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Preface

The editors are pleased to present the book Hierarchical Composite Materials under
the book series Advanced Composites. Book title was chosen as it converges upcom-
ing technologies in composite materials for the next decade. This book is a compila-
tion of research in Hierarchical Composite Materials. In the present time,
“Composite” is the buzzword for major disciplines and many scholars are working
in these areas. This book provides insight for all researchers, academicians, post-
graduates and senior undergraduate students working in the area.

Hierarchical materials can be natural and man-made. At the present level of
sophistication, the idea of hierarchical material can be attributed to the physical
properties of the material or the structure. Hence the idea of hierarchical structure
can be the basis of the development of newmicrostructures that provide enhanced or
more useful physical properties. The concept of functionally gradedmaterials (FGMs)
or composites comes from this part and forms an important constituent of this
concept.

FGMs were introduced as a class of advanced materials composed of more than
one continuous or discontinuous gradient in composition and microstructure. These
materials have a flexibility in terms of the behavior as the property of one side of the
FGMs differs from the other side. One side of the FGM structures could have higher
mechanical strength and thermal resistance while the other side has opposite or
different worth on the property. Position-dependent chemical composition, micro-
structure or atomic orders are among the factors that influence the property gradient
in the materials. By controlling all these factors, the property gradient could be
customized to meet any specific need within the best utilization of the composite
components. FGM occurs in nature as teeth, bones and so on. Nature designed this
material to meet its expected service requirement.

The concept of FGM was first considered in Japan in 1984 during a space plane
project. That time the aim was to fabricate a space plane body’s material with
improved thermal resistance and mechanical properties by gradually changing
(grading) compositions. Therefore, the space plane body is resistant to severe condi-
tion from temperature gap (about 1,000 °C gap) in between the inside and the
outside.

As the products are still in development stage, challenges in developing innova-
tive technique for FGMs preparation such as the adaptability for mass production and
up-scaling, the process repeatability and reliability, the cost-effectiveness and the
convenience level in controlling the quality can be achieved. Nowadays, researches
on FGMs have been carried out intensively. Since the concept developed in aero-
nautics field in 1984, FGMs are also a concern in other fields such as industrial
materials, optoelectronics, biomaterials, and energy materials. FGMs offer great
promise in applications where the operating conditions are severe. Potential
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applications include those structural and engineering uses that require combinations
of incompatible functions such as refractoriness or hardness with toughness or
chemical inertness with toughness. In aerospace and nuclear energy applications,
reliability rather than cost is the a key issue. On the other hand, in applications such
as cutting tools, machine parts and engine components, which require wear, heat,
mechanical shock and corrosion resistance, the key issues are the cost/performance
ratio and reliability. Examples of available commercial FGM products are high-
performance cutting tools of tungsten carbide/cobalt-based FGMs and razor blades
of an iron aluminide/stainless steel FGM.

The main objective of the book is the current status of hierarchical material, its
development and application, and this targets audience such as academics, students,
researchers and industry practitioners, engineers, research scientists/academicians
involved in hierarchical materials.

The chapters in the book have been provided by researchers and academicians
working in the field and have gained considerable success in the field.

Chapter 1 introduces the readers to an overview of the advancements in the
fabrication processes for the FGMs. The chapter addresses the prospects and the
challenges faced in using the different manufacturing processes highlighting rela-
tionship between the fabricated structures using different processes and the resulting
properties. The chapter also investigates the applications of the key FGMs fabricated
using different processing techniques. The chapter concludes with the future pro-
spects of FGMs.

Chapter 2 indicates a review of manufacture of aluminium-based materials.
These materials are becoming very popular due to their physical and mechanical
characteristics, which makes them relevant to various applications. The addition of
reinforcement materials with unique characteristics into aluminium produces alu-
minium composites with superior quality. Wear resistance, stiffness, strength and
hardness are some of the improved properties obtained when reinforcement mate-
rials were added to the primary aluminium. This chapter presents some of the
manufacturing processes of aluminium, its alloys and composites. The effects of
reinforcements on aluminium composites from existing work and research direc-
tion on the fabrication of aluminium composite materials are discussed in this
chapter.

Chapter 3 discusses about production of functionally graded composite materials
using an advanced manufacturing method called additive manufacturing (AM) tech-
nology in general and laser additive manufacturing technologies in particular have
been discussed. The technique includes selective laser melting/sintering and laser
metal deposition/laser material deposition (LMD). Moreover, the recent research
progresses are also presented. AM technology is an advanced manufacturing process
used for the production of three-dimensional objects simply by adding materials in
layers using the digital image of the component.
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Chapter 4 illustrates fabrication of stainless steel-based FGM by laser metal
deposition. This chapter starts with an overview of the concept of FGMs in terms
and its history. Finally, a study on the microstructure and microhardness of laser
deposited compositionally graded 316 L/17-4PH has been presented.

In Chapter 5, natural fiber-reinforced composites (NFCs) as FGMs for advanced
applications have been taken up. The characterization of NFCs has led to a new era
for the utilization of its properties in multiple tasks and a variety of applications. This
chapter aimed at evaluation of NFCs to be as FGMs for the advanced applications
considering methodologies for material selection. The material under scanner was
natural fiber-reinforced polymer or co-polymer functionally graded composites. The
composite has shown respectable results for a considerable number of applications,
for example, automotive industry, constructions and renewable energy production.

Chapter 6 works with the performance of functionally graded longitudinal fins
having varying geometry. A comparison of the performance of the parabolic long-
itudinal fins having fixed aspect ratio with longitudinal transition in thermal con-
ductivity approximated by means of a power series is reported by solving the second-
order governing differential equation. The fin is insulated at the tip with a predefined
temperature at the base. A parametric study was then carried out by controlling the
geometry parameters and grading parameters. The solution has been obtained using
bvp4 c subroutine, a technique of solving boundary value problems using continuous
piecewise polynomial that adjusts the boundary conditions and is validated with
benchmark results. Further, the results have been reported for combinations of
geometry and grading parameters and are presented in graphical and tabular
forms. The results give a substantial insight into the behavior of longitudinal fins
and can be used as design data.

In Chapter 7, analytical approach for transient response of functionally graded
rectangular plates including the higher-order shear deformation effects has been
elaborated. The governing equations account for higher-order shear deformation in
functionally graded plate (FGP). The material properties of the plate were assumed to
vary continuously in the thickness direction according to the power-law form.
Analytical solution based on state variable method is presented for both free and
forced vibrations of simply supported functionally graded rectangular plates. The
results obtained using analytical approach were compared with those obtained by
finite element method. The effects of power-law exponent index on the behavior of
FGP are also studied.

Chapter 8 applies fuzzy approach in assessment of frequency response function
(FRF) analysis of FGPs. The fuzziness has been considered due to variability in
material properties corresponding to the various α-cuts. The power law was implied
for characterizing the material modeling, and a parametric study was carried out to
observe the effect of location of drive point and cross points on uncertain bounds of
FRF with respect to crisp values.
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Chapter 9 performs experimental analysis of FGM product. In this chapter, the
transmission efficiency of glass fiber-reinforced homogeneous polyamide 66 (PA66)
composite gears and FGM-based PA66 gears has been investigated and compared.
Homogeneous gears were fabricated by conventional technique, whereas FGM-based
PA66 gears were fabricated using a novel manufacturing system. Experiments were
performed at various speed and torque combinations for 0.2 million cycles. Results
show that FGM gears have higher transmission efficiency as compared to neat and
homogeneous PA66 gears.

The last chapter of the book, i.e., Chapter 10, talks about the performance of thick
cylinders made of FGM. In this chapter, variational principle was employed to
investigate the stress and deformation states for the thick cylinder. Based on
Galerkin’s error minimization principle upon a series approximation, the solution
of the governing equation was obtained. The property of FGMs was decided on
exponential spatial variation. Stress and displacement along the cylinder radius
was studied and plotted. The results obtained were validated with standard experi-
mental data and were found to be in good agreement.

First and foremost, the editors would like to thank God. In the process of putting
this book together, it was realized how true this gift of writing is for anyone. You have
given the power to believe in passion, hard work and pursue dreams. This could
never have been done without the faith in You, the Almighty. The editors would also
like to thank all the chapter contributors, reviewers, the editorial board members,
project development editor and the complete team of publisher Verlag Walter de
Gruyter GmbH for their availability to work on this editorial project.

Kaushik Kumar
J. Paulo Davim
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Divya Zindani, Kaushik Kumar, and J. Paulo Davim

1 Fabrication of functionally graded
materials: A review

Abstract: The present work presents an overview of the advancements in the fabrica-
tion processes for the functionally graded materials (FGMs). The work addresses the
prospects and the challenges faced in using the different manufacturing processes.
The relationship between the fabricated structures using different processes and the
resulting properties is discussed. Further, the work discusses the applications of the
key FGMs fabricated using the different processing techniques. The chapter con-
cludes with the future prospects of FGMs. The authors feel that the review is a
comprehensive one and give an insight for the scientific community in the field
of FGMs.

Keywords: functionally graded materials, fabrication techniques, solid-based
processes, liquid-based process, gaseous processes, material properties

1.1 Introduction

In today’s world of innovation, a large number of innovative materials have been
developed by the scientific community. The economic and environmental importance
of these materials has been realized by the scientists and engineers of the modern era
[1]. One of the main classes of such materials is known as the functionally graded
materials (FGMs) that have an in-depth graded composition thereby lending it for
tailored properties [2]. FGMs such as bamboo have been in existence for thousands
of years and were used for construction and decorative purposes [3]. The theoretical
implications of the materials with graded composition were investigated by Shen and
Bever [4]. However, development of these materials was delayed for over a decade due
to the limitation on the fabrication processes available [5]. The scientific terminology
for these materials, “functionally grade materials”, was coined in the year 1984 where
they were used for the fabrication of thermal barriers in Japan [2, 6]. Since then, the
applications of FGMs have risen and are being used in numerous industries: aerospace,
nuclear and bioengineering industries. As such the number of technical reports on
FGMs has also escalated in the past 20 years.

The specific spatial distribution of the constituent phases such as ceramics, poly-
mers andmetals in a continuingmanner and with slight variations results in FGMs. One
of the major advantages of FGMs over other composites is the tailored structural proper-
ties and themorphological properties [7, 8]. The schematic of FGM is shown in Figure 1.1,
which depicts gradation in microscopic properties such as wear resistance, thermal

https://doi.org/10.1515/9783110545104-001



conductivity, hardness, specific heat in case of the thermal barrier coatings used for
furnace liners, electromagnetic sensors and piezoelectric actuators [9 – 12].

To produce composite materials with compositional gradients a number of
methods are used. These methods can be categorized into liquid phase, gas-based
and solid phase methods [13]. Some of the examples of gas-based methods include
plasma spraying, ion plating and chemical vapour deposition (CVD) technique (CGD)
[14, 15]. The control of the production system and the ratio of the phase’s reaction
determine the gradient composition of the deposited products in case of vapour
deposition systems. The compositionally gradient composites obtained by the liquid
phase methods are popular for coating applications. The final properties of the FGM
depend on the type of processing technique used. The two main steps in fabrication
of FGMs are the spatial gradation of the components in nonhomogeneous manner
and consolidation which involves the setting of the graded structure on a substrate.

FGM lends itself into a large number of applications. Al2O3/Y-ZrO2 fabricated
FGMs are used in medical applications such as for hip or knee prosthesis [16–18]. The
graded dielectric is used in the energy sector [19], high-current connectors, sensors
and capacitors [20–22].

Therefore, the present work provides an overview of the advancements in the
research of FGMs. The chapter presents a review on the key opportunities in research
relating to the fabrication processes for the FGMs. The future prospects of FGMs in
different technological and scientific fields are discussed.

1.2 Solid-based processes

1.2.1 Powder metallurgy

The powder metallurgy process of fabrication involves preparation of powdered
mixture, stacking and sintering. One of the easiest methods to obtain green compact

100 vol%A

80 vol%A + 20 vol%B

60 vol%A + 40 vol%B

40 vol%A + 60 vol%B

100 vol%B

20 vol%A + 80 vol%B
Figure 1.1: A schematic of functionally graded materials.
A denotes material A; B denotes material B.
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is step-by-step stacking method. For fabrication of thin-film gradient structure, spray
forming processes and the other continuous powder stacking methods are used.
However, the stacking method comes with certain limitations such as warping,
formation of frustum, initiation and propagation of crack as well as occurrence of
lamination due to the distribution of particles in an unpredictable manner. Addition
of activation phase and controlling the process of sintering are recommended to
achieve the best results for FGMs. The imbalance of the sintering process can be
avoided by controlling the particle size, establishing the best possible mixing condi-
tion and application of the hot pressing at the end of the sintering process [2, 23, 24].
FGMs produced using the powder metallurgy techniques are produced with good
control of microstructure and chemical composition [25].

An investigation on the fabrication of hydroxyapatite-Ti FGM using the powder
methodology process was carried out by Chenglin et al. [26]. A gradual change in the
microstructure of the (HAp)-Ti FGM was reported with the gradual change in the
chemical composition of the FGM. The hardness and the bonding strength of FGM
were affected as a result of this gradual variation for the different zones. The decom-
position of HA to Ca4P2O9 and α-Ca3(PO4)2 at sintering temperature of 1,100 °C was
reported to be catalysed by the presence of Ti. Further, the fracture toughness and the
bending strength were found to have a direct relationship with the Ti content, being
highest and comparable to that of human bone strength in the regions with pure Ti.
Hard tissue implant is one of the main applications of (HAp)-Ti FGMs. Mullite/Mo
FGMwas developed by Jin et al. [25] using the powdermetallurgy process. The system
had components with similar thermal expansion coefficients and therefore aided in
the reduction of residual thermal stresses due to expansion mismatch. The thermal
behaviour of the fabricated FGMs was found to follow the Reuss model and the
mechanical properties followed the Vogit model. Ma and Tan [27] studied the effect
of adding SiC powders on the structural and mechanical properties of Ti/TiB2 FGM. A
higher toughness and flexural strength was reported for the Ti/TiB2 FGMs using SiC
powders as sintering aid.

Pressure-assisted densification method was used for the fabrication of Ti-TiB
FGMs for ballistic application [28]. The drawbacks of residual stress were addressed
by the development of Ti-TiB FGMs. The mechanical properties such as modulus of
elasticity, the thermal coefficient of expansion and ballistic performance were
reported to be strongly influenced. On the similar track the ballistic performance of
SiC-AA7075 FGM, fabricated using the powder metallurgy technique, was investi-
gated by Ǘbeyli et al. [29]. The fabricated FGMs of different thickness were tested
using armour-piercing projectile for the ballistic performance. An enhanced ballistic
performance was reported for specimen with thickness above 25 mm. A brittle
deformation was reported in the fabricated FGMs with microcracks being observed
under the loading zone for the sample.

Polymeric functionally graded nanocomposites were fabricated using the pow-
der metallurgy process from phenolic resin and nanofibres and were investigated for
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the viscoelastic properties and thermomechanical properties [30–33]. A maximum
improvement of around 97% in the thermomechanical properties and 34.7% for the
creep resistance was observed for the composites with highest percentage of graphite
in the bottom and top layers while lowest percentage at the centre.

1.2.2 Spark plasma sintering

One of the most widely used solid-phase processes of FGM fabrication is the spark
plasma sintering (SPS) [34–36]. The principle of the SPS process could be found in the
bricks of the Mesopotamia civilizationmade from the heated clay. A sintering process
for fabrication of gold jewellery and decorative tools from modification of properties
of ceramics and other metals was applied, respectively, by Incas in America and
inhabitants of Egypt and Persia. The durability and usefulness of fabricatedmaterials
were enhanced with the further noticeable advances in China, Middle East and
Europe. It was in 1910 that a process similar to standard SPS was first applied in
Germany. Further developments were made in the process developed in the form of
patent published on resistance sintering method by Tayler in 1933 [37] for sheet
metals, which were then extended for the sintering of brass and bronze by Cremer
[38]. The focus of the scientific community on the phenomenon of mass and solid-
state transport in the materials was expanded, and further developments in this field
were taken up by German, Kingery and others [39–41]. With further advancements,
the range of materials that can be dealt with the SPS process was expanded further.

