 6770 474 89 1.498 1.654 Chinese Ceramic Society
Materials Today Advances 14.3 5337 373 83 1.58 1.826 Elsevier

Sustainable Structures 14.2 454 32 84 5.115 1.93 Sustainable Development
Press Limited
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Table 4. Cont.

Journal Source Cite
Score

2020–2023
Citations

2020–2023
Documents

%
Cited SNIP SJR Publisher

Materials Today Physics 14 13345 953 84 1.633 2.304 Elsevier

Energy Material Advances 13.8 1395 101 83 1.69 3.563 American Association for the
Advancement of Science

Construction and Building
Materials 13.8 211152 15336 87 2.11 1.999 Elsevier

Corrosion Science 13.6 39078 2868 89 2.054 1.897 Elsevier
IEEE Open Journal of
Industry Applications 13.5 1401 104 78 2.604 2.805 IEEE

International Journal of
Hydrogen Energy 13.5 163206 12093 91 1.38 1.513 Elsevier

Journal of Computational
and Cognitive Engineering 13.5 890 66 89 N/A N/A Bon View Publishing Pte Ltd.

Sustainable Materials and
Technologies 13.4 8464 632 80 1.693 1.681 Elsevier

Note: the table provides a review of FGM journal papers, documenting each cited paper alongside its corresponding journal. Highlighted cells and distinct journal
font styles facilitate the identification of journals with a higher number of cited articles. This visual representation serves as a criterion for ranking journal sources.
The meaning of the cells highlighted and font colours is explained in detail below Figure 9.

Figure 9. FGM percentage analysis according to the publication channel.

Figure 10 is a comparison of 22 academic journal
sources, using an Area Graphic plot based on FGM pub‑
lication database levels established through literature
sourcing and organisation. Filtration by language, sub‑
ject area, and publication typewas applied to streamline
the literature to the language choice and required sub‑
ject area. The Composite Structures Journal holds the
highest number of publications, 247, and the number of
publications per journal decreases as it approaches the
Structures Journal.

3.3. FGM Forms and Production Processes

The selection ofmaterials anddesign specifications
for commercial energy transport is mandatory for en‑
suring safe energy transport and achieving net‑zero car‑
bon emissions. Combining two or more materials with
different properties can enhance this goal by leverag‑
ing their high mechanical, physical, and chemical char‑
acteristics to reinforce a desired material’s structural
strength. To gain a better understanding of various para‑
metric studies and analyses from the existing literature,
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the study utilised a systematic review framework. The
auto‑retrieved data from journal publications in the Sco‑
pus database, as shown in Figure 1, compares trends
and key issues related to FGMs and other related review
papers. The graphical illustration in Figure 11 depicts

the generic production processes of FGMs based on re‑
search investigations [34,142,143]. It is noteworthy that the
number of FGM literature present in the compared pub‑
lication journals concerning pipelines is far lower than
expected (Table 1, Figure 10).

Figure 10. Data area graphical solution for journal publication comparisons on FGMs.

Figure 11. A tree diagram of the FGM production process.
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Some parts of the FGM production process, as
shown inFigure11, aredescribed in the researchonFGM
3D additive printing technologies cited in sources [34,142].

Figure 12 illustrates possible FG structural geometric
models and formulations, while Figure 11 presents the
tree diagram of the available FGM production methods.

Figure 12. Preview schematic of FG‑structures reviewed.

4. FG Structural Material Graphics
The morphology of FGM, however, is a critical as‑

pect of this study. FGM structures are considered for
greater understanding and incorporated into this study
to provide readers with an FGM structural perspective.
They reveal how different models vary through their mi‑
crostructural properties, thereby enhancing their struc‑
tural and operational capacity. The study, however, fo‑
cused on the FG pipeline structure but never neglected
other FG structural formulation geometries and varia‑
tion patterns, as depicted in Figure 12.