SPS technique lends itself to a large number of applications such as fabrication of
high-wear resistance material and sandblasting nozzles, besides being used for the
fabrication of intermetallic compounds, FGMs, metal matric composites, nanopro-
ducts and fibre-reinforced metal matrix composites [42]. SPS process has the process
capability to obtain different phase melting temperature and is therefore suitable for
the fabrication of FGMs. It is relatively easy to activate and purify the powders in SPS
technique in comparison to other conventional techniques. The diffusion process is
enhanced because of the migration of ions at high speed on application of high-
intensity current. Localized regions with high temperature can be achieved by dis-
charging between the powders. The softer andmolten components of the system then
fill the gap between the particles [43, 44].

Yuan et al. [34] fabricated the ZrB2 FGM using the SPS-reactive synthesis techni-
que. The FGM was fabricated using ZrO2 and B4C powders and was investigated for
the chemical reactions between the two powders at different temperatures. The best
sintering conditions were obtained, which consisted of the holding time and the
processing temperature. Further, it was established that by using a high sintering
temperature for the minimum holding time, the surface morphology could be mod-
ified [45]. The different FGM systems were investigated for the best possible SPS
process parameters by different researchers [46–56].
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An insight into current-activated tip-based sintering was presented by El-
Desouky et al. [57] and established that a direct relationship between FGM size and
the green density existed. Yongming et al. [49] studied the Al2O3/Ti3SiC2 FGM system
and observed an increase in electrical conductivity of the FGM with the increased
weight percentage of Ti3SiC2. Further, increase in the hardness of the FGM was also
found to be in direct relation to that of the Ti3SiC2 content. A bio-FGM, hydroxyapa-
tite-alumina-zirconia was fabricated and was investigated for the structural integrity
by Afzal et al. [58].

1.3 Liquid-based processes

1.3.1 Electrochemical gradation

The method can be used to produce graded structures with the use of wide range of
ceramics and metallic. The W/Cu FGM system was fabricated using the electroche-
mical gradation technique by Jedamzik et al. [59]. They were able to produce the
required chemical gradient for the FGM and reported that the shape and the mor-
phological structure was affected by some of the process parameters such as electro-
lytic porosity, resistivity, density and also its geometry.

1.3.2 Sedimentation

Particle-reinforced composites are especially produced using the process of sedimen-
tation. The sedimentation process is based on the difference in density between the
particle and thematrix. A graded structure can be producedwith the proper use of the
gravitational force. A wide range of functional graded polymer matrix composites
and metal matrix composites can be produced by focusing on the morphology,
thermal cooling gradient and size and mass diffusion of the constituent phases
[42, 60]. Functionally graded polyester was fabricated by Quadrini et al. [61] and
was investigated for the mechanical properties.

1.3.3 Direct solidification

The method of direct solidification lends itself for a large number of materials
especially for ceramics and metallic-based systems. One of the important aspects of
this method is to provide single crystal for the purpose of hi-tech applications.
Organic polymeric blends were used in the fabrication of poly-ε-caprolactone)/thio-
diphenol (PCL/TDL) FGM by employing the Bridgman method [62]. Increase in
PCL/TDL hydrogen bonding was reported with decrease in temperature.
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1.3.4 Laser deposition

The laser deposition technique works to deposit ceramic or metal powder onto a
substrate using high-intensity laser. Themethod is suitable for cases in which there is
a difference in melting temperature of the matrix and the material used for reinforce-
ments. Dense net structures with enhanced mechanical properties can be achieved
using the laser deposition technique [63, 64]. Functionally graded Ti-Al was fabri-
cated by Shishkovsky et al. [65] using the laser deposition method and investigated
the physical behaviour for the crack initiation and propagation. The Ti-Al FGMs are
used in aerospace and nuclear fields owing to the higher value of modulus of
elasticity, excellent mechanical properties and density which can be obtained by
optimizing the various process parameters. Nickel-based functionally graded coat-
ings were fabricated using the laser deposition technique by Wilson and Shin [63]. It
was reported that a more refined structure could be obtained with increase in the TiC
powders to Inconel 690 powders.

1.3.5 Chemical solution deposition

Different aspects of chemical solution deposition (CSD) techniques have been dis-
cussed in a review report by Schwartz et al. [66]. The aspects in relation to the
electronic oxide films have been discussed. Further, techniques such asmetalorganic
deposition, hybrid and sol–gel techniques have also been discussed in detail. The
CSD technique is simple and inexpensive for the processing of thin film which makes
use of a liquid precursor dissolved in a liquid solvent. CSD process has been used for
the application of TiO coatings on the Si/SiOz/TiOx/Pt-substrate by Slowak et al. [21].
It was demonstrated that low-cost dielectric thin-film capacitor can be obtained with
the careful selection of the process parameters.

1.3.6 Electrophoretic deposition

The observation of clay particles in water under the influence of electric field by
the Russian scientists gave recognition to the electrophoretic deposition (EPD)
technique. The EPD technique consists of different industrial processes such as
anodic and cathodic electrodeposition, electrophoretic coatings, electrophoretic
painting and electrocoating. Deposition of particles of thoria on the platinum
electrode was the first experimental work carried out by the scientists from the
USA in this regard. The EPD technique gained popularity in the 1980s when it
was used for fabrication of ceramic tools. Some of the major advantages of the
EPD technique are process simplicity, short processing time and no need for
burnout of blinder [67].
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The mechanical behaviour of WC/Co and ZrO2/Al2O3 FGM systems was investi-
gated by Put et al. [68] under the impact of EPD processing technique. The variation
in hardness value was found to be ranging between 13.5 GPa at the core to 19.5 GPa at
the edges for the ZrO2/Al2O3 FGM system whereas for the WC/Co FGM system the
hardness value ranged between 21 and 9 GPa from the core to edges. In another work
by Farnoush et al. [69, 70], the Ti-6Al-4V substrate was deposited with the HA-TiO2

coatings.

1.3.7 Slip casting

Katayama et al. [71] fabricated the AL2O3-W FGM system using the technique of slip
casting with subsequent sintering at a temperature of 1,800 °C. An increase in the
dispersibility of the rawmaterials was reported with higher percentage of dispersant.
Further, a gradual increase in the grain size of Wwas also reported with the changing
layer composition. Functionally graded alumina composites were fabricated using
the slip casting technique and was studied for the heat treatment process by
Andertovà et al. [72]. Layers with different percentages of porosity were obtained.

1.3.8 Gel casting

One of the widely used techniques for producing complex shaped ceramics with
dense and porous structure is the gel casting technique. The gel casting techni-
que is the colloidal processing technique that has the advantage of high green
capacity, higher yield with low cost and shorter forming time. Scientists at the
Oak Ridge National Laboratory were the first to carry out scientific work in this
field [73]. Polymerization of monomers in the suspension solution is the key
working phenomenon for the production of green products having high strength
and demouldablity characteristics. The polymerization phenomenon takes place
via free radical initiator [74, 75]. Gel casting technique has been used widely for
producing FGMs and piezoelectric ceramic-polymer composites for ultrasound
devices [76]. During the process, a castable slurry fluid is formed using mixture
of ceramic powders and a liquid solution containing cross-linker, monomer,
catalyst and a free radical initiator. The castable slurry is then poured into
mould and then the polymerization process takes its course to form a poly-
mer–water gel. The gel from the mould is removed, dried and sintered to
terminate the gel casting process [73].

The Al2O3/ZrO2 FGM system was fabricated by dip coating the substrates pre-
pared by the gel casting technique by Park et al. [77] and was characterized for the
mechanical and the microstructural behaviour. A smooth variation in the hardness
was observed from the substrate to the outer layer.
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1.3.9 Centrifugal casting

In this fabrication process for metallic FGMs, the reinforcement phase is mixed with
themoltenmetal to form a uniformmixture. A chemical composition with the desired
gradient is obtained by segregating the liquid and the reinforcement particles using
the centrifugal/gravitational forces. This gradient can be maintained by controlling
the solidification process [78]. The centrifugal casting process can be categorized into
two main types depending upon the difference in processing and master alloy
temperature. One of the categories is referred to as centrifugal in situ technique in
which case the processing temperature is higher than that for the master alloy
temperature. The other technique being referred to as centrifugal solid-particle
temperature, where the master alloy experiences higher temperatures than the
processing temperatures [79]. A mathematical approach for explaining casting pro-
cess of metal matrix composites has been provided for better understanding of the
mechanism of bonding property and diffusion mechanism [80, 81].

A number of metal-ceramics and metallic-intermetallic FGM systems have been
fabricated using the centrifugal casting process [9, 82, 83]. One of the major challen-
ging tasks in the centrifugal casting process is to achieve the homogeneous distribu-
tion of the second phase and hence the control of the final product with high
precision. The gradient in composition is affected by the cooling and heating control
systems as well as the rotating speed of the mould. The researchers have however
adopted the centrifugal casting technique on a wide scale because of the numerous
limitations associated with the other methods such as that of forging and powder
metallurgy. Impact of the key process parameters such as moulding temperature,
speed and pouring temperature has been investigated on the TiAl systems by Fu et al.
[84]. It was reported that the solidification process was aided by decreasing the
radiation effect from the neighbourhood. This resulted in elimination of the porosity
in the modified design. The principles of fabricating FGMs using the casting process
were studied by Fukui [85]. Rings were casted using conundrum and plaster mixture
as introducer for different volume fraction and processing time, and the mathema-
tical equation showing the relationship between gradient of powders with volume
fraction and processing time was proposed. Fabrication of aluminium–silicon car-
bide FGM system was done by Rajan et al. [86] using the centrifugal casting method.
The outer circumference of the Al2124 and Al-A356 was reported to consist of max-
imum percentage of SiC particulates ranging between 40% and 45%. The hardness of
the Al2124-SiC and the Al-A356 FGMMCs was reported to be 155 and 145 Brinell,
respectively, which was achieved after addition of extra reinforcements and heat
treatment. The Al-SiC FGMMC systems obtained had superb hardness, strength and
wear resistance.

The mechanical and microstructural behaviour of Al359/SiCp FGM system was
investigated for the SiC particles by Rodrııguez-Castro et al. [87]. It was reported that
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the content of the SiC particulates and the modulus of elasticity changed continu-
ously by employing the centrifugal casting method. Increased tensile strength was
observed for volume fraction ranging from 0.2 to 0.3 SiC; however, a marked decrease
in the Ultimate tensile strength (UTS) was reported for the SiC volume fractions
ranging from 0.3 to 0.4. Further with increasing SiC volume fractions, the stiffness
and modulus of elasticity also increased.

The feasibility of centrifugal casting process to fabricate nickel-aluminide/steel
clad pipewas explored byWatanebe et al. [88]. The coating areawas found to have an
inverse relation with the angle of the mould axis.

1.3.10 Combustion

The first work was published by Booth on combustion synthesis in 1953. The cost-
effectiveness of the combustion method for the fabrication of the materials can be
realized through the scientific reporting made by Merzhanov and Varma [89, 90].
Self-propagating high-temperature synthesis (SHS) is often the terminology used by
the scientific community. The main principle of the SHS process is the exothermic
chemical reaction between the reactive raw materials. SHS process has gained a
wide range of acceptability among the industries involved in nanomaterials, cera-
mics and catalysts because of the simplicity of the process and the cost-effective-
ness [91, 92].

Centrifugal-assisted SHS technique has been employed for the fabrication of the
titanium carbide aluminide-alumina-iron FGM rings [91]. Enhanced mechanical and
structural changes were reported to be experienced by Ti3Al and TiAl in the TiC-Fe-
Al2O3FGM system mainly because of the centrifugal forces and the high temperature
of processing. TiC-Ni FGM system was fabricated using reactive compaction synth-
esis, and changes in structural andmechanical behaviour of the fabricated FGMwere
examined by Zhang et al. [93]. The relationship between nickel content and the
physicomechanical properties was established. Further, it was reported that an
optimum content of nickel is required for achieving the optimal mechanical proper-
ties. An initial increase in the properties such as hardness, fracture toughness and
flexural strength was reported with the increasing Ni content. With the Ni percentage
of 20 and 30 wt%, the hardness and the flexural strength reached their maximum
values, respectively. However, a decreasing trend in the hardness and flexural
strength was reported beyond further increase in Ni content. The fabrication process
of TiC-Cu FGM system using the combustion process was studied by Shon and Munir
[94]. The performance of the FGM system was compared for the two different proces-
sing techniques used: ignition using radiative heating and electrothermal combus-
tion. Lower porosity was observed for the samples fabricated using the latter
technique. The kinetics of processing for the NiTi-TiCx FGMs fabricated using the
combustion process was studied by Moore [95]. A high porosity with small pores for
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the layers with a higher percentage of TiCx particles was reported, whereas equal
porosity was reported for higher concentration of NiTi but with larger pore size.

1.4 Gas-based processes

1.4.1 Surface reaction process

Nitriding and carburizing are some of the surface reaction processes that are being
employed for the treatment of steels and other metals [96–98]. Different surface
treatment techniques were reviewed by Zhecheva et al. [99] for the titanium alloys
such as plasma nitriding, ion nitriding and gas and laser nitriding. The conditions for
the formation of the nitride layers as well as the kinetics of the nitriding were also
discussed. They also examined the impact on the formation of new phases of the
processing parameters such as time and temperature. The CoMo carbide bimetallic
was fabricated using the carbothermal hydrogen reduction process by Liang et al.
[100]. The method forms reaction products through the process of diffusion of the
reactive gas into the substrate. The diffusion bonding process was employed for the
joining of stainless steel and Wc-Co/Ni FGM by Feng et al. [101]. The joining strength
was found to be dependent on the bonding temperature and the holding time. WC-
Co/Ni FGM composites were fabricated with different WC-Co transition layer and Ni
transitional layer by Chen et al. [102]. An increase in the hardness value was reported
to increase in the direction from Ni layer to WC-Co layer. The mechanism of carbon
diffusion bonding was analysed for WC-Co system by Guo et al. [103]. The kinetics of
the metal binder during the liquid transfer was analysed. A thicker cobalt gradient
was obtained with longer carburizing time and larger ratio of PCH4/PH2

2.

1.4.2 Chemical vapour deposition/infiltration

A patent on reduction process of WCl6 by H2 from de Lodyguine in 1893 [104] was the
first instance where CVD process was utilized. This was utilized for the deposition of
tungsten onto carbon lamp filaments. However, the incomplete oxidation of wood
leading to the formation of the soot is the oldest example for CVD. During the 1970s,
CVD was employed for the fabrication of semiconductors and coatings of electronic
circuits. With advancements, the CVD process was used for the ceramics, solar cells,
composites and turbine blades [105]. The material deposition is achieved by utilizing
the source of energy such as light, heat and plasma. The sources of gas include
chloride, bromide and hydride. The desired chemical gradient for FGM can be
achieved deposition temperature, gas ratios, flow rate, gas type and gas pressure.
Some of the main advantages of CVD are continuous and controlled change in
composition and near net designated shape.
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Functionally graded SiC/C composites were fabricated using the CVD technique
by Sasaki and Hirai [106]. The fabricated FGM system was analysed for the thermal
shock resistance. No cracks were observed for the FGM specimen under cyclic heat
flow conditions with a surface temperatures ranging from 1,700 to 1,150 K.

Chemical vapour infiltration (CVI) technique for fabrication of FGM has the
advantage of precise control of the desired chemical composition gradient and the
thickness of the layers in FGM. The C/SiC FGMs were fabricated using both the CVD
and CVI techniques by Kawase et al. [107]. No cracks were observed for the FGM
specimens undergoing a rapid quenching test. CVI technique was used for the
fabrication of carbide-cobalt-diamond FGM systems by Jain et al. [108]. Application
of the electrochemical cobalt etching was reported to be the most difficult step in the
fabrication of FGM system for achieving the desired pore size gradient. The pores
were filled using carbon generated from the catalytic decomposition of the methane.
Further, the catalytic decomposition was also used to transform carbon to diamond.
Excellent toughness and wear resistance were achieved with the high amount of
diamond phase on the surface.

The properties of FGMs fabricated using CVD and CVI techniques are affected by
changes in the gas flow rate and the gas content. Besides the effect on properties, the
thickness, microstructure and the chemical composition too are affected by the gas
content and its flow rate. The effect of changing contents for CH4 and H2 was
investigated for the fabrication of TiC/SiC/graphite FGM system by Jung et al. [109].
It was observed that the changing H2 content could easily control the TiC, SiC and C
contents in comparison to the changing CH4 content. ZrO functionally graded sys-
tems were fabricated by Wang et al. [110] and were examined for the effect of change
in the ratio of the source reaction and the rate of gas flow. One-dimensional nanowire
and the two-dimensional nanoflag such as FGMs were produced. The growth of the
two-dimensional functionally graded ZrO was not restricted to one direction in
comparison to the one-dimensional nanowires. The physical properties of the final
product were also affected by the morphology of the zinc oxide.

The process capability of CVD technique is not limited to specific material or
discipline or small area of deposition. Fabrication of polycrystalline nickel films was
studied by Reina et al. [111]. This was done to produce a single layer of grapheme film
of dimensions ranging in centimetres. The film was found to be a suitable candidate
for application in optoelectronic and electronic disciplines.

1.4.3 Thermal spray

Several patents on thermal spray were published between 1882 and 1889. A flame
spray technique was used for the coatings of tin and lead by Schoop in 1911. A book
on number of aspects of metal spray process and its application was published by
Turner and Budgen in the year 1926, which broadened the scope of the thermal spray
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field. Coatings of plastic substrates and ceramics were covered in the further editions
of the book [112]. A big paradigm shift in the field of thermal spray took place because
of the surge in requirements for high-temperature coatings in aerospace, military and
commercial sectors. The thermal spray process is being increasingly used for surface
treatment of a large number of materials to produce materials with excellent wear
resistance required for working tools, high thermal-resistant materials for thermal
barrier applications among others [113]. A wide range of materials such as metal
oxides, ceramics, metals and carbides can be used for the coatings. Several electrical
sources can be used as a source of energy for the thermal spray process [114].

Different types of thermal spray process utilize different sources of energy to melt
the coating materials. For instance, detonation and flame spray makes use of com-
bustion, whereas electric current is utilized by wire arc. Furthermore, various gas
temperatures are used by different processes. For example, the temperature of the gas
used for plasma spray ranges from 12,000 to 16,000 °C whereas it is 3,000 °C for the
powder flame spray [114].

Development of optimumprocessing condition for enhanced process efficiency is
one of the challenging tasks in the thermal spray process. In order to establish the
optimum processing conditions, experimental and numerical investigations have
been conducted on different processing parameters [115, 116]. A dense and high
strength structure results when the plasma spray coatings are done using low-
pressure plasma spray or vacuum plasma spray.

The typical application of FGMs is that of thermal barrier coatings that are
obtained using the spray process [117]. Thermal barrier coatings find applications in
tungsten-coated dampers and engine components of gas turbine. However, one of
the major challenges in the development of the thermal barrier coatings is that of
the thermal mismatch between the base and the coating material [2, 118, 119].
Therefore, the coatings have been replaced with the FGM coatings. A marked
reduction in the residual stress has been observed in case of the FGM coatings
when compared to the non-graded coatings [120–122]. Impact of residual stresses on
the ZrO2/NiCrAlY FGM system has been investigated by Khor and Gu [123]. It was
reported that the residual stress increases with the decreased layer thickness and
the number of coatings. A finite element analysis on the same FGM system revealed
that the thermal diffusivity and the thermal conductivity increased with the increas-
ing amount of NiCrAlY [124].

Atmospheric plasma spray technique was used by Cannilo et al. [125] for the
deposition of TiO2-hydroxyapatite on the Ti6Al4V substrate. Increase in the Vickers
hardness for the developed FGM system was reported by the optimization of the
process parameters. However, a weaker interface resulted due to the recrystallization
phenomenon inducing stress at higher temperatures.

Han et al. [126] made a comparison analysis for the thermal shock property of
CeO2-Y2O3-ZrO2 FGM system fabricated using supersonic plasma spray and the ordin-
ary plasma spray [126]. Enhanced thermal shock resistance was reported for the FGM
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system fabricated using the powder feed super plasma spray in comparison to that
obtained using the ordinary spray.

Investigation on the post-treatment processes of the functionally graded thermal
coatings using thermal spray was made by Stewart et al. [127]. The effect on the
mechanical and the microstructural properties was studied for the hot isostatic and
vacuum heating processes carried out at elevated temperatures. A higher rolling coat-
ing fatigue was reported for the thermal barrier coatings post-treated with hot isostatic.
Further, a higher value of hardness and modulus was obtained as a result of better
bonding strength. Shanmugavelayutham and Kobayashi [128] analysed the micro-
structural properties of ZrO2-Al2O3 using the image analyser. The Vickers hardness of
the coating showed an increasing trendwith the increasing alumina content. However,
crack initiation and propagation at the interface resulted, owing to the low fracture
toughness of Al2O3.

Transmission electron microscopy (TEM), Scanning electron microscope (SEM)
and Electron probe microanalyzer (EMPA) characterizations were followed for investi-
gating the effect of plasma spray technique on generation of new source of twins and
dislocations in the functionally graded MgO-ZrO/NiCrAl coatings [129]. Tendency to
form oxides by Cr and Al was reported through themicrostructural observations. Better
mechanical stability was reported for the FGM specimen in comparison to the non-FGM
specimen. Some of the other process parameters influencing mechanical, structural
and physical properties of the FGMs are torch type, power, internal diameter, spraying
distance, powder injection system, and plasma gas, carrier gas, cooling gas, cooling
system, temperature and pressure of the substrate during deposition [125].

1.5 Conclusion

FGMs have occupied centre stage in recent times because of its wide range of
applications in energy, defence, aerospace, electronics and medical fields. The pre-
sent research provides a basic insight into the different fabrication methods used for
the fabrication of FGM systems. Most of the research has been focused on ceramic/
metal-based systems. Therefore, the research reports available on the processing
techniques for the polymeric-based FGMs are limited.

There are other less utilized technique for the development of next-generation
gradient structures. For instance, significant saving in timeand energy for the fabrication
of FGM systems is offered by the high-temperature microwave sintering process. The
method offers a better thermal stress distribution control in the layers. Further, the FGMs
produced using this technique have high density. The microwave sintering technique
has been reported to be equally suitable for metals and ceramics as it is to the polymers.

The advancements in additive manufacturing techniques have opened new
opportunities to manufacture materials with gradient compositions. The technique
has the advantage of high accuracy and controllability that has allowed the
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fabrication of graded compositions with complex geometries. These graded struc-
tures lend themselves for applications such as biocompatible prosthesis.
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2 Manufacturing of aluminium composite
materials: A review

Abstract: Aluminium composite materials are becoming very popular as a result of their
physical and mechanical characteristics, which are making them relevant to various
applications. The addition of reinforcement materials with unique characteristics into
aluminium produces aluminium composites with superior quality. Wear resistance, stiff-
ness, strength and hardness are some of the improved properties obtained when reinfor-
cementmaterialswere added to theprimaryaluminium.This chapter presents someof the
manufacturing processes of aluminium, its alloys and composites. The effects of reinfor-
cements on aluminium composites from existing work and research direction on the
fabrication of aluminium composite materials were discussed in this chapter.

Keywords: Composite materials, Functionally graded materials (FGMs), Manufact-
uring processes, Aluminium matrix, Powder metallurgy

2.1 Introduction

Aluminium comprises about 8% of the Earth crust, which makes it the second most
plentiful element on the Earth’s crust and it is never found in its pure state [1]. It is
mostly available in its oxide form as micas, feldspars and clay. Aluminium is a light
metal with a melting point of 658 °C, specific gravity of 2.7 and tensile strength
between 90 and 150 MPa [2]. Aluminium, which was discovered in 1807, becomes
widely commercialized after the invention of the Hall–Heroult production process in
1886 [3]. This history is summarized in Table 2.1.

Strengthening of aluminium is usually done by alloying using elements such as
copper (Cu), magnesium (Mg), manganese (Mn), nickel (Ni), silicon (Si) and zinc (Zn)
[4]. Addition of small amount of alloying elements changes soft and weak aluminium
into a hard and strong metal and still retaining its light-weight property [2]. Some of
the common types of aluminium alloys include duralumin with alloying elements
composition of 3.5–4.5% Cu, 0.4–0.7% Mn and 0.4–0.7% Mg. Duralumin possesses
maximum tensile strength and vastly employed in wrought conditions for stamping,
forging, rivets, tubes, sheets and bars. Y-alloy is also known as copper-aluminium
alloy, with alloying elements composition of 3.5–4.5% Cu, 1.2–1.7%Mn, 1.8–2.3% Ni,
0.6% Si, 0.6% Mg and 0.6% Fe. Addition of copper to pure aluminium leads to an
alloy formation with better strength and machinability properties, which enable it to
be used in casting and forging purposes employed in applications such as aircraft
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engine piston and cylinder heads. Other types of aluminium alloys include magna-
lium, which comprises about 2–10% Mg and 1.75% Cu added to melted aluminium,
and hindalium, an alloy formed from aluminium and magnesium with little amount
of chromium, Al-Bi, Al-Pb, Al-Si-Pb and Al-Sn alloy.

The application of aluminium is based on three main properties, such as its low
density of about 2.7, high mechanical strength that can be achieved using appropriate
alloying elements and heat treatments, and its high corrosion resistance ability [5].
Other properties of aluminium include its good reflectability, high ductility, heat and
electrical conductance, low working cost and high scrap value. Aluminium and its
alloys have wide range of application as they are highly employed in sheet because of
its suitability with different fabrication methods. This allows them to be machined in
different ways such as sawing, drilling and shearing, to be easily formed by bending,
drawing and stamping, to be joined using processes such as bolting, soldering,
brazing, adhesive bonding and welding, and to be finished using processes such as
painting, plating, coating, polishing and patterning. The sheets are used in cooking
utensils, railings, roofing, automobile structures, aircraft skin, beverage and food cans.
Aluminium plates are employed in tank cars, military vehicles and tanks, aircraft
structural parts among others. While aluminium foils are employed in food packaging,
pharmaceuticals and so on, casting, forging, rolling, extruding, spinning, bending,
drawing, shearing, powder metal forming and squeezing are some of the most com-
mon operations used for primary shaping processes [2].

Processing of aluminium and its alloys plays an important role in determining
their properties. This is because properties of aluminium alloys greatly depend on
their constituents and microstructure like grain size distribution, average grain size,
precipitate volume fraction and crystallographic orientation aspects such as the

Table 2.1: History of aluminium [3].

Year Findings

1825 Danish chemist Ørsted produced aluminium by reducing chloride with potassium
amalgam.

1827–
1845

German scientist Wohler determined essential properties after successfully separating
small globules.

1854 French scientist Saint-Claire Deville reduced aluminium chloride with sodium.
1856 Deville started industrial production at Nanterre using sodium.
1886 Hall and Heroult independently developed the fused electrolysis method for producing

aluminium from alumina dissolved in cryolite.
1888 Industrial production of aluminium by the new electrolytic method was started in

America.
1910 Industrial production started in Switzerland at Neuhausen and in France at Froges. By

1910, production was established in seven countries (Canada, France, Italy, Norway,
Switzerland, the UK and the USA); total output was 45,000 tonnes.

1918 By 1918, the total world production hit 208,000 tonnes from production in nine countries.
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texture of aluminium and its alloys [6]. The composition is planned in a manner to
cater for specific structure and texture in aluminium alloys after solidification. Such
structure and texture can be achieved through the incorporation of various proces-
sing methods such as metal working fabrication methods such as forging, rolling,
forming, extrusion, wire drawing, annealing and age hardening [4]. An example of
microstructure of aluminium alloy with chemical composition by mass Al-2.23Cu-
1.21Mg-0.93Fe-1.09Ni-0.30Sc-0.30Zr in the as-quenched state and aged at 473 K for
20 h is shown in Figure 2.1.

Apart from the fact that aluminium is one of the most widely available
metals known to humans, it has proved to be very useful in areas where
strength-to-weight ratio is mostly desired, especially in areas such as kitchen
utensils, electronics, automobile, aircraft and military armoury. It has the ability
to be successfully alloyed with other metals to give better properties and its
numerous fabrication processes can be subjected to make it one of the most
sought-after metal. The study is aimed at reviewing the work done on alumi-
nium, its alloy, composites, manufacturing processes and their areas of applica-
tion. Section 2.2 takes a look at various casting processes that are used for
fabricating aluminium and its alloys. Other manufacturing processes for alumi-
nium and its alloys are looked at in Section 2.3. In Section 2.4, the manufactur-
ing processes of aluminium composite materials from various research works are
reviewed. At the end, suggestions on what can further be done in this research
area and conclusion are presented in Section 2.5.

2.2 Casting processes for aluminium and its alloys

Casting is one of the most important manufacturing processes that are employed in
the industries, and castings are produced through remelting of ingots in furnace and

(a) (b)

0.5 μ m

Figure 2.1: Aluminium alloy microstructure in (a) as-quenched state and (b) aged at 473 K for 20 h.
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then pouring the molten metal in a sand or metal mould [2]. All processes used for
casting metal can be applicable for casting aluminium, and the advantages of
aluminium castings lie in its ability to be produced to near-net-shape with dimen-
sional accuracy, properties consistency and controlled surface finish [7]. Some of the
processes of aluminium casting include investment casting, plaster casting, sand
casting, permanent mould and pressure die casting. This section shall be looking at
some of these casting processes.

2.2.1 Casting processes

Researchers are continuously interested in developing the best way possible for
the casting of aluminium and its alloys using some of the well-established casting
processes such as sand casting, die casting and investment casting. Sand casting
involves the production of mould by ramming sand into a pattern. The removal of
the pattern leaves a cavity in the sand. Sand cores are used to introduce internal
cavities in casting. Poured molten metal in the mould is allowed to solidify and the
mould is then fragmented to obtain the casting. Sand casting is a cheap and
versatile process that makes use of different alloy ranges. Among its limitations
is its relative poor surface finish and poor dimensional accuracy when compared to
other manufacturing processes. However, it is flexible when it comes to the
number of castings that can be produced. Figure 2.2 shows the mould for sand
casting.

Permanent mould casting is another casting process that involves the pouring of
molten metal through gravity into a mould of steel or cast iron. This process is similar
to sand casting process.While sandmoulds are removed after each casting operation,
a permanent mould may be employed in achieving up to 120,000 casting cycles [8].
The process is usually employed in the casting of ferrous and non-ferrous metals. The
metal moulds are much expensive to manufacture compared to moulds for sand
casting.

Investment casting makes use of refractory moulds that are produced on a
thermoplastic pattern or an expendable wax. The refractory slurry is enveloped

Parting line
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Mould cavity Core Runner Sprue

Gas vent Riser Pouring cup

Figure 2.2: Mould for sand casting [8].
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around the pattern arrangement. As the refractory dries, the pattern is melted
out which then leaves behind a cavity. Molten metal is then introduced into the
mould. The advantage of this process lies in the castings produced that may not
require further machining. Ability of this process in producing thin walls, fine
surface finish and good tolerances makes it useful in the production of preci-
sion-engineered parts and components. Figure 2.3 shows the basic steps in
investment casting process.

Son et al. [10] investigated effects of neodymium (Nd) inclusion in the
microstructure and the mechanical properties of Mg-5Al-3Ca alloy formed
using gravity casting and extrusion process. Nd was added to the alloy to give
Mg-5Al-3Ca-xNd alloy (x from 0 to 3 mass%). The alloys were formed in a steel
crucible under SF6 and CO2 atmosphere. The melts at a pouring temperature
of 750 °C were casted into a steel mould heated to 200 °C. The as-cast alloys
were then held at 380 °C for an hour and extruded into a 12mm diameter rod at
an extrusion speed of 5 mm/s with extrusion container and die temperature of
380 °C. By examination of as-cast extruded alloys under optical and scanning
electron microscope with energy-dispersive X-ray spectrometer, it was observed
and drawn to conclusion that as the Nd addition increases, the α-Mg matrix
morphology transformed from dendritic to equiaxed grains and with average
grain size reduction caused by intermetallic compounds containing Nd that was
able to suppress grain growth. Also the Nd inclusion to the based alloys lead to
the creation of rich Al-Nd intermetallic compounds along grain boundaries and
α-Mg matrix grains, with the Al-Nd intermetallic compounds homogenously
scattered. Other results obtained revealed that the hardness values of the alloy

Wax injection Assembly Shell building Dewax/burnout

Gravity pouring Knock out Cut-off Finished castings

Figure 2.3: Basic steps in investment casting process [9].
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were larger when compared to Mg-Al-Ca alloy without Nd. Yield strength and
ultimate strength were also improved to 322 and 335 MPa, respectively.