4.1. Schematic Views of FGM Structural Ge‑
ometry

The variation involved in FGM through the mi‑
crostructural property of a material geometry creates
the expected strength and reinforcement. That, how‑
ever, depicts the continuous or discontinuous grading
pattern that occurs in material models. Such a variation
pattern is known as a gradient (continuous) type of FGM
if thematerial property variation runs smoothly across a
model. Conversely, a discontinuous or stepwise type of
FGM formulation possesses a conspicuously defined in‑
terface. Interestingly, Young’s modulus and Poisson’s ra‑
tio are thematerial model properties proposed for these
variations. However, they often vary to determine the na‑
ture and strength of thematerial. Another significant pa‑
rameter is the material volume fraction index (n), which
is a key parameter that determines the level of variation.
Note that in the FGM formulation, different application

areas can adapt different gradation patterns. This ex‑
pression is a recommended practice for structural and
material engineers. An overview of the 3D discontinu‑
ous (stepwise) beamelement and pipelines along the lat‑
eral direction and gradient (continuous) along the lon‑
gitudinal direction is overwhelmingly expressed in Sec‑
tion 4.1. In another vein, two different material gradi‑
ents can be expressed at the top and bottom of a single
model with two different material properties based on
gradation. However, the reverse is the case, where the
highest point of micro‑material distribution of the two‑
grading material records the highest material property
at the midpoint. For example, a 50% centroid mark of
twomaterial contributions is often established based on
the average material variation point.

Figure 13 shows a simplified schematic variation
of Young’s modulus‑to‑thickness ratio with index vol‑
ume fraction n, which justifies the rate of material mi‑
crostructure distribution. However, most scientific lit‑
erature publications depict their volume fraction index
with the n or N symbol. In this study, n is the volume
fraction index, which is a material exponent. Figure 13
is a Power Law expression for material property varia‑
tion in FGM models. It is the most analysed law among
the three FGM‑formulated laws to expressmaterial prop‑
erty variation for different FGM structures. The other
two variations considered in this study are the Exponen‑
tial and Sigmoid Laws. Similarly, the Vasavi et al. [144]
review study analyses FGM laws and critically examines
themostwidely validated analyticalmodels proposed by
previous researchers.
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Figure 13. Schematic of the ratio of Young’s modulus to material thickness variation.

The Power Law is used to express how Young’s
modulus varieswithmaterial thickness. Analytically, the
Power Law calculates the variation of the volume frac‑
tion index as it varies with eachmaterial property grada‑
tion. Figure 13 demonstrates the Power Law regarding
the variation of material volume fraction and can grade
in any direction. However, Equation (1) provides a for‑
mulation for grading specifically in the z‑direction.

P (z) = (Pm−P c)

(
2z + h

2h

)n

+ PC (1)

By simplification:

P (z) = (Pm − Pc)

(
z

h +
1

2

)n

+ PC (2)

Mori‑Tanaka used the fraction index to demon‑
strate the variation of material in the FG model analy‑
sis [145], where is thematerial property grading along the
thickness direction, is the material property of metal, is
the material property of ceramic, and is the thickness of
the material. However, analysis of FG thick‑layered ma‑
terials is more effectively conducted by examining the
thickness in both the upper and lower directions of the
model.

V1 + V2 = 1 (3)

Be it a continuous or stepwise gradation pattern,
the material model’s parameter n remains the active de‑

terminant factor that controls the micromaterial prop‑
erty variation to achieve the engineering choice of de‑
signpurposes. Suchmaterial property variationprogres‑
sively and collectively adds up, as expressed in Equation
(3), to achieve a gradient pattern.

Therefore,
V2 = 1−V 1 (4)

If
&Vc= V 2 (5)

where is the volume of material number 1, while is the
volume of material number 2.

Therefore, two different materials are involved in
this formulation.

Hence,
V1 =

(
z

h +
1

2

)n

(6)

Substituting Equation (6) into (4)

V2 = 1−
(
z

h +
1

2

)n

(7)

However, the FG material variation of a thick plate
geometry can be illustrated based on the thickness direc‑
tion as follows:

Vm or Vc =

(
2z + h

2h

)n

w.r.t− h

2
≤ z ≤ h

2
(8)
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Several pieces of literature have shown that FGMs
are practically designed by varying two or more ma‑
terials with completely different material properties
throughmathematical variation functions [45,88,97,146–148].
Following the above principle of FGM formulation, the
material volume fraction index remainswithin the range
of (Figure 13). Note that if the volume fraction is grad‑
ing along the thickness direction, for example, a 3D thick
plate analysis, the mathematical formulation can be ex‑
pressed with Equation (8) that further elaborates the
plate thickness variation which is equal to h

2 and for the
top‑downFGMgeometry cases, respectively. Thus, thick‑
ness represents the resolution of the height in positive
and negative values reflecting the material geometry in
the 3D formulation. However, the symbol Vm denote the
volume fraction index function of metal, while the is the
volume fraction index function of ceramic.