Nakato et al. [11] developed a set of procedures in production of continuous
semisolid casting of aluminium alloy billets. In this process, aluminium alloy billets
(AC4C) of diameter 75 and 150mm were cast continuously in a semisolid state,
moving the alloy in an agitating container with an electromagnetic stirrer/mechan-
ical screw. It was concluded that the solidification structure of the billets cast apart
from the thin chill layer of about 2mm thick showing a dendrite structure wasmajorly
a mixed of fine eutectic structure and granular particles.

In the study of Raji [12], comparison of grain sizes andmechanical characteristics
of Al-Si alloy components obtained through diverse casting process were analysed.
Chill casting, sand casting and squeeze casting processes were utilized to produce
similar shape and size of Al-8%Si alloy castings. Samples from castings were pre-
pared and subjected to metallographic and mechanical examination. It was noticed
in the microstructure that grain size of castings decreases from that of sand casting to
chill casting and squeeze casting with the smallest grain size. Concurrently, mechan-
ical characteristics of various castings improve from sand casting to chill to squeeze
casting. It was, however, concluded that chill castings and squeeze castings may be
utilized in as-cast condition in engineering applications requiring medium and high
mechanical properties, respectively. It was then recommended that sand castings
may be utilized in as cast condition in engineering applications where medium or
high mechanical properties are not essential and could also be utilized in non-
mechanical applications.

2.3 Other manufacturing process of aluminium
and its alloys

The uniqueness of aluminium and its alloys is seen in their ability to be formed using
different metal forming or manufacturing processes. Examples of these manufactur-
ing processes are forging, rolling, drawing, extrusion and peening. This section takes
a look at this manufacturing processes and related work done on forging process of
aluminium in particular.

Rolling: This is a process employed to reduce the shape or cross-sectional area of
a metal material through deformation caused by a pair of rotating rollers moving in
opposite directions as shown in Figure 2.4.

Extrusion: This is a manufacturing process that involves the shaping of a metal billet by forcing
it via a die having an opening. The die is located at the end of an extrusion press container in
which the metal billet is placed. As the ram presses the billet as shown in Figure 2.5, the metal
begins to flow via the opening in the die thereby producing an extruded product of the cross
section desired.
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2.3.1 Forging process for aluminium and its alloys

Another manufacturing process used for aluminium and its alloys is forging. Forging
involves the heating of metal to a desired temperature where sufficient plasticity is
achieved and then followed by other operations such as hammering, pressing and
bending to form the metal into a desired shape [2]. Some of the forging processes

Extrusion

RamBillet

Direct
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Indirect
extrusion

Die

Extruded product

Container

Figure 2.5: Extrusion process of a metal billet [14].
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Rolling direction
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Figure 2.4: Rolling process of a metal piece [13].
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available are smith/hand forging performed using basic tools and basically utilized for
little jobs, power forging that makes use of power hammers (as shown in Figure 2.6)
noted for average and big jobs that need heavy blows, machine or upset forging that
makes use of forging machine and the drop or stamp forging that makes use of drop
hammers that make them highly useful in mass production of similar parts.

The temperature range for forging of aluminium and its alloys lies within 350–
500°C. Some of the advantages of forging include the refining of the structure of
metal, making the metal stronger by setting grains direction, attainment of reason-
able degree of accuracy and the ability to weld forgings.

Forging technology has reached an advanced developmental stage where preci-
sion forgings are now used in most highly stressed parts like internal combustion
engines, aircraft undercarriage gear and other power units. Pleasing grain orienta-
tion of metal is achieved in forging process as such; forged items have good grain
structures and best mechanical properties combination [16]. Automotive industry is
one of the major industries that utilizes forged components followed by machine tool
and apparatus industry [17].

Dongre and Salunkhe [18] did a study on the outcome of deformation temperature
on 6061 aluminium alloy. Hot compression test was conducted on Al-Mg-Si (6061) alloy
on Gleeble thermomechanical simulator at temperatures of 350, 400C and 450 °C and at
0.2 and 2 strain rates for fixed nominal strain of chosen value. Mechanical and micro-
structural evaluation was conducted for the strain rate and temperature combinations.
The true stress–strain graph indicated that at low strain rate and low temperature, flow
stress is low and also at the temperature of 450 °C, low stress increaseswith strain rate as
a result of increase of dislocation density and dislocation multiplication rate.

Vaneetveld et al. [19] conducted a study on thixoforging of aluminium alloys (7075)
improvement at high solid fraction. The study utilizes a Recrystallization and partial
melting (RAP) process with a seven-step heating cycles of 141 s to achieve recrystalliza-
tion and improve smaller grains in the liquidmatrix. Using 0.89high solid fraction and at
anextrusion ratio of 1:16, a homogeneous recrystallizationwas attained for slug of 35mm
diameter machined to 30mm. High solidification rate was seen as a setback associated

Hammer forging

Workpiece

Hammer

Punch

Anvil

Die
Figure 2.6: Hammer forging of a metal
piece [15].
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with the high solid fraction. The high solidification rate may be reduced by minimizing
thermal exchanges between the tool and part. Some small cracks are seen due to cooling
that took place in the tool after thixoforging. Raising the tool temperature to slow down
the cooling parts thereby minimizing the cracks was recommended. It was concluded
that to achieve an improvement in the quality of thixoforged parts, the tool temperature
must be elevated in addition to a suitable punch speed to limit cracking as a result of fast
cooling.

Naser et al. [20] did a study on the mechanical behaviour of multiple-forged alumi-
niumalloy. The studywasonaluminiumalloy 7075both in themultiple forgedand initial
states by conducting hardness, cold and hot compression test. The Vickers hardness
measurements and optical microscopy images were used to evaluate the homogeneity
and structure of the material. A set of constitutive expressions were obtained for the two
states and the expressions were able to estimate accurately the flow stress over large
range of strain rates and working temperatures. Deformation anisotropy effect is negli-
gible during hot deformation but has a noticeable effect during cold deformation.

In the study of Rathi and Jakhade [21], different forging processeswere identified and
various forging defects were investigated. Repeatedly occurring forging defects, their
causes and remedies were discussed. Possible causes of defects such as mismatch,
unfilling and scale pits using fishbone diagram and their causes were conducted. It
was finally concluded that the forging process provides better quality products when
compared to other parts producing other processes. It is good to understand and control
the process to prevent defects instead of discarding parts with defects at the final
inspection stage.

Ball et al. [22] investigated forging residual stress influence on fatigue in alumi-
nium. Design features like holes and machine pockets were introduced in designed
and manufactured coupons in areas of different levels of bulk residual stress.
Multiple methods and modelling utilizing finite element analysis were used in
measuring the residual stresses at unstable areas in the coupons. Results obtained
from fatigue crack growth (FCG) and fatigue crack initiation (FCI) tests from constant
amplitude and spectrum loading were compared with that obtained from computed
FCI and FCG. In conclusion, the work indicates that it is possible to achieve reason-
able accuracy, and the influence of residual stress on fatigue using simulations.

2.4 Manufacturing of aluminium
composite materials

Aluminium alloys and its composites continue to witness tremendous increase in
their utilization, most importantly in places of automobile and aeronautic industries
owing to their unique properties like low density, low weight, high strength, good
wear resistant and coefficient of thermal expansion. Aluminium matrix composites
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(AMCs) are range of high class engineering materials that can be employed in
numerous applications. AMCs are made up of non-metallic reinforcements (such as
silicon carbide [SiC], boron carbide [B4C], silicon nitride [Si3N4], AlN, TiC, TiB2 and
TiO2) introduced into aluminium matrix to give advantageous properties over the
base metal (Al) alloys [23]. Reinforcements in AMCs are normally seen in various
forms like continuous and discontinuous fibres, whisker or particulates usually in
volume fractions of up to 70% [24].

Different fabrication techniques of composites are in existence. These techniques
are normally based on the type of reinforced material (continuously or discontinu-
ously) to be employed in the production of the composite. Vengatesh and
Chandramohan [25] highlighted some of the techniques including stir casting tech-
nique, liquid metallurgy, gravity and squeeze casting technique.

The squeeze casting is a common technique used in the fabrication of composites of
aluminium, where pressure between 70 and 150MPa unidirectional pressure infiltration
is employed. Components produced using this technique are free of void and possesses
microstructure of small equiaxed grain size [26]. It is a fast process, producing good
surface finishes and with the ability for selective reinforcement usage. Figure 2.7 shows
the steps involved in the squeeze casting of discontinuously reinforced composites.

2.4.1 Stir casting method

Stirring is an easy production pathway for particle reinforced aluminium alloys
[26]. Mechanical, electromagnetic or gas injection is employed in the stirring
operation. Major issues associated with this technique are clustering or
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Figure 2.7: Squeeze casting of discontinuously reinforced composites [26].
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agglomeration of the particles, displacement of reinforcement by liquid particles
and particle redistribution that tends to affect the mechanical properties. These
issues are easily taken care of employing several methods such as adding
particles to the vortex created by the mixing impeller, preheating of particles
before introduction, surface treatment of particles or alloying of the matrix, use
of ultrasonic or electromagnetic vibration and addition of particles and metal
matrix powder as pellets or briquettes. Figure 2.8 shows the schematic of a stir
casting apparatus.

Meena et al. [27] analysed the mechanical properties of Al/SiC (silicon carbide)
metal matrix composites (MMCs). MMC bars and circular plates fabricated usingmelt-
stirring technique were prepared manipulating reinforced particles using 5%, 10%,
15% and 20% weight fraction. Rotating speed of the stirring process with a graphite
impeller was set to 200 rev/min for 15 min. Microstructure andmechanical properties
of the prepared MMCs were studied. Increase in hardness of composites was propor-
tional to increase in reinforced particle weight fraction. The optical micrographs
revealed a considerable uniform distribution of reinforced particles using the stir
casting technique, leading to decrease in percentage elongation and reduction in
area as the reinforced particulate size (220 mesh, 300 mesh, 400 mesh) and weight
fraction increase. The impact strength also lowers with increase in the reinforced
particulate size but rises with increase in weight fraction of the SiC reinforced
particles.

Sambathkumar et al. [28] studied the micro-scale deformation behaviour of
aluminium 7075 hybrid MMC using their two-dimensional microstructure with the
help of finite element technique. Aluminium 7075 alloy was reinforced with SiC and
titanium carbide (TiC) using two-step stir casting technique. Microstructure image
obtained from inverted metallurgical microscope was changed to a CAD file format.
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Figure 2.8: Schematics of a stir casting apparatus [47]. RSBN: Reaction bonded silicon nitride.
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ABACUS 6.10, a conventional finite element tool, was then used to analyse themodel.
The stress–strain behaviour of the composites was analysed by varying the percen-
tage volume of reinforced particles in ranges of 5%, 10% and 15%. The result revealed
that 15% by volume percentage (SiC and TiC) aluminium composites has a maximum
strength of 1,713 MPa. It was concluded that as the volume percentage rises, the
strength of the hybrid MMC also rises and that 15 vol% microstructure was stronger
during uniaxial tensile loading as compared to the other two.

Toptan et al. [29] carried out a study to investigate the influence of titanium
inclusion on the properties of Al–B4C interface. Average particle size of 52 µm B4C
particles utilized as reinforcement in pure aluminium (AA 1070) was used as matrix
material with the addition of K2TiF6 flux to form a reaction layer containing TiC and
TiB2 at the interface as a way of increasing interfacial and wettability bonding.
Aluminium was melted in boron nitride-coated graphite crucible to produce particu-
late reinforced AMCs. The microstructure of AMC specimens was studied under
optical microscope and scanning electron microscope. It was discovered that due
to poor wetting of B4C particles by liquid aluminium, effective bonding was not
achieved at lower temperatures as 850 °C. The addition of K2TiF6 flux creates a thin
reaction layer of TiC and TiB2 that solved the wetting issue. Superior mechanical and
tribological properties were exhibited by Al6061-SiC composites.

Sekar et al. [30] designed a stir castingmachine. The component parts such as the
stirrer shaft, die, nanoparticle preheater and heating vessel were calculated for and
drawn using a three-dimensional solid model. The design aids the pouring of molten
metal into the die at a constant temperature before crystal growth starts because the
die and the furnace are connected via a pathway taper pipe channel with heater. The
machine had been used in the production of A356/Al2O3 nanoparticle composite
materials. Sahoo et al. [31] also worked on stir casting furnace design and fabrication.
The two main parts of the stir casting furnace (furnace elements and control panel)
help execute the casting operation. The machine was used in the melting of alumi-
nium scrap and the molten metal was then casted.

Sujan et al. [32] worked on the physiomechanical properties of aluminium
MMCs reinforced with aluminium oxide (Al2O3) and SiC. Performance of stir cast
Al2O3SiC reinforced aluminium composites was studied. Al356 alloy powders were
mixed with Al2O3 particles (particle size 400 µm) in 5%, 10% and 15% weight
fractions. Al356 alloy powders were also combined with SiC using the same weight
fraction to produce Al-Al2O3. Samples were melted in the furnace using a tempera-
ture of 700 ° for 2 h, then stirred and allowed to solidify in a plate inside the furnace.
The samples were machined and then tested. The test result revealed that there is
great enhancement in hardness and tensile strength compared to Al356 alloy. The
composite materials also indicate higher strength-to-weight ratios when compared
with 100% aluminium. Lastly, the wear rate significantly reduces as the reinforce-
ment particles were added with Al-Al2O3 exhibiting higher wear rate compared to
Al-SiC composites.
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Sahoo et al. [33] worked on the fabrication of aluminium alloy (Al-7Si)/titanium
diboride reinforced composites using the melt stirring technique. Studies on hard-
ness and microstructure and of direct cast composite Al-7Si-5TiB2 and Al-7Si-5TiB2

composite cast through cooling slope method were performed. It was discovered that
the grains of TiB2 are spheroid in shape and finer in composite obtained from the
cooling slope method. The fine and spheroid nature of the grains are responsible for
the increase in hardness of the composite. The study finally concluded that fabrica-
tion of Al-7Si-5TiB2 using the stir casting technique delivered good end product, TiB2

addition to A356 alloy increases the wear characteristic of composite and hardness.

2.4.2 Powder metallurgy

Powder metallurgy is regarded as the most common solid-state route but tends to be
more expensive compared to liquid-based route [26]. Advantage of the solid-state route
is the ability to achieve good mechanical properties as a result of low processing
temperature that leads to low reinforcement and matrix interaction. Solidification
defects such as porosity, shrinkage and segregation do away with andmore consistent
reinforcement distribution is achievable. Figure 2.9 shows the powder metallurgy
processing route.
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Figure 2.9: Steps for powder metallurgy processing route [26].
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Chen et al. [34] carried out a study on aluminium powder size and microstructure
effect on the properties of boron nitride reinforced AMCs fabricated through semi-
solid powder metallurgy technique. Hexagonal boron nitride was reinforced with an
aluminium alloy to form aluminium composites using semisolid powder metallurgy
route. Analysis of the powder morphology and structural attribute of composites was
carried out using x-ray diffraction, scanning and transmission electronmicroscope. It
was observed that composites processed using aluminium powder with different
granularity shows different grain attributes. It was also noted that there is an increase
in the fracture strain and compressive strength of composites with reduction in
aluminium powder size and the Brinell hardness.

Kumar et al. [35] presented experimental results on Al6061-SiC and Al7075-Al2O3

MMCs. Composites were produced using liquid metallurgy, where 2–6 wt% of parti-
culates were added to the base matrix. Al6061-SiC and Al7075-Al2O3 composites and
castings of base alloys obtained were finished by machining and subjected to tests. It
was observed that the increased reinforcement’s percentage increases the density
and density of the composites. Micrographs of composites showed consistent dis-
tribution of particles in the samples. The tensile strength of the composites was
enhanced through the dispersion of SiC and Al2O3 in Al6061 and Al7075 alloys,
respectively.

Venkatesh and Harish [36] did a study on the mechanical properties of Al/SiCp
MMC particles fabricated through powder metallurgy route. SiC particles of mesh
sizes 300 and 400 and of weight fraction 10 and 15 wt% were mixed with the
aluminium matrix and four different samples were obtained. Microstructural and
mechanical tests were performed on the samples. The results revealed that the
hardness and density of MMCswere increased with increase in sintering temperature.
It was also noted that as SiCp increases, the density of composites increases and
hardness of composites increases with rise in weight percentage of SiCp in the
composites and mesh size.

2.5 Functionally graded materials of aluminium
composites and research direction of
manufacturing of these composite materials

Functionally graded materials (FGMs) are advanced composite materials with
properties varying across the volume of the materials [37]. Aluminium matrix
FGMs have been produced using different fabrication technologies and some of
which are presented in this section. Radhika and Raghu [38] investigated the
microstructural properties of Al/SiC, Al/B4C, Al/Al2O3 and Al/TiB2 functionally
graded composites with a consistent 12% (mass fraction) reinforcement fabri-
cated using centrifugal casting. The microstructural properties at exterior
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surfaces of all composites were found to contain segregation of reinforcement
particles. Graded properties in terms of tensile strength and hardness of the
composites were also investigated. The results showed higher hardness along
the outer peripheral of all the composites with the exception in Al/B4C compo-
site while all the composites display high tensile strength. The wear rate was
also found to be reduced in all the composites. The centrifugal casting has been
found to be an important fabrication method for fabricating FGMs with a well-
controlled compositional gradient taking advantage of the centrifugal force and
the density differences between the materials [39]. The microstructures of the
fabricated FGMs are mentioned in Figure 2.10, showing the graded microstruc-
ture of the reinforcement particles in different densities at different locations.

A similar study was carried out by Duque et al. [40], where the fabrication of
aluminium alloy FGM reinforcedwith AlB2 particles was done through the centrifugal
casting method. The study showed that the produced FGMs have improved corrosion
resistance when compared to the parent material. The study also revealed that the
centrifugal casting process was effective in redistributing reinforced particles and in
graded form. The process has been proved to improve the corrosion resistance of the
FGM produced [41]. Powder metallurgy is another important fabrication technique
employed in the fabrication of FGMs [39].
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Figure 2.10: Microstructures of FGMs: (a) Al/B4C; (b) Al/SiC; (c) Al/Al2O3; and (d) Al/TiB2 [38].
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Udupa et al. [42] using powder metallurgy with cold compactionmethod investigated
the fabrication of functionally graded carbon nanotube (CNT) strengthened alumi-
nium matrix laminates. The CNT particles were introduced to the aluminium matrix
in separate weight fractions from 0.1 to 0.5 wt%. Studies on the mechanical proper-
ties of the functionally graded composites produced were carried out in order to
assess how effective the fabrication method was. The results showed that the powder
metallurgy technique is an effective method that can be used to alter the material
properties as needed. The graded microstructure of the composite is shown in Figure
2.11, where the CNT reinforcement changes from pure Al to 0.5 wt% CNT from one end
to the other end of the sample. In each layer where variation of CNT reinforcement
changes from pure Al to 0.5 wt%CNT from one end to other end of the sample showed
different microstructures with variation in the densities of the CNT particles. This was
further confirmed by the hardness variation obtained from one end to the other with a
hardness increment of up to 129% achieved with that of 0.5 wt% of CNT in the formed
laminates with every layer showing strong metallurgical bonding after the sintering
process with no significant microcracks or pores.

Çalıskana et al [43] carried out a similar study using the powder metallurgy
technique. In this study, Al2124/Al2O3 powders of functionally graded composites
were produced in various compositions. The study revealed that the transition zone
can be designed to be gradual as shown in Figure 2.12 by gradually varying the
composition and structure over the entire volume of the functionally graded AMC.
The FGMs produced were also found to have improved properties that vary across the
volume of the composites.
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Figure 2.11: Functionally graded composite materials of Al with CNT reinforcement macrostructure
with different layers [42].
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Kwon et al. [44] carried out a similar study by producing functionally graded CNT
reinforced AMCs using the powder metallurgy method. The gradient layers were
observed to contain various amounts of CNT as shown by diverse microstructures
and hardness. The Al-CNT functionally graded composite revealed fine particle size
distributions with increment in the amount of CNT addition. Hardness was found to
increase with an increase in the content of CNT added. Singh and Singh [45] developed
a functionally graded Al/Al2O3 composite using an alternative reinforced fused deposi-
tion modelling (FDM) pattern in investment casting process. The study revealed that
the FGM offered better mechanical properties and improved tribological properties.

Investigation into the fabrication technique of composite materials is a vast area
still experiencing continuous investigation, where possibilities on improving the
properties of composites and test for most suitable means of mass production are
continuously investigated. Researchers have developed fabrication techniques.
These techniques cannot be taken as the only technique for composites preparation
as composite fabrication is a wide area where great possibilities for creation of a
better, cheaper method or new techniques that may serve as an improvement to
existing ones are possible. Additive manufacturing (AM) technique such as laser
metal deposition (LMD) technique is a recent area of manufacturing technique now
explored in the fabrication of FGMs such as titanium and aluminium alloys [46]. The
technique uses metal powder and computer-aided design model data for layer-by-
layer build-up of components. Material waste reduction, reduction in downtime and
production of components with unique properties are some of the advantages of this
technique. Components manufactured using this technique are gaining applications
in sectors such as aerospace, medicine and surgery, automobile, energy, electronics
and other manufacturing industries requiring high-performance components.

The development of more powerful finite element simulation tool with great
accuracy to enhance analyses of composites model is encouraged, where stress–strain
behaviour by varying percentage volume of reinforced particles is achievable to study

(a)
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Figure 2.12: Transition zone from (a) 10 wt% Al2O3 reinforced material to (b) Al2124 alloy [43].
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the characteristics of composites. Also development or improvement in established
technique and equipment are needed in increasing interfacial and wettability bonding
in composites. Finally, adequate tests includingmachinability are needed to be carried
out on fabricated composite materials to fully establish their properties, area of
application and possible failures.

2.6 Summary

Aluminium is one of the most plentiful raw materials found in the Earth’s crust and
never found in its pure state, as such careful practices must be done to obtain the metal
in pure form. Its unique characteristics allow it to be alloyed and reinforced with other
materials to produce alloys and composites with better qualities. Casting and forging are
essential methods in the manufacturing of aluminium and its alloys. Production of
products of near net shape with little need for subsequent machining is some of the
characteristics of these manufacturing processes. The need for new products (mostly in
automobile and aeronautic industry) with superior attributes such as low density, low
weight, high strength and wear resistance made the production of composite materials
with numerous applications an area of research that is vast. Fabrication technique of
these composites depends on the type of reinforced material to be used. Notable among
the techniques are stir casting, powder and liquid metallurgy and squeeze casting. AM
such as LMD is a recent technique used in the fabrication of FGMs that are now finding
applications in aerospace, automobile, medical, energy, electronics and other high-
performance applications. Great successes are continuously recorded in the area of
composites development but more still need to be done especially in carrying out an
accurate and precise test in determining the properties of fabricated composites.
Development of powerful tools for finite element simulations where percentage reinfor-
cements by weight can be varied, the result is generated and studied is an interesting
area that require more advancement. The fabrication methods of composites and
functionally graded aluminium composite materials are presented in this chapter and
the research direction has also been highlighted.
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3 Advanced manufacturing of compositionally
graded composite materials: An overview

Abstract: Compositionally graded composite materials are advanced materials that
contain inhomogeneous composition as well as structure that varies across the entire
volume and with changing properties. Functionally graded materials are produced
through different manufacturing processes, which include centrifugal method, pow-
der metallurgy method, and additive manufacturing technology. Additive manufac-
turing technology is an advanced manufacturing process used for the production of
three-dimensional objects simply by adding materials in layers using the digital
image of the component. In this chapter, the production of compositionally graded
composite materials using an advanced manufacturing method, laser additive man-
ufacturing technologies, which include selective laser melting/sintering and laser
metal deposition/laser material deposition processes are reviewed and the recent
research progress is also presented.

Keywords: additive manufacturing, functionally graded materials, laser material
deposition process, selective laser melting, selective laser sintering

3.1 Introduction

Compositionally graded composite materials are made up of materials with varying
elemental properties as a result of varying quantities of material mixture or changing
microstructural characteristic across the depth of the bulk material. The idea of
functionally graded material (FGM) which presents the compositional and structural
gradients in the material microstructure was initially proposed by researchers in Japan
in the mid-1980s [1]. These researchers were confronted with the problem of delamina-
tion of a composite material that was used in a hypersonic space plane project that
requires a thermal barrier having an external temperature of about 2,000 K and an
internal temperature of about 1,000 K over a thickness of less than 10mm thick [1]. The
composite materials they were using kept failing as a result of the composite materials
delaminating. They noted that the failure was happening at the interface between the
composite materials due to the mismatch between the properties of these materials at
the interface. They concluded that if it was possible to eliminate this sharp interface,
then the problem would be solved. Then the researchers developed the novel compo-
sitionally graded composite material that was called FGMs which have a graded
composition thereby eradicating the sharp interface in the initial composite material.
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Compositionally graded materials have different properties both in composition
and in structure throughout the entire volume of the material so as to achieve desired
properties and to satisfy the intended service requirements [1–3]. FGMs have pro-
vided solutions to various engineering problems that are completely different from
the application it was initially meant to solve such as in wear resistance applications.
Functionally graded material is being used as an interface layer for connecting two
incompatible materials in order to enhance the bond strength between the two
materials. It provides the opportunity to combine different material systems such
as ceramics and metals that have the ability to control properties such as deforma-
tion, dynamic response, wear, and corrosion. There are different approaches used in
producing bulk compositionally graded material as well as for producing thin com-
positionally graded surface coating. The methods include centrifugal method, che-
mical vapor deposition, physical vapor deposition, additive manufacturing, and
powder metallurgy [4].

Additive manufacturing method belongs to an advanced manufacturing pro-
cess, used to produce three-dimensional (3D) objects through the addition of
successive layers of materials [5]. Some additive manufacturing technologies are
able to handle multiple materials simultaneously and hence they are able to
produce 3D part that is made of compositionally graded composite materials in
one manufacturing method. The most important benefit of additive manufacturing
process for producing compositionally graded materials is that the part can be
made directly with the required graded material composition in one manufacturing
run [3]. This is not achievable in the past with the traditional manufacturing
method, which involves first producing the FGMs and then makes the part by
cutting the bulk material into the desired shape. The additive manufacturing
process can make each layer during the building process to contain the intended
desired properties along the cross section of the entire object formed or created.
Additive manufacturing is able to produce the 3D object by using the 3D computer-
aided design (CAD) representing the part to be produced, accepting CAD data and
use it to form the object through series of materials addition in layers, following the
description of the CAD data until the part building is complete [6]. This helps to
build customized and personalized part with FGMs without any need for special
tools that was not possible with the traditional manufacturing process. Additive
manufacturing technology has developed rapidly and it has seen increasing indus-
trial applications in the last few decades. Additive manufacturing process is attrac-
tive for its ability to shorten cycle times and the rapid transition of product concepts
into physical products. Production process that usually takes weeks or months can
now be produced in hours with higher accuracy. Additive manufacturing can be
used to solve problems arising from production of complex parts that are often
needed to be broken down into various parts when produced using the conven-
tional manufacturing processes. By effective process control the products made of
FGMs can be produced using 3D CAD model with variation of material properties
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that are controlled to achieve the desired. Functionally graded materials are built
up with varying properties that have inhomogeneous compositions. Some additive
manufacturing processes are able to incorporate various materials that made them
suitable for the production of FGMs [7, 8]. The major additive manufacturing
processes that are capable of producing the FGMs are sheet lamination, directed
energy deposition and powder bed fusion classes of additive manufacturing tech-
nologies [4, 9, 10].

In this chapter, review on some of the recent research efforts in the fabrication of
compositionally graded materials with laser additive manufacturing technologies,
namely, selective laser sintering (SLS)/melting and laser material deposition pro-
cess. Some of the challenges that are overcome by using this laser additive manu-
facturing processes for fabrication of compositionally gradient materials are
discussed. The rest of this chapter is organized as follows: some research works on
manufacturing of FGMs using SLS and selective laser melting (SLM) are presented in
Section 3.2. Compositionally graded materials produced with the laser material
deposition are explained in Section 3.3. The summary and future research direction
of producing FGM using these laser additive manufacturing technologies are pre-
sented in Section 3.4.

3.2 Production of functionally graded materials
with selective laser sintering/melting

SLS belongs to the powder bed fusion class of additive manufacturing technology
that is based on the recent grouping according to the committee of international
standard organization on additive manufacturing (committee F42) [11]. SLS produces
3D parts produced from the 3D CAD digital model representing the part by fusing the
powder spread on the build platform using energy from laser [3]. The laser is used to
fuse the powder while following the path dictated by the CAD data information. At
the end of each cycle, the building platform is then lowered by one layer thickness.
The powder is then spread on the platform and the laser scans the required area
according to the data for the CAD model. The powders are sintered together with the
laser and the 3D part produced is further heat treated to increase the density of the
part produced. One of the important advantages of this technology is that it does not
require any support structure for building the part. The unused powder serves
provide the needed support for the part as the building progresses. SLM is another
technology that is similar to the SLS process, the only difference is that instead of
sintering the powder in the SLS, the laser fully melts the powder in the process. Also
the parts produced with SLS are porous which are useful in a number of applications
such as biomedical industry. SLS and SLM are used for producing prototypes, end
used parts and art products. SLS and SLM are also capable of producing
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compositionally graded materials because the technologies allow the use of multiple
materials simultaneously.

A lot of research works have been reported in the literature on this exciting
technology on FGMs since their invention, and the more recent ones are reviewed in
this section. The feasibility study on the production of functionally graded tissue
scaffold for medical implant application has been conducted by Sudarmadji et al.
[12]. Scaffolds with different graded porosity and structural configuration were
produced with polycaprolactone (PCL) using SLS process. Compression test was
conducted on the samples, and the degree of porosity was mapped with the result-
ing properties. The study showed that the compressive stiffness, the yield strength
and the porosities obtained from the scaffolds produced to be closely related to
those of the cancellous bone (maxillofacial region). This study has proved that SLS
is feasible for the production of compositionally graded scaffolds without causing
toxicity to the non-proprietary PCL material. The result is very important for tissue
engineers because designing and producing suitable scaffolds have always been a
great challenge. The capability of using SLS to produce tissue scaffolds will make
the designing of tissue scaffolds with suitable mechanical properties possible and
porosities. Functionally graded scaffolds with graded porosity with variable stiff-
ness throughout the section of the scaffold are very important in this field and SLS
will make it achievable. Traini et al. [13] also use SLS to produce functionally graded
porous titanium alloy implant. The roughness, microstructure, chemical composi-
tion, mechanical properties, and fractography were investigated from the samples
produced. The results showed that SLS process can be used to fabricate functionally
graded porous titanium implant with the resulting properties similar to that of the
human bone. This study showed that the implant with FGMs can be produced with
better elastic properties that are close to the properties of human bone that will
reduce stress shielding effect, and this is obtained when there is modulus of
elasticity mismatch between the human bone and the implant. This will help to
extend the life of the implant. In another study, SLS was used to produce 3D
structure of functionally graded polymer nanocomposite material by Chung and
Das [14]. Functionally graded nanocomposites made of Nylon-11 are filled with 0–10
vol% fumed silica nanoparticles. Different processing parameters were used for
producing each layer in the functionally graded structure based on the result of
initial experiment performed using design of experiment. The properties of FGM
structures fabricated were studied. The mechanical properties were found to vary
with the graded composition. The results indicate that particulate-filled composi-
tionally graded nanocomposites can be produced by SLS process to produce 3D
FGM componentsmade of spatially varyingmechanical properties. Two different 3D
parts were produced to demonstrate the suitability of using SLS process for the
fabrication of 3D FGM structures; they are rotator cuff scaffold and a compliant
gripper. Similar study was conducted with the SLS to fabricate functionally graded
Nylon-11 composite that is filled using various volume fractions of the glass beads of
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up to 30 vol% [15]. The study involves experimental and theoretical modeling as
well as the numerical methods of analysis. The optimal SLS processing parameters
used for the FGM were obtained through theoretical modeling as well as through
experiments. The results obtained from experimental study were compared with the
results predicted by the numerical modeling and were found to have a close
agreement. The tensile strength and compressive modulus were found to increase
as the volume fraction of the glass bead was increased but the strain at the yield
region and break point decreased. This study also demonstrates the feasibility of
producing functionally graded structure using SLS process. Salmoria et al. [16]
studied the influence that hydroxyapatite (HA) content has on the properties of
high-density polyethylene (HDPE)/HA composites using SLS. The result was used
to fabricate functionally graded scaffold of HDPE/HA. The result of the investiga-
tion showed that SLS is suitable to fabricate HDPE/HA functional graded scaffold of
controlled microstructure as well as mechanical properties that can be used for
biomedical applications, for example, bone and cartilage tissues. Leite et al. [17]
produced 3D functionally graded polymer blends of polyamide 12 with HDPE using
SLS with compositionally gradient material in two directions. The density, micro-
structure and mechanical study of the specimens produced showed that the micro-
structure and the mechanical properties varied as the compositions. The results
showed the capability of manufacturing advanced polymeric functional gradient
material parts using the SLS. A number of researches have also been reported in the
literature on the capability of using SLM for the fabrication of FGMs.