Exponential Law: The FGM law expressed here is
an exponential increase function of Young’s modulus,
shown by the Figures 14 and 15 schematics. In this in‑
stance, the reverse is the case for the Power Law. The

material property gradient calibration is along themate‑
rial thickness (height or vertical) direction of the model.

E(x) = E0e
βx (9)

Figure 14 schematically presents the distribution
of material property (Young’s modulus) formulation
along the longitudinal direction for any model in ques‑
tion. Equation (8) confirms the variation along the x‑
direction.

E(z) = E0e
βz (10)

The exponential function in Figure 15 illustrates
the variation of material properties along the thickness
direction.

Sigmoidal Law expression of FGM: This FGM formu‑
lation function conveys succinct details of thePowerLaw
volume fractions combination. According to Ji et al. [74],
Walters et al. [149], and Cho et al. [150], the FGM product
of the two symmetric layers of the Power Law variation
function combination can withstand high stresses and
combat material temperature differentiation.

Figure 14. Exponential Law of FGM formulation varying in the x‑direction.

Figure 16 presents a schematic representation of
a Sigmoidal Law, where Ex, denotes the horizontal axis
(longitudinal) direction and z

h indicates the vertical axis
(material thickness). The gradation of Young’s modulus

across the material thickness is characterized by the vol‑
ume fraction index (d), as illustrated in Figure 16. Equa‑
tion (1) represents a valid gradation of material prop‑
erties in the thickness direction w.r.t the height of the
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material model. The thickness in both the negative and
positive averages of the model height shown in Figure
17 indicates the bottom‑up gradation value, respectively.
This expression clearly shows coarse materials dominat‑
ing the bottom part and finer materials at the top surface.

Thematerial’s volume fraction index determines the vari‑
ation in material properties, while denotes the volume
fractionof thematerialmodel type, as formulated inEqua‑
tions (6) and (7). This variation can occur in one or mul‑
tiple directions across 1D, 2D, or 3D geometries.

Figure 15. Exponential Law of FGM formulation varying in the z‑direction.

Figure 16. Schematic expression of the Sigmoidal Law of FGM with 2D variations.
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Figure 17. Schematic showing stepwise bi‑material Power Law gradation function.

V1(z) = 1− (0.5)

(
h
2−z
h
2

)n

0 ≤ z ≤h

2
(11)

V2(z) = 1− (0.5)

(
h
2−z
h
2

)n

− h

2
≤ z ≤ 0 (12)

P(z) = PmV1 (z) + Pm

[
1− V(1) (z)

]
0 ≤ z ≤h

2
(13)

Equations (11) and (12) analytically present the
volume fraction formulation from the Power Law vol‑
ume fraction combination. Chi and Chung [151] combined
two material model layers involved in the Power Law
material property distribution to achieve the Sigmoid
Law. The and describe the top‑down variation function
in FGM.

The variation pattern presented in Figure 17 is a
practical expression of Power Law implemented equa‑
tions. From Equation (5), the effective volume fraction
in Figure 17 possesses differentmaterials at the top and

bottom of the model. These materials represent mate‑
rial phases 1 and 2. Therefore, the equation for material
variation is expressed as follows:

Eeff= Et ∗ Vm(1) + Eb ∗ Vm(2) (14)

where is the effective material property of materials 1
and 2 combinations, and Et, remains the material prop‑
erty (Young’s modulus) of the top and bottom material.
While and represent the volume fraction of material 1
and 2, respectively.

The stepwise or discontinuous distribution of ma‑
terial properties in Figure 18 supports the analysis in
Figure 17 which is a thick plate model. The gradient
starts a few increments from the origin and moves ver‑
tically along the thickness direction. This pattern shows
the same averaging edge nodal load pattern in FEA. Such
a distribution can be represented numerically during
FGM simulation in FEA.

Figure 18. Stepwise gradation in the thickness (transverse) direction.

Figure 18 is also governed by Equation (8), which
applies to the Figure 17 schematic of stepwise opera‑
tion. Figures 18 and 19 clearly depict structural mod‑

els to validate the first paragraph of Section 4.1, as the
material properties vary across the lateral and axial di‑
rections. Another version of the material property vari‑
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ation using volume fraction index is the continuous pat‑
tern of material distribution across the selected model
direction, see Figure 19.