Maskery et al. [18] used SLM process to produce lattice structure of aluminum
alloy with graded density. They performed mechanical tests on the as-deposited
samples and heat-treated samples. The results showed that the mechanical proper-
ties of the produced structure can be improved with appropriate heat treatment. SLM
process has also been established to be able to manufacture FGM of CoCrMo femoral
stem that is lighter and flexible than the fully dense stem [19]. Hazlehurst et al. [19]
also modeled the cellular structure as continuum part and determined the compres-
sive elastic modulus using finite element method. The result obtained showed that
there is good agreement between the experimental data and the model. However,
SLM has been found to be limited in terms of its inability to repeatedly manufacture
femoral stems from cellular structures that incorporate strut sizes that are 0.5mm or
less. Mumtaz and Hopkinson [20] presented a method for producing functionally
graded nickel alloy ceramic composite material using SLM. The FGM of Waspaloy-
zirconium composite was fabricated from 100 vol% Waspaloy to 10% zirconium and
90% Waspaloy. The specimens produced were studied and found to contain an
average of 0.34% porosity and without any major interfacial defects.

All these research works show that the SLS/SLM is suitable for the fabrication of
FGM coating and bulk FGMs. They can also be used to fabricate the required part
consisting of compositionally graded materials directly from the CAD model of the
part. Fabrication of compositionally graded material using the laser material
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deposition process is also more documented in the literature and some of them are
presented in the next section.

3.3 Manufacturing of functionally graded material
using laser metal deposition process

Laser material/metal deposition (LMD) technology is an important advanced manu-
facturing technology based on laser cladding principle. It is the class additive manu-
facturing named directed energy deposition [11]. LMD can create a 3D object from the
3DCAD data by addingmaterials layer after layer [3]. The laser beam is used to produce
a melt pool on the surface of the substrate where the powder material placed coaxially
with the laser is deposited. The melt pool solidifies and forms a bead upon solidifica-
tion [3]. Series of beads form a long track that is seen left on the laser path. The path
generated by the CAD data is followed by the laser beam to generate the 3D object by
repeating the deposition layer after layer until the building of the object is complete.
LMD can handle more than one material simultaneously making it useful for building
part that is made up of composite materials and FGMs [3]. Another important char-
acteristic of the LMD process is its capability to repair high-valued engineering com-
ponent as well as for product remanufacturing [21]. The literature is rich on the LMD
process for manufacturing of compositionally graded material both as a surface coat-
ing and as a bulk material. Some of the recent research works on LMD process for
manufacturing of compositionally graded materials are presented in this section.

Thivillon et al. [22] demonstrated the potential of using the LMD process to fabricate
compositionally graded coating of Co-based Stellite 6 powder and Ni-superalloy
Inconel 625 powder deposited on the substrate of S235 steel. The result revealed
that LMD can be used to produce FGM coating and with properties that are comparable
to wrought materials. Biomedical application of FGM coating requirement is one of
the driving factors of research in this area. In the research work conducted by
Tanaskovic et al. [23], compositionally graded material of HA and bioglass (BG) was
produced on titanium substrate. The study showed that the introduction of BG
interlayers in the FGM resulted in a significant increase in the multistructure bonding
onto the substrate and also the crystallinity of the HA over coating was found to be
improved. The surface morphology of the FGM was also found to consist of adjacent
spherical droplets which are expected to promote cell growth and proliferation.
Syed et al. [24] use the copper powder and the nickel wire to produce an FGM on H13
tool steel substrate with LMD process. By analyzing the produced sample the results
showed that by varying the powder feed rates of the copper powder and the nickel wire,
the compositional gradients and varying properties could be achieved without the
need for multipass of laser. The mechanical properties of functionally graded
alumina/titanium nanolayered thin coatings produced through LMD were studied by
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Bertarelli et al. [25]. The homogeneous nanocrystalline aluminum coating was produced
in order to compare it with the functionally graded coating of titanium alumina. The
FGMwas produced by varying the percentage of alumina from0 to 100%on the titanium
substrate. The result showed that the mechanical properties of the FGM are comparable
with that of the homogeneous material at low depth microindentation. Wilson and Shin
[26] investigated compositionally graded material of titanium carbide (TiC) and Inconel
690 using laser metal deposition process. The compositionally graded material was
produced by placing the pure Inconel 690 in one powder feeder while a premixed
Inconel 690 powder and 49 vol% TiC powder were placed in another powder feeder.
The powders from the two feederswere deposited onAISI 1018 steel substrate to produce
the FGM. The FGM produced was found to be fully dense. The microstructure was found
to be refined and a finely dispersed crystalline phase was also observed. Different
volume percentage of Inconel 690 and TiC FGMs were produced in this study and a
significant improvement in the microhardness and wear resistance was seen as the
percentage of TiC was increased. In a similar study conducted by Wang et al. [27],
compositionally graded material of titanium alloy grade 5 (Ti6Al4V) reinforced with
TiC was produced using the LMD process and characterized. The FGM was fabricated
with TiC powder and Ti6Al4V wire which was deposited on Ti6Al4V substrate. The TiC
particles were found to be uniformly distributed in the Ti6Al4V matrix of up to volume
fractions of about 74% TiC. After 74% TiC volume fraction, unmelted TiC particles were
observed. The wear resistance behavior of FGMs was seen to be improved when com-
pared to that of the substrate. The influence of the processing parameters on the
properties of FGM of stainless steel SS316L and Inconel 718 produced using LMD process
was studied by Shah et al. [28]. It was found that the tensile strengthwas increasedwhen
the powderflow ratewas increasedwhile it was found that tensile strengthwas inversely
proportional to the laser power. The Fe2Nb phases were seen to be formed during the
deposition process. Secondary dendritic arm spacing was also found to depend on the
laser power as well as the powder mass flow rate. The NbC that was observed at higher
Inconel percentage ratio provides the opportunity to selectively control the mechanical
properties of the compositionally gradedmaterial. The study concluded that functionally
grading of stainless steel SS316L and Inconel 718 was feasible using the LMD process.
Another investigation carried out by Mahamood and Akinlabi [29] also showed that
FGMs can be fabricated using laser metal deposition process. They investigated the
influence of producing FGMs at constant processing parameters and at changing para-
meters based on the compositional ratio. Two compositionally graded materials of
Ti6Al4V and TiC composite were produced using laser metal deposition process. One
was produced at constant process parameter while the other was produced at optimum
set of process parameters for each layer based on the compositional ratio. These
optimum process parameters were obtained from the model that was patented by the
authors. The study showed that the FGM produced using the varying processing para-
meters has improved wear resistance properties when compared to the one produced
at constant processing parameters [3]. Ren et al. [30] produced FGM of Ti–6Al–4V and
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Ti–6.5Al–3.5Mo–1.5Zr–0.3Si on Ti6Al4V substrate using the LMD process. They studied
the physical chemical and the mechanical properties of the deposited FGM. The results
revealed that there is good metallurgical bonding in gradient zone with large columnar
grains seen growing epitaxially in the microstructure. The chemical composition of
alloying elements was found to remain unchanged in the interior of one layer, but
changes abruptly in between layers which shows that there was no chemical composi-
tional change during the melting process. The microhardness value was found to
increase as the layers were increased from the substrate to the surface. The FGM was
also found to have an improved tensile property. The study concludes that LMD is
suitable for producing FGMs. Muller et al. [31] carried out the process modeling for the
manufacturing of FGM parts using the laser metal deposition technology The model
would be able to choose an appropriatemanufacturing strategy as well as to also be able
to control the processing parameters in order to obtain the desired properties as well as
the desired part geometry. The modeling was performed based on experimental data,
and themodelmakes it possible to control the process in a closed-loop form. Carroll et al.
[32] conducted thermodynamic studies on a functionally graded component that was
built from 304L stainless steel and Inconel 625 using laser metal deposition technology.
The results revealed that secondary phase particles were present in the gradient zone in
small quantity. The secondary phase particles were shown by the experimental results
and thermodynamic calculations by transition metal carbides. The presence of these
micro-sized secondary phase particles were found to be responsible for the development
of cracks seen in these zones. The study showed that laser metal deposition technology
has the capability to fabricate compositionally graded materials and also highlights the
possible formation of secondary phases which could cause microcracks in the FGM and
they need the FGM to cater for these developments as it has the potential to alter the
developed properties. In a similar study, Liu and DuPont [33] created a crack-free
compositionally graded composite material of pure titanium as well as TiC composite
using the laser metal deposition technology. The FGM was fabricated by changing the
composition frompure titanium to about 95 vol%of TiC. The twopowderswere placed in
a separate powder feeder and through proper process control. The result of this study
showed that in comparison to homogeneous Ti/TiC composite which contains cracks,
the FGM composite does not contain any form of crack. The FGM was attributed to
elimination of the crack formation. It was concluded that the LMDprocess can be used to
manufacture FGM based on the ease with which the constituent materials can be
delivered and the proper process control. A similar study conducted by Balla et al. [34]
also showed that FGM with desired properties can be produced using laser metal
deposition technology. FGMs of yttria-stabilized zirconia coatings were manufactured
using lasermetal deposition process. Finemicrostructure seen in the coatingwith higher
hardness was attributed to the high thermal gradients and high cooling rates produced
as a result of rapid heat loss through the substrate. The substrate acts as a heat sink that
resulted in the directional grain growth to be seen during the deposition process. The
segmentation cracks and columnar grains observed along the coating direction were
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seen to be of advantage in thermal barrier application. The cracks were believed to
increase the life of coatings because of expansion and contractions that will be taken
place during operation. Also, the functionally graded coatings have proved to be better
than the homogeneous coatings because of the higher bonding strength between the
coating and the substrate. Krishna et al. [35] were able to fabricate compositionally
graded material of Co–Cr–Mo alloy on Ti–6Al–4V alloy using the laser metal deposition
process. A crack-free compositionally graded coating of Co–Cr–Mo/Ti–6Al–4V compo-
site coatings from 0 to 86% Co–Cr–Mo deposited on Ti–6Al–4V substrate was success-
fully produced with optimal processing parameters. The FGM coating deposited on the
surface of Ti6Al4V alloy was found to increase the hardness significantly. The result of
human osteoblast cells in vitro cultured test showed the biocompatibility of the coatings
with better bone cell proliferation. The best wear resistance and biocompatibility were
seen with FGM at 50% Co–Cr–Mo alloy. This study also concludes that the LMD process
can be used tomanufacture FGM. Balla et al. [36] produced FGM of Ti–TiO2 on porous Ti
substrate using laser metal deposition process. A fully dense compositionally graded of
up to 50% TiO2 ceramic was deposited on porous Ti substrate.

The application of a dual structure with one side of porous structure and the
other side of fully dense and hard surface is seen in medical implant such as hip
prostheses. The hard side will provide the needed low friction and better surface
wettability. The higher wettability will promote the formation of chemisorbed
lubricating films that can help to reduce wear rate between the implant and poly-
ethylene liner. The functionally graded coatings were also found to be biocompa-
tible. The probability of extendingmold life in the die casting industry by producing
functionally graded coating on the mold using the LMD process was pursued by
Ocylok et al. [37] through experimental investigations. The study showed that
functionally graded coating can be build on the mold with a smooth transition
from different compositions and with no cracks and low porosity can be achieved
with LMD process.

Shishkovsky et al. [38] demonstrated the capability of producing FGM consist-
ing of Ti-Al powder (an intermetallic powder) using the LMD process. The result of
this research work showed that the LMD process is capable of forming heteroge-
neous phase of TiAl intermetallic when implemented under argon environment.
The properties were found to be improved significantly. Han et al. [39] studied the
possibility of producing compositionally graded properties in gear using LMD
process. The processing parameters that influence on the resulting properties
were also explored. The results revealed that functionally graded properties can
be achieved using the LMD process and by varying the process parameters. In a
similar study by Abioye et al. [40], compositionally graded material of Ti/Ni on
Ti6Al4V substrate using Ni powder with commercially pure titanium wire was
fabricated using the LMD process. The formation of intermetallic NiTi was found
to be increased with increase in Ni content and themicrohardness was also found to
be decreased with increase in NiTi content. The highest microhardness was
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observed in the region where the NiTi2 intermetallic precipitates are seen to be
more. A number of other research works on the manufacturing of compositionally
graded material using the LMD technology was presented by Jiang et al. [41] and
Qian et al. [42] and a host of other researchers. The importance and the capability of
manufacturing compositionally graded materials of bulk and functionally graded
coatings have been demonstrated in this section. Lots of research works have also
been carried out on the study of properties of compositionally graded materials,
which is important in the further development of FGM [43].

An important characteristic of manufacturing components made up of compo-
sitionally graded materials with the additive manufacturing technology is that this
component can be produced directly from the 3D CAD data, and also achieving the
needed gradation which can be achieved in a single manufacturing process. This is
not possible to be achieved using the traditional manufacturing process where a
number of manufacturing processes are involved. There will be a need to first make
the FGM in one process and then use the stock FGM to manufacture the required
structure using series of other manufacturing processes depending on the complex-
ity of the component. The additive manufacturing process that is reviewed in this
research is not only capable of manufacturing functionally graded coating on an
existing component but can also manufacture component no matter the complexity
with graded composition, directly from the 3D CAD data of the component and in
one manufacturing process. This has a number of ripple effects on the way products
are designed and manufactured which is capable of manufacturing product at
much cheaper rate and faster too. These important technologies are still been
developed and more research work is still required in order to expand the current
application of this technology. The summary and the future research need are
presented in the next section.

3.4 Future research direction

Compositionally graded material is an advanced form of composite material that
found its application in a wide range of industries. FGMs are found in nature such as
in human body like the teeth and bone; this can be seen as the major drive for
research on FGM. It has been seen that making the medical implant as close as
possible to the human tissues goes a long way to increase the life of the implant as
well as removing some of the problem associated with the properties mismatch
between the implanted material and the surrounding human tissues. Most of the
reviews presented in this study were aimed at biomedical implants. The importance
of achieving medical implant with FGMs through the additive manufacturing route
provides the opportunity of making highly customized components such as implants
that are patient specific in a timely and cost-effective manner. Apart from themedical
field, automobile and aerospace industries are also few of the industries that are in
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dear need of this technology because of the inherent potentials of this technology in
helping to reduce the carbon footprint by these industries. A lot of research is still
needed to address the repeatability issue that surrounds this technology. This chal-
lenge is one of the reasons why this technology is not fully accepted especially in
application that demands proper material properties with high precision. Additive
manufacturing is seen as a manufacturing process that will revolutionize the way
products are designed and produced but the technology is still regarded as a niche
technology because of some of the unresolved issues about this new technology. In
order for the technology to gain better acceptance not only for the manufacturing of
FGMs but for other components, there is need for more research works in the areas of
materials characterization and process repeatability, and in the areas of process
modeling and control. Understanding the physics of this important process will
further help in the development of the process model that can truly represent the
process which will in turn result in the proper controller design for the process. Till
this is achieved, the repeatability issue is less likely to be resolved. Also more
material characterization is still needed to be done which will enable the properties
resulting from this process to be adequately predicted and controlled. All these
research needs will be able to instill more confidence in industries that are still
skeptical about the technology and also expand the application area for the indus-
tries that have already accepted the technology. Although some of the aerospace
parts are now beenmade using this technology, but much is needed to be achieved in
terms of having confidence in the properties of parts produced; then the application
area can be extended to fabrication of more critical parts. A number of researchworks
have established the influence of processing parameters on the evolving properties of
LMD materials [44–51]. By changing the processing parameters, it is possible to
change the properties of materials that can be varied across the volume of the
material. This method of producing compositionally graded material should be
developed through research to produce FGMs.

3.5 Summary

Some recent research works have been presented in this chapter to show the main
research effort in the fabrication of compositionally graded materials with the laser
additive manufacturing process. The laser additive manufacturing technologies that
are used to produce compositionally graded parts that were reviewed in this chapter
are the LMD process and the SLS/SLM. A number of research works are seen to have
established the capabilities of these technologies to produce compositionally graded
materials in form of coatings as well as for 3D solid parts. The future research
direction has also been presented.
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4 Fabrication of stainless steel-based FGM
by laser metal deposition

Abstract: Recent advancement in materials processing has resulted in the evolution
of advanced composite known as functionally graded materials (FGMs). FGMs are
multilayered structures with composition and/or microstructure that vary spatially
across the volume of thematerial. This chapter presents an overview of the concept of
FGMs in terms and its history. The present and potential applications of FGMs are
briefly described, as well as various classification methods. Processing of FGM using
laser metal deposition (LMD) is also discussed as well as the influence of LMD process
parameters on the quality of laser-processed materials. Studies that have been con-
ducted on metal–metal FGM produced by LMD are presented. Finally, a study on the
microstructure and microhardness of laser deposited compositionally graded 316L/
17-4PH was also presented.

Keywords: Advance composite, Functional graded material, Laser metal deposition,
Microhardness, Microstructure

4.1 Introduction

There is a continuous search for new materials that are multifunctional or have
better properties compared to conventional materials for modern engineering
applications. Two different approaches can be adopted in the development of
new materials; one way is to synthesize a unique material that is totally different
from any material available or by combining two or more existing materials with
dissimilar properties to form a composite. Composites have been employed for
decades to successfully solve many engineering problems [1]. However, they are
susceptible to stress concentration at each material interface which typically
leads to delamination or debonding. To overcome this limitation, a different
category of composite called functionally graded material (FGM) was developed.
FGMs exhibit gradual space variations in their composition and/or microstruc-
ture from one end of the component to the other. The gradient can vary in one
or several dimensions [2]. FGMs can be generally tailored at nano- to microscale
compared to traditional composite which are tailored macroscale materials. FGM
concept is applicable to practically all industries because of the ability to tailor
materials for a specific purpose. The wide-scale use of FGMs at the moment is
hindered by factors such as production cost, limited and reliable production
technique. Hence, manufacturing technology is a key area of interest of many
researchers.
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4.1.1 Development of FGM

Biological systems have long exploited the concept of material grading to improve
their performance and material usage. This type of material is plentiful in nature and
exists in the form of bone, tooth, bamboo to mention a few. The bone has a unique
and complex structure; the centre of the bone is denser than the outer layer. The
middle layer which has lower porosity is optimized for strength, while the spongy or a
more porous outer layer contains blood vessel and tissues within the cavities.
Another good example is the dental crown of the tooth; the outer shell has good
tribological properties, while the inner structure is brittle and ductile. For bamboo,
the volume fraction of vascular bundles increases from the centre of the structure to
the edges, while the size decreases. This gradation is responsible for their enhanced
mechanical properties. The human skin does more than providing structure and
protection to the body. It is composed of several layers of cells and tissues that
serve various other purposes.

The concept of material grading was first theorized by Bever and his associates in
1972 [3]. They published two manuscripts describing possible properties, application
and processing of gradient materials. However, very little progress was made in the
field until the space plan project in Japan around 1984 when the first FGM was
manufactured [4]. Some Japanese scientists involved in a space project required a
thermal barrier coating (TBC) capable of withstanding extreme surface temperature
and temperature gradients of about 2,000 and 1,000 K, respectively, over cross
section of around 10mm. There was no homogeneous or inhomogeneous material
with the required heat resistance property to withstand the temperature gradient
experienced during re-entry of a spacecraft. To solve this problem, Japanese scien-
tists designed a new type of thermal barrier by improving the surface functional of the
metallic base material by applying a top layer of ceramic. Both components were
gradually graded thereby eliminating the sharp interface found in laminated compo-
site. The thermal resistance of the ceramic ensured the structure was capable of
withstanding high temperatures, while the metallic material provides the tensile
strength, toughness and thermal conductivity required in the structure.

Other important benefits of gradient material design include increased chances
of successfully bondingmaterials with very different coefficient of thermal expansion
(CTE), reduction in residual thermal stresses, improved bond strength by elimination
of sharp interfaces between constituent materials and reduction in thermal shock
cracking [2, 5–7].

4.1.2 Applications of FGMs

As stated earlier, gradient materials were originally developed to eradicate the inter-
face in traditional composites that cause large thermal stresses in thematerial, which
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can ultimately lead to delamination or cracking when used in high-temperature
applications. Recent research has extended the FGM concept to different areas of
applications in different industries and also has potential applications in the future
[2, 8–10]. Figure 4.1 shows some applications of FGM.

Medicine: The use of FGMs has gained increased attention in the medical field,
leading to major advances in the development of biomaterials for use in different
areas of the human body. As mentioned earlier, some tissues and biological struc-
tures in the human body are functionally graded to optimize their functionality and
material usage. When such materials need to be replaced because of medical emer-
gencies, implants must be biocompatible, non-toxic and meet other functional
requirements in order to serve its intended purpose. Functionally graded biomater-
ials can better satisfy such multiple requirements than convention materials. FGMs
have been successfully used for dental implant and orthopaedic applications.

Defence: The FGM concept has also received great attention in the defence industry
because of the potential of producing light-weight components which still meet the
specified functional requirements. Ballistic protection for military vehicles and air-
craft are areas where this concept is being applied.

aerospace: FGMs are being used in both military and commercial aircrafts to reduce
thermal stress generated and also to enhance thermal resistivity. They are used as
TBCs in fuselage coatings, rocket nozzles, turbine wheels and propulsion systems.

Automobile: Functionally graded ceramics are now utilized as replacements for
brake disc in race car braking systems. Other areas of applications include diesel
engine pistons, gas turbine engines, drive shafts, shock absorbers, power transmis-
sion and exhaust system.

Optoelectronics

Automobile

Petrochemical
and mining

Defence

FGM

Aerospace

Medicine

Figure 4.1: Application for FGMs.
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Petrochemical and mining: Gradient materials show great potential in fabricating
boring and cutting tools used for applications where high strength, fracture andwear
resistance are required such as petroleum industry and mining industry.
Functionally graded tungsten carbide and cobalt (WC/Co) have been developed to
meet such a functional requirement.

Optoelectronics: Semiconductors, piezoelectric devices, refractive index materials
and magnetic/optical storage devices are now being manufactured using the FGM
concept. These devices are generally used for advanced applications in data storage
and electronic industry.

4.1.3 Classification of FGMs

The classification of FGMs varies among researchers. FGMs have been classified
based on their structure as continuous graded or stepwise graded [2]. In continuous
gradation, the property of the material gradually changes from one direction to the
other. While the material property changes are discontinuous in stepwise grada-
tion. FGMs have also been categorized based on the type of gradient into three,
namely porosity, microstructural and chemical composition gradient [10–12].
Porosity gradient FGMs have variable porosity across the volume of the material
and typical application is in the medicine. This type of FGMs can be designed to
have pores with different shapes, sizes and porosity distribution [10].
Microstructural gradation implies that FGMs have variable microstructures. This
type of gradient produced in metals through surface hardening processes such as
nitriding and carburation has been employed [10, 12, 13]. Chemical composition
gradient can be applied to either single or multiphase materials; however, single
phase materials with such gradation are rare. In multiphase material, the volume
fraction of the reinforcement phase progressively varied in the bulk material.
Common examples of chemical composition FGMs include ceramic–metal [14, 15]
andmetal–metal FGM [16, 17]. Furthermore, FGMs have been classified according to
the method of fabrication. Bever and Duwez [18] groups FGM into two types: FGM
produced by constructive processes and transport-based processed FGM. Similarly,
FGMs have been classified according to fabrication methods as bulk and interfacial
FGMs [10].

4.1.4 Manufacturing techniques

A number of manufacturing methods used in the production of FGMs are based
on modifications of traditional material processing techniques. The selection of
an appropriate manufacturing process depends on several factors such as mate-
rials, geometry, FGM structure (i.e. stepwise structure, continuous gradation or
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thin films) and the final properties of the structure. Powder metallurgy, chemical
vapour deposition, centrifugal casting, thermal spraying, friction stir welding,
gravity sedimentation and additive manufacturing (AM) are common methods
used for manufacturing FGMs [12, 19, 20].

AM is a very attractive method for joining dissimilar materials and fabricating
compositionally gradedmaterials because fully dense parts can be created in a single
step. Furthermore, AM allows for freedom in design of component and as such
component with complex shapes can be manufactured relatively quicker than most
FGM processes. However, AM still lags behind when compared to conventional
processing methods with regard to build speed, volume, accuracy, standardization
and cost. These factors have limited its adoption in themanufacturing sector for mass
production of parts. At the moment, AM is used for low volume productions, espe-
cially where bespoke parts are required.

4.1.5 AM technologies

AM is a process where a component is fabricated from the bottom-up layers from a 3D
computer model. AM encompasses several technologies and each of them is suitable
for specific requirements and/or materials. These AM technologies have similar
working principles but often differ in the way successive layers are stacked and
type of heat source utilized. The available AM technologies have been categorized
differently by various authors. For example, AM technologies have been classified
based on the type of raw material utilized into polymer, metal and ceramic [21].
Another classification method differentiates the technologies based on nature or
phase of the feedstock into liquid, powder and solid phase [21]. Most recently, various
technologies and terminologies have been standardized in the ISO/ASTM 52900:2015
[22], which proposed seven distinct process types, namely vat-photo polymerization,
material jetting, binder jetting, material extrusion, powder-bed fusion, sheet lamina-
tion and directed energy deposition.

Laser metal deposition (LMD) is one of the process types that falls under the
direct energy deposition (DED) category. LMD has several benefits that differentiate it
from the other metal AM processes such as powder bed and sheet lamination. Major
benefits include multimaterial feeding and relative ease of controlling or varying
material ratio [14]. Other advantages of LMD include better thermal control; minimum
base metal dilution; has a relatively wide process window; can be used for repair
works; easy operation in an inert environment; ability to manufacture functionally
graded products; and material flexibility [23, 24]. LMD systems use a focused laser to
create a melt pool on a substrate into which the metal feedstock is supplied [22]. LMD
systems can be further subdivided into powder and wire-fed systems; however,
hybrid systems having both wire and powder feeding have been developed [25].
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The wire or powder metal can be fed using either a lateral or coaxial nozzle arrange-
ment as shown in Figure 4.2.

Typically, powder-fed systems are more versatile as they can utilize either the
lateral and coaxial nozzle arrangement. Material delivery in wire-based system is
achieved mainly with lateral nozzles.

4.1.6 Process parameters

LMD is a very sensitive and complex process because the quality of the fabricated
components is influenced by different processing parameters that interact with each
other. The interaction between these variables must be well understood to correctly
select the appropriate parameters to successfully manufacture parts with the pre-
ferred properties. There are three main groups of process parameters, namely, input
parameter, process parameter and output parameter, respectively [26]. However,
according to the literature, powder feed rate, laser spot size, laser power and scan-
ning speed are the most significant parameters for laser-deposited materials. A brief
description of the above-mentioned parameters are given below.

Laser spot size: This determines the beam diameter of the laser and also influences
the concentration of the laser beam (large spot size tends to produce lower intensity
beams and vice versa). Additionally, the width of deposited tracks is also influenced
by the laser spot size.

Laser power: Laser power has a significant effect on melt pool dynamics, quality
and evolving properties of a deposition. Mahamood et al. [27] presented the

Lens

Laser

Deposit

Lateral nozzle

Substrate

Cover gas inlet

Coaxial nozzle

Figure 4.2: Nozzle types used in powder-fed LMD systems: (a) lateral and (b) coaxial.

60 Abiodun Bayode, Esther Titilayo Akinlabi, and Sisa Pityana



analysis of their study on the mechanical property and microstructure of laser-
consolidated Ti6Al4V/TiC composite. The composite was processed by varying
the laser power between 0.8 and 3.0 kW. Laser power was observed to influence
the microhardness, grain structure and dilution of the fabricated component.
Shukla et al. [28] observed a similar trend in their experiment. They found that
higher laser power caused an increase in microhardness. However, Bayode et al.
[29] found in their study that laser power had an inverse relationship with
microhardness in laser-consolidated AISI 316L powder. The surface finish of
Ti6Al4V powder processed by LMD was investigated by Mahamood and
Akinlabi [30]. They observed a reduction in surface roughness as the laser
power increased.

Scanning speed: This describes how fast a laser beam travels along a prede-
termined path. The scan speed affects the laser-material interaction time and the
cooling rate during solidification. The scanning speed should neither be too fast
or too slow. Depending on the laser power, shallow melt pools are formed at a
very high scanning speed due to insufficient energy input, while a deeper melt
pool is created at extremely low scan speeds. Akinlabi et al. [31] investigated the
influence of scan speed on material efficiency. The results revealed that powder
efficiency decreased as the travel speed increased. The lowest speed (0.01 m/s)
produced the highest powder efficiency, while the lowest efficiency (24.82%)
was obtained at 0.005 m/s scanning speed. Similarly, Mahamood et al. [32]
investigated the influence of scan speed on deposition efficiency and clad height
of the laser-processed Ti6Al4V alloy. All parameters were fixed except for
scan speed, which was uniformly increased from 0.005 to 0.095 m/s. No
clear relationship was found between scanning speed and powder efficiency.
However, optimum material efficiency occurred when the speed was set at
0.045 m/s.

Powder flow rate: This refers to the amount of powder discharged from the nozzle
per unit time. Powder flowability is dependent on several factors such as particle
morphology and particle size distribution. Generally, powder flow rate influences
dimensional accuracy and material efficiency of LMD-processed parts [28, 33, 34].
Powder flow rate has also been reported to influence porosity, microhardness and
microstructure of LMD-processed Ti6Al4V/Cu composites [35]. Surface roughness of
deposition tends to increase as powder flow rate increases, because the exposure
time to laser irradiation of the powder particles is small at high powder flow rate but
more when the flow rate is low [34].

It is noteworthy to mention that laser spot size, laser power and scan speed have
a strong influence on each other and together. These variables regulate the amount of
energy supplied per unit area during LMD. The relationship between these three
quantities determines the energy supplied per unit area or laser energy density (LED).
LED is defined by the following relationship [36]:
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Laser energy density
J

mm2

� �
=

P
V ×D

(1)

where P is the laser power (W), V is the scanning speed (mm/s) and D is the laser spot
size (mm). LED is also a vital factor in LMD and its effects are well reported in the
literature. For example, Mahamood et al. [37] in their study found that energy density
and surface roughness had an inverse relationship. However, microhardness of the
samples varied linearly with LED.

4.1.7 Laser-deposited FGM

There are very limited studies on metal–metal FGM in the literature when compared
to metal–ceramic FGMs. Most of these studies focus on verifying the feasibility of
processing FGM using LMD, identifying optimal processing conditions and also
investigating their evolving properties. Wu et al. [16] investigated the microstructural
evolution and mechanical properties of AISI 316/Inconel 718 FGM fabricated laser
rapid manufacturing. The aim of their research was to determine the feasibility of
consolidating both metal powders and also report on the evolving properties of the
fabricated component. Two different types of FGMs were produced by varying their
compositions and build direction. Different solidification modes were observed in
both FGMs, and cellular to dendritic morphologies were observed at different regions
of the FGMs. The microhardness of FGMs was also measured at different sections of
the samples. An initial reduction in microhardness was observed between layers 1
and 4 of the traditional FGM; however, as the Inconel 718 content increased to about
40%, the hardness value started to increase. On the other hand, the microhardness
value of FGM 2 showed an increase along the graded direction in both the long-
itudinal and transverse directions.