Figure19 illustrates the composition ofmaterialmi‑
crostructure and porosity behaviour under a continuum
variation. The uniformly and continuously material prop‑
erty gradation along the axial direction in the 3D beam
element geometry is an example of a volume fraction in‑
dex function. Theprimaryobjective of FGMmodels in this

study is to provide a geometric demonstration of poten‑
tial functions and mathematical formulations previously
discussed in the referenced literature. Additionally, this
study introduces innovative functions, such as Figures
20 and 21 to describe the innovative functions FGM and
further develop the new modelling framework. Figures
20 and 21 illustrate the primary innovation of this study
by presenting highly reinforced FGM functions controlled
by the volume fraction index (n).

Figure 19. Continuous gradation of material property across the longitudinal direction.

Figure 20. 2D schematic of continuous variation with two materials converging at the centre.

Note that, n quantifies the distribution of material
properties during grading, facilitating the formation of
a well‑blended model when combining different mate‑
rials. A 100% gradation of material properties at the
middle indicates complete internal reinforcement of the
constituentmaterials in the FGM formulation process, as
shown in Figure 20. This FGM function is designed to be
unique and to provide enhanced toughness for applica‑
tions involving significant thermal gradients, such as hot
gas pipeline transport. In contrast, Figure 21 depicts ex‑
ternal and mechanical reinforcement through the grad‑
ing of material properties between two or more parent

materials. In this case, the variation pattern preserves
the parent materials at the model’s edges, with little or
no evidence of material mixing. This is represented as
0% contribution from each material at the edges, main‑
taining 100% of the parent material in the volume frac‑
tion index function, as shown in Figure 21. However,
Figure 20 schematic gives a contrary expression to Fig‑
ure 21, as the gradient is 100% of the two materials at
the centre and varies less towards the corners. The two
materials have a 0% gradient at the edges. Although Fig‑
ures20 and21present 2Dmodels, this function can also
be applied in one‑dimensional (1D) and 3D models.
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Figure 21. 2D material continuous variation along height.

4.2. Schematic Examples of FG Patterns in
Pipeline

Numerous researchers have investigated either in‑
tact or damaged pipeline geometries to assess the per‑
formance capabilities of FGMs under varying loading
conditions. Included but not limited to harsh environ‑
mental conditions, internal pressure, stress, thermal and
free‑loading BCs. Focusing on this exploration is the
strategic integration of both continuous and discontin‑
uous material variations. This process has solidified an
FGM’s researchbase for a variety of experimental, analyt‑
ical, numerical, and mathematical formulations that en‑
able the adjustment of material properties throughout a
pipeline geometry. These variations are typically visible
in three primary directions: axial, radial, and circumfer‑
ential. Each direction allows customised modifications
to enhance specific performance criteria that reinforce
the model. However, its performance also encourages
high mechanical strength to mitigate complex loading
conditions encountered in real‑life applications. To illus‑
trate this concept, Figure 22 depicts a detailed transi‑
tion in the radial direction grading of the pipelinemodel.
It highlights the variations in material composition and
microstructural distribution with transition from the in‑
ner surface to the outer surface of the pipe wall. This
gradation is essential for optimising the durability and
functionality of the pipeline under operational stresses.

For each pipeline geometry featured in this section, vari‑
ations often involve twomaterials with different compo‑
sitions and characteristics, except for Figure 22, with
a single material grading pattern. This single grading,
however, is tagged as uniformly a mono‑grading phase
of a solo material.

Despite the significance of this research area, there
is still a dearth of publications that have not effectively
reviewed FGM pipelines for energy transport. Further‑
more, computationalmethods in the pipeline context un‑
derscore a gap in the current understanding and poten‑
tial for future exploration in this domain.

Akshaya et al. [152] confirmed in their review study
that FGM followed a progression trajectory for its evolu‑
tionary trend from conventional material. Figure 22 is
however regarded as a mono FGMwhich portrays an ad‑
vanced composite material.

The quarter symmetry section in Figure 23 shows
the continuous variationof thepipelinemodel’smaterial
property in the radial direction. Figure 24 illustrates a
contrasting gradation pattern, characterized by continu‑
ous variation in the pipeline thickness axis, which repre‑
sents material property changes along the longitudinal
section of the pipeline (axial gradation). The schematic
illustrates a pipeline section with a radially grading pat‑
tern outward towithstand internal pressure fromgas en‑
ergy or other green liquid or gas energy during transport
operations (Figure 23). In this context, R denotes the in‑
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side and outside radii combined, which together define
the total thickness of the pipe, while z represents the to‑
tal length of the pipeline section. This in a way gives an
interpretation of porosity, grain size distribution, and in‑
teraction within the pipeline structural model.

Mathematically,

R = ri + ro (15)

where is the inside radius, is the outside radius, and is
the two radii combined.

Figure 22. A mono‑graded offshore pipeline (single material phase).

Figure 23. Radial grading pattern in an intact pipeline.

Asymmetry operation is a fundamental standard
in industrial pipeline operations. This SOP is main‑
tained to adhere to industry‑established standards, such

as those from the American Society of Mechanical En‑
gineers (ASME) and the American Petroleum Institute
(API). It provides detailed requirements and authorita‑
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tive guidance for most industrial pipeline operations.
This guided SOP is influenced by four main parameters:
internal pressure, radial angle function, material thick‑
ness of the pipeline, and axial behaviour of the pipeline.
The ASME and API are globally accepted standards; how‑

ever, other countries’ standards, such as British Stan‑
dard 1710 (BS), Canadian Standards Association (CSA),
Det Norske Veritas (DNV), and others. Notably, coun‑
tries respect each other’s standardisation guidelines to
protect and prevent pipeline operation legacy.

Figure 24. Schematic of a quarter symmetry section of an intact pipeline grading in the axial direction.

Figure 25 provides a detailed representation of
how material properties vary along the axial direction
of the pipeline. This variation displays a smooth con‑
tinuous grading pattern that characterises the FGM type
used in the construction of the pipe. The graphical de‑
piction clearly illustrates how different regions of this
model exhibit distinct material characteristics. The

shown gradient colour fades down the pipe and depicts
different material properties (Figure 25). Furthermore,
the axial direction of the pipe corresponds directly with
its longitudinal direction, restating the significance of
understanding the material distribution and its implica‑
tions for the overall operation of the pipeline.

Figure 25. A whole section of cylindrical pipe continuously graded in the axial direction.
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A transition zone in the grading formulation of
FG pipeline material or other structures indicates non‑
uniformity of material property variation across geome‑
try. Figure 26 clearly illustrates this concept with two
materials, Material A andMaterial B, separated by amid‑
point transition zone. This formation is known as a cir‑
cumferential or radial grading in a pipeline. The grad‑

ing is non‑uniform, resulting in a discontinuity in thema‑
terial properties with an infinitesimal interface. Such a
grading allows the material to withstand high circum‑
ferential (hoop) stresses. However, the introduction of
FGM is to address the sharp interface challenge in com‑
posite materials design, whether the grading is continu‑
ous or discontinuous.

Figure 26. Schematic is an example of stepwise gradation in radial or lateral direction.

4.3. FEA Sample for FGM Structures

This section considered and numerically analysed
FG pipeline articles based on their Finite Element
Method (FEM) in ABAQUS, ANSYS, and other software
domains from Gupta and Talha [116] and Amos [153], Mao
et al. [154], andBhardwaj et al. [155]. Figures27 and28 are
pipeline and beam material property variation results
from the ANSYSMechanical APDL domain. The reason is
to draw attention based on the FEM computational capa‑
bility for FGM in ANSYS. In light of the above thought, Ab‑
dali and Madeh [156] have maximised Hamilton’s princi‑
ple to analyse a shell plate made of FGM using Sigmoidal
and Power Law. Numerous articles have also studied
tensile stress, shear force, fracture effect, crack propaga‑
tion, and fatigue growth of FGM using FEM. Such studies
validate the high strength capability of FEM for analysing
FG structural materials. Nonetheless, many studies have
employed either one or two of the following structural
geometries, such as beams, plates, bars, quarter, or full‑
section pipeline FG elements, to understand their be‑
haviour under immense loading conditions. Structural
material variation in pipeline models, however, differs

from the other mentioned geometries due to their ax‑
isymmetric nature. Studies including Sidhoum et al. [157],
Wang and Liu [158], Fan et al. [159], and Akbaş [160] have,
however, employed the same Hamilton principle in their
study to analyse FG pipelines for vertical vibration eval‑
uation. According to Yulmukhametov et al. [110], Wang
and Liu [158], and Li et al. [161], it is crucial, then, to note
that transverse vibration in a cylindrical beam is appli‑
cable and comparable to results fromhigh‑pressure fluid
flow in pipelines. A simplified Power Law is used to as‑
sess the variation in a material property along the thick‑
ness direction of the geometry model. Such research ad‑
dresses problems related to the transverse vibration of
an FGM pipe conveying fluid. Research studies of Prad‑
han et al. [41] and Chang and Zhou [162] analysed thermal
buckling after intense internal structural loading condi‑
tions in an FG pipeline. Their study further implements
pipeline natural frequency to understand the natural vi‑
bration under internal pressure conditions. Another re‑
search development by Li et al. [163] used a sandwich
plate of FG auxetic material to analyse its vibration and
natural frequency.
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Figure 27. Pipeline quarter‑symmetry of FEA, stepwise gradation with material numbers.