Sahasrabudhe et al. [38] investigated the microhardness and microstructure of
stainless steel (SS) and titanium bimetal structure fabricated by LENS. Two different
types of FGMs were fabricated in this study; one was fabricated by simply varying the
compositions of 316L and Ti64 powders, while the other was almost identical to the
first FGM except an intermediate layer made up of NiCr was added. The FGM
produced without the NiCr layer was characterized by cracks and delaminated as
the volume fraction of Ti64 increased, while the specimenwith NiCr interlayer had no
cracks but porosity was observed in certain areas of the structure. The authors
reported that the delamination and cracks could be attributed to the formation of
brittle intermetallic phases such as Cr2Ti, Fe2Ti and FeTi in the microstructure.

Lin et al. [17] investigated the evolving properties of compositionally graded AISI
316L/Rene88DT. The structure was characterizedmostly by dendritic growth except for
region of the deposit having a 100% Rene88DT super alloy content. Lin et al. [39]
conducted another experiment using laser deposition to manufacture compositionally
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graded titanium andRene88DTcomposite. The structurewas characterized by epitaxial
growth and columnar/equiaxed transition in the microstructure.

Noecker et al. [40] conducted a study on LMDof functional graded copper and steel
bimetal. The aim was to enhance the thermal conductivity of steel moulds through the
introduction of Cu to the component. Their attempt at compositionally grading Cu to
tool steel was hindered by solidification cracking. They observed a relationship
between solidification cracking and Cu concentration in the built part. They categor-
ized cracking susceptibility into three: low, medium and high susceptibilities.

Carroll et al. [41] studied the feasibility of producing AISI 304L/Inconel 625 FGM
by DED. They investigated the evolving properties of the FGM and also did thermo-
dynamic computational modelling of the fabricated component. The results of the
authors attempt to fabricate and characterize a compositionally graded 316L/17-4PH
bimetal composite synthesized by LMD is presented in the next section.

4.2 Experimental

This section describes the equipment andmaterials used in this study to fabricate the
compositionally graded bimetal and also presents the methodology used in evaluat-
ing themechanical andmicrostructural properties of the laser-processed component.

4.2.1 Materials

Two different varieties of SS alloys such as 17-4PH and AISI 316L SS powders were
used in this study. The 17-4PH powder is a martensitic and was manufactured by gas
atomization process, while the 316L alloy is austenitic andwater atomized. According
to manufacturer’s label, 17-4PH and 316L powders have particle sizes of 45–90 and
44 µm, respectively, while AISI 316 is an austenitic SS and non-magnetic. The SS alloy
composition provided by the suppliers is presented in Table 4.1.

Table 4.1: Elemental composition of the powders

Element 17-4PH (wt%) 316L (wt%)

Iron 73.7 67.5
Nickel 4.4 13.0
Manganese 0.9 –
Chromium 16.4 17.0
Copper 4.0 –
Carbon 0.01 –
Silicon 0.7 –
Niobium 0.32 –
Molybdenum – 2.5
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The substrate used was AISI 316 stainless steel plate having a dimension of
100 × 100 × 10mm and was supplied by metal centre (Pty), South Africa. Before
laser deposition, the substrate was sand blasted and then cleaned with acetone
and water. This was done for two reasons, first to rid the substrate surface of
any pollutant, and lastly, to increase laser absorptivity of the plate surface. The
AISI 316 stainless steel substrate has purely austenitic microstructure with
clearly defined grain boundary as presented in Figure 4.3.

4.2.2 Experimental set-up

The FGM was fabricated using the LMD machine at the Council for Scientific and
Industrial Research laser laboratory. The LMD system consists of the following key
components: laser source, powder feeder, laser head and motion device. The laser
used in this study was a 3.0 kW continuous wave Nd:YAG laser operating at a
wavelength of about 1.06 μm. AGTV PF 2/2 powder feeder with two hoppers that
are separately driven and independently controlled was used for material delivery. A
laser deposition head comprising a coaxial delivery nozzle and laser beam focusing
lens assembly was mounted on a KUKA industrial robot for motion. Argon was used
as both the carrier and cover gas. A picture of the LMD machine is displayed in
Figure 4.4.

50 μm

Figure 4.3: Optical micrograph of AISI 316 plate.
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4.2.3 Processing

FGM was fabricated by directing the laser beam on the substrate creating a molten
pool into which the stainless steel powders were supplied. The melt pool increases
in size as a result of added metal and solidifies to form a solid track or deposited
layer. The deposition head is moved incrementally along the z-axis to deposit new
layers until the build is completed. The powder ratio for both stainless steel powder
was varied uniformly from 100% 17-4PH to 100% 316L stainless steel alloy by
adjusting the flow rate of both powders to produce a nine-layered structure as
illustrated in Figure 4.3. The processing parameter used to fabricate the FGM
is presented in Table 4.2. An FGM specimen with nine layers was produced as
illustrated in Figure 4.5.

Deposition headDeposition head

Powder feederPowder feeder

KukaKuka

Figure 4.4: LMD system.

Table 4.2: Processing parameters.

Sample Powder flow rate
(rev/min)
(17-4PH)

Powder flow
rate (rev/min)

(316L)

Laser
power
(W)

Scanning
speed
(m/min)

Gas flow
rate

(l/min)

Beam
diameter
(mm)

Overlap
percentage

(%)

A1 2.0 0 2400 0.8 2.54 2 50
1.6 0.4
1.2 0.8
0.8 1.2
0.4 1.6
0 2.0
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4.2.4 Specimen characterization

The laser deposited material was sectioned perpendicular to the scanning direction
and then metallographically prepared in accordance to the standard preparation for
stainless steel [42]. Samples for microscopy studies were chemically etched using
Kalling’s No.2 etchant (5 g copper(II) chloride, 100 ml hydrochloric acid, 100 ml
ethanol). The microstructure was investigated using Tescan scanning electronmicro-
scope (SEM). Elemental analysis of etched samples was also investigated using the
Oxford Instrument energy dispersion spectrometry fitted in the SEM. The microhard-
ness profile of the sample was measured using Metknon (MH-3) Vickers indenter. The
test was carried out as prescribed by the ASTM standard [43]. The measurement was
taken from the top surface to bottom of sample at an interval of 0.3mm. The machine
was set to run at load and dwell time of 500 g and 30 s, respectively.

4.3 Results and Discussion

4.3.1 Macrostructure

Figure 4.6 shows the cross section of the fabricated 316L/17-4PH stainless steel
composite. As can be seen from the SEM micrograph, the specimen appears to be
structurally sound with no evidence of microcracks or pores. Intersecting bowl-
shaped features representing melt pool boundaries formed as a result of laser scan
and overlap are noticeable. The maximum height of FGM was about 4.8mm and the
average melt pool depth across the substrate was 0.445mm. The low dilution
observed could be attributed to the short interaction time of the laser beam on the
substrate due to the high laser scan speed used during processing. Minimal dilution
suggests that there is very little mixing between the deposited material and the
substrate, hence, reduced contamination with baseline material. Laser-processed

Substrate

60%17-4PH + 40% 316L
40%17-4PH + 60% 316L
20%17-4PH + 80% 316L
0%17-4PH + 100% 316L

80%17-4PH + 20% 316L
100%17-4PH + 0% 316L

Figure 4.5: Schematic diagram of the FGM.
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materials with minimal dilution are desirable compared to high dilution deposition
[44, 45]. However, the deposit and substrate interface is the weakest point in the
structure, so having a high dilution clad is considered beneficial in certain applica-
tions as it ensures a strongermetallurgical bond between the substrate and deposited
layer.

4.3.2 Microstructure

Figure 4.7 shows the SEM images taken at different positions on the FGM. Variation in
microstructure was observed across the deposition as the compositions from one end
of the component to the other. The microstructure changes gradually from a wholly
martensitic microstructure at the bottom of the deposit to an austenitic microstruc-
ture at the top of the clad. The predominantly martensitic microstructure at the

SEM HV: 20kV WD: 15.00 mm
2 mm

VEGA3 TESCAN

University of johannesburg
Det: SE

Date(m/d/y): 11/09/16
SEM MAG: 20 x

VEGA3 XMU

Figure 4.6: SEM cross-sectional image of the FGM.
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bottom was expected since dilution was quite low resulting in very minimal mixing
between austenitic substrate and martensitic 17-4PH powder. No signs of grain
crystallization and heat-affected zone were observed in the vicinity of substrate-
deposit interface as shown in Figure 4.7(a). This may be because austenitic stainless
steel is generally non-transferable [46]. The region above the interface is character-
ized dendritic grain structure which grew epitaxially from the substrate. The colum-
nar dendrites observed above the interface are as a result of the high solute
concentration of deposited 17-4PH powder which favours dendritic growth. The
columnar dendrites are vertically oriented which suggests directionally solidifica-
tion. Figure 4.8 shows the EDX analysis of spots 1 and 2 depicted in Figure 4.8(a). The

Substrate

Interface

Dendrites

1

2

(a) (b)

(d)(c)

Figure 4.7: Microstructure at different regions of the FGM (a) lowest level, (b) lower level, (c) middle
and (d) top.
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EDX analysis was carried out to evaluate interdiffusion of elements between the
substrate and deposited layer. As shown in Figure 4.8, no transfer of elements
appears to have occurred between the substrate and cladded layer, since elements
such as Cu and Mo found in 17-4PH powder and 316 substrates, respectively, did not
diffuse across both regions.

The rest of the structure also appears to be predominantly dendritic except for the
top layer. The lower and middle levels of the FGM shown in Figure 4.7(b) and 4.7(c),
respectively, are characterized by columnar grains with and without secondary den-
drite arm. The grains also appear to have grown epitaxially from previous layers as
opposed to re-nucleating across layers. Thermal gradient increases with height of the
deposition, and also the effect of heat accumulation becomesmore substantial asmore
layers are added. These factors favour dendritic growth and grain refinement. The top
of the FGM is characterized by fine nodular structure as shown in Figure 4.7(d).
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Figure 4.8: EDX analysis of (a) spot 1 and (b) spot 2.
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The finer grains and nodular structure observed can be accredited to rapid cooling at
the surface by the covering gas.

4.3.3 Microhardness

The microhardness profile along the graded direction is shown in Figure 4.9. It can be
inferred from the graph that the hardness decreasedwith increasing AISI 316L content.
This was expected since austenite is a weaker phase compared to martensite. The
region just above the interface comprising about 100% 17-4PH had the highest hard-
ness value of HV 347. As can be seen from the microhardness profile, there is very little
variation in the hardness values between the top layer which is 100% AISI 316L
(183 HV) and wrought 316 substrates (186 HV). The similarity in the microhardness
value of the top layer is indicative of the non-hardenability of austenitic stainless steel.

4.4 Conclusions

FGMs are a class of advanced materials with exceptional properties and character-
istics. The FGM concept allows for tailoring of properties for diverse applications.
Compositionally graded AISI 316L and 17-4 PH stainless steel composite was success-
fully manufactured using LMD technique. The FGM was defect free and showed no
evidence of porosity. The microstructural analysis conducted revealed that the
microstructure varied with depth. A similar trend was observed with microhardness
of the structure. The hardness increases with depth, with the highest hardness value
recorded at the bottom of the FGM with 100% 17-4PH content.
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Figure 4.9: Microhardness profile along the depth of the FGM.
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5 Natural fiber composites as functionally
graded materials for advanced applications

Abstract: The characterization of natural fiber composites (NFCs) has led to a new era
for the utilization of its properties in multiple tasks and a variety of applications. This
work aimed at investigating the prospects of NFCs to be as functionally graded
materials (FGMs) for the advanced applications considering methodologies for mate-
rial selection. However, the recent development of NFCs resulted in the emergence of
more creative methods to utilize NFs within a countless number of applications; the
necessity of these applications derives from the persistent need to be used in all
aspects of life, hence, categorizing its characteristics and properties ensuring wider
and more systematic classification considering a gradual variation of natural fiber
(NF) structure over certain measurements and reinforcements. As a result, NF-rein-
forced polymer or co-polymer showed respectable results for a considerable number
of applications, which can be workable for advanced applications, for example,
automotive industry, constructions, and renewable energy production. The review
introduced a new concept consisting of FGM selection possibilities and potentials. In
contrast, more in-depth studies and empirical researches are required to improve the
macrostructure and microstructure of NFC-reinforced polymer to enhance its tough-
ness, strength, and flatness and to improve its material functionality where required.

Keywords: natural fiber composites (NFCs), functionally graded materials (FGMs),
materials selection (Ms), advanced applications

5.1 Introduction

In recent times, natural fiber composites (NFCs) have demonstrated valuable exploi-
tations within important and disparately needed applications considering a variety of
different species of natural fiber (NF), for example, kenaf, jute, hemp, flax, and sisal
[1, 2]. However, functionally graded materials (FGMs) have great potential as a
substitute material that operates in several conditions [3, 4]. Therefore, graded
materials are embedded within countless objects and entities; skin and bones have
functional grading, chemically and spatially compatible, and advanced structural
materials. In addition, a number of FGMs are naturally occurring and some engi-
neered by humans [5, 6]. Taking an example at the level of both NFCs and FGMs,
bamboo is an NF that is widely used in certain constructions and as a composite; it
reflects the concept of FGMs with a complicated microstructural shapes material
distribution [7].
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5.2 NFCs for potential use as FGM

The utilization of NF became exceedingly important for a number of applications.
Recently, NFCs became highly valuable, environmentally attractive, and control-
lable materials that compete with a number of other materials used in the latest
fittings [1, 8–13]. Several researches investigated the properties and applications of
NFCs to a certain extent since the early 1900s. In the late 1980s, more attention has
been given due to its compatible properties to certain applications, reinforcing or
strengthening production and low cost [14]. More importantly, NFCs asserted to
have a high biodegradability and recyclability, which reflects its importance to
environment besides the enhanced energy recovery, acceptable specific strength
with lowweight, low density, and high toughness [15, 16]. In technology, NFCs have
proved to be an interesting choice for a number of technological applications; it is a
broadly applied fiber in composite technology and increasingly considered for
polymer–matrix composites as reinforcements [17]. In addition, the chemical,
mechanical, and physical properties and the inherent interaction of fibers and
matrices usually determine the final attributes and performance of NFCs. Table 5.1
shows the property range on analytical average values of six different natural fiber
categories.

Biological organisms degrade NFs as the carbohydrate polymers are recog-
nized in the cell wall, the lignocelluloses component bared which processed in
a photochemical degradation that instigated by ultraviolet light. However, the
anticipated resistance to biodegradation and ultraviolet light is possible to be
polished through bonding chemicals to the cell wall or adding polymers to the
cell matrix itself [2, 10, 12, 14, 19, 20]. In addition, NFs are environmentally
superior and interact well with most performance metrics; they integrate as
material composition with different components as long as they are properly
selected as multifunctional materials for the intended applications [9, 14, 15,
20, 21].

Table 5.1: Property range and average values of selected fibers [18].

Fiber type Density
(g/cm3)

Tensile strength
(MPa)

Tensile modulus
(GPa)

Elongation to break
(%)

Jute 1.4 560 43.0 1.4
Coir 1.31 162.5 4.4 33.2
Kenaf 1.4 576.5 33.75 2.1
Date palm 1.05 186.0 7.25 10.05
Hemp 1.45 585.0 56.75 2.25
Oil palm 1.13 164.0 1.85 21.0
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5.3 Material selection in NFCs as FGMs

In modern technology, three main pillars are imperatively considered to produce
practical and useful applications, which are materials, energy, and modern
science, the increased interdisciplinary interactions that subjected materials
science to a rapid development [21, 22]. Natural biomaterials usually possess the
general concept of FGM structuring, which qualifies the two concepts to integrate
with each other and reform a new concept that simultaneously satisfies the many
requirements in certain applications and improves the methodologies of material
selection [22, 23]. A beneficial evaluative criterion is required to select the best
materials for specific applications or manufacturing processes. Numerous issues
and related criteria have to be taken into account when selecting materials to
improve applications or optimize operations [19, 20]. The concept of functionally
graded composite materials (FGCMs) reflects a change in microstructure and com-
position that occurs incessantly with position. However, the main challenge is to
make a component that contains irreconcilable properties such as structural tough-
ness at low temperatures and light hardness at high temperatures [21]. Material
selection for FGMs has become a complex process, which requires properties to be
demonstrated by design and structure that necessitates advanced material selec-
tion paradigm considering a simultaneous design of material composition and
structure; for NF or synthetic materials a complete parameterization and under-
standing for the generative process is required to fulfill the desired class of material
structure