Figure 28. FEM of a simply supported FGM beam under free‑end point load.

Quite a few research studies including Xin et
al. [145], Shen and Wang [164], Xin et al. [165], Kiani and Es‑
lami [166], and Najibi et al. [167], have confirmed that the
Mori‑Tanaka principle is quite suitable and productive
for micro‑material homogenisation during variations in
FGM. The investigation by Xin et al. [145] ascertained that
the Mori‑Tanaka approach may be more efficient than
Voigt’s method. However, both approaches address the
complexity of micro‑material volume fraction variations
with porosity in thematerialmodel. The numerically lay‑
ered FG cylinder in Figure 27 portrays the ideal FGM
functionality of a long pipeline. The material property
is in continuous gradation through the thickness direc‑
tion in an isometric view. The beam material property

variation of Figure 28 runs through the axial direction
of the model. The beam, however, was under a free‑end
concentrated load, which resulted in slight deflection of
the beam.

Figure 27 presents a numerical simulation that
characterises the material properties and structural be‑
haviour of an intact pipeline subjected to internal pres‑
sure. In comparison, Figure 28 is designed to evaluate
the pipeline’s yield stress. The corresponding results are
omitted to maintain the review’s focus on its primary
subject matter. In contrast, the research of Zhang et
al. [53] and Foroutan et al. [168] applied radial grading to
implement FGM strength in the pipeline model. How‑
ever, investigation was based on an aircraft engine pipe
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to simulate the interaction between fluid flow and the
pipe structure [168]. The numerical model incorporates
a Power Law function to represent the gradation of ma‑
terial properties. Simulation results indicate that ma‑
terial properties vary across the pipe thickness. How‑
ever, further investigation is required to determine how
peak radial and hoop stresses decrease as the grada‑
tion index function increases. The gradation index con‑
trols the rate of property transition across the thickness,
with a higher index indicating a more significant shift
toward the stronger material at the outer pipeline wall.
These analyses are essential for optimising the design
of pressure‑resistant pipelines, as they enable engineers
to tailor material distributions to specific operational re‑
quirements, thereby improving safety and efficiency.

A general and simplified power law mathematical
formulation for Figure 27.

E(z) = +E1

(
1−

(
z − a

b− a

)n)
(16)

The pipeline is typically modelled as a thick‑walled
cylinderwith inner radius and outer radius and the grad‑
ing index function applied at r = a. However, the ma‑
terial properties, such as elastic modulus and Poisson’s
ratio vary continuously in the radial direction. The tran‑
sition in these properties through the pipe wall is char‑
acterised by the Power Law, which governs how and
change as functions of radius in this FGM nonlinear for‑
mulation.

The numerical analysis of Figure 28 is performed
for an FG beamwhose material properties vary along its
length, as expressed by Equation (17) based on the FGM
simple power law.

X ϵ[O,L] (17)
The symbol denotes the grading direction along the

beam FG model, starting at one end of the total model
length and ending at the other part of the model (from 0
to 20 mm along the model, as shown in Figure 28 with
colourful material property indication). The gradation
pattern shown in Figure 28 is defined by a continuous
function, described by Equation (18) (Power Law func‑
tion). Notably, expresses the value of [O,L] in the x‑
direction of the model.

E(x) = E0

[
1 + α

( x
L

)n]
(18)

Here, represents the initial elastic modulus, and
represents the final elastic modulus of the beam mate‑
rials 1 and 2 along a specified direction of the beam
model (x‑direction). Again, the above FEA results sug‑
gest an important analysis that should be carried out be‑
fore pipeline engineering construction for energy trans‑
port, either for gas or liquid.

NecessaryPresumptions during theNumer‑
ical FE Beam and Pipeline Analysis

The pipeline quarter symmetry and beam geome‑
tries were numerically analysed based on the following
mathematical assumptions:

Beam

▪ A simply supported cantilever beam was adopted
▪ In Euler‑Bernoulli‑beam theory, plane sections re‑

main plane and perpendicular to the axis, with
shear deformation damage neglected

▪ A simply supported boundary condition was ap‑
plied in the beam analysis

▪ The beam model is treated as a continuous
medium, where material properties are assumed
to vary gradually and without discontinuity

▪ The elastic modulus is assumed to vary continu‑
ously along the structural length

▪ Upon loading conditions, a concentrated load is ap‑
plied at the free end of the beam

▪ The Euler‑Bernoulli beam theory is a classical first‑
order shear deformation model assuming plane
sections remain planar and perpendicular to the
neutral axis

▪ Material gradation is governed by a predefined
continuous power law function, ensuring perfect
bonding between infinitesimal layers with varying
material compositions

▪ Unless stated otherwise, deformations are consid‑
ered small in the beam analysis

Pipeline

▪ A quarter symmetry geometry was imposed in the
pipeline to prevent rigid‑body motion

▪ The pipeline was treated as continuous media,
where material properties are assumed to vary
gradually and without discontinuity
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▪ The elastic modulus E(z) is assumed to vary
smoothly through the pipeline thickness

▪ Material gradation is governed by a predefined
continuous power law function, ensuring perfect
bonding between infinitesimal layers with varying
material compositions

▪ Internal pressure load was applied to the inside
pipeline surface

▪ Both linear and nonlinear evaluations are con‑
ducted based on the stress–strain relationship
from zero up to the yield point. Beyond the yield
point until fracture, a nonlinear analysis was per‑
formed. However, nonlinear large deformation re‑
lations and geometric nonlinearities are possible
in the pipeline.

5. Conclusions
This systematic review offers a detailed assess‑

ment of FGM structures, with a particular focus on ap‑
plications in energy pipelines. The review effectively in‑
corporates both previous and current state‑of‑the‑art re‑
search on FGM structures. It advances the literature re‑
view by critically appraising and synthesising primary
research through the application of multiple research
review tools. Specifically, databases and software in‑
cluding Scopus, Connected Papers, Google Scholar, NCH
Graphics, ANSYS Mechanical APDL, and Excel are sys‑
tematically employed for literature searches, study selec‑
tion, schematic visualisation, and FEA. The study’s suc‑
cessful outcome confirms that articles from Scopus, Con‑
nected Papers, and other sources were quite relevant.
The PRISMA 2020 systematic reviewmethod was imple‑
mented to innovate the review study style, which was
very useful for literature search, collection, and colla‑
tion. The selected literature information was systemat‑
ically organised to improve clarity and coherence when
presenting the findings. Figure 1 presents a framework
that outlines the article selection process and enumer‑
ates the number of studies included in the analysis. This
approach promotes transparency and enables a compre‑
hensive understanding of the data selection and organi‑
sation procedures.

Schematics show different structural designs of FG

pipelines to illustrate the reviewed literature and vali‑
date the study’s objectives. Many reviewed articles on
FG structures in additive manufacturing show their me‑
chanical strength and thermal resistance, making them
attractive for future use. The FEA results in Figures
27 and 28 show the high potential of FG pipelines in
energy transport. However, to improve reliability stud‑
ies, it is important to consider both internal and exter‑
nal complex loading conditions during FG pipeline anal‑
ysis. FGMs are gaining global attention for their impact
onmaterial and structural dynamics. Academic research
is advancing FGM production and applications, focusing
mainly on metal and ceramic materials. The illustrated
grading patterns in the study also present FG material
laws based on the volume fraction index functions, as
cited in the reviewed articles. The study addresses the
FG pipeline application and integrity challenges using
previous research articles.

Simulations and implementations of energy
pipelines using commercial software packages such as
ANSYS Mechanical APDL are critical for advancing FG
pipeline applications in the liquid or gas energy trans‑
port sector. Further investigation is necessary to expand
the role of FGM in the energy sector and facilitate broader
adoption of the FG pipeline material structure. More re‑
view studies on FG pipelines also require more attention
to address the current lack of studies in this regard. A
systematic review method for the FG pipeline, particu‑
larly within the FEM domain, is essential to close this
research gap. Furthermore, an improved understanding
of material property variations in FGM would enhance
the performance and reliability of these pipeline models
in demanding energy industrial applications.
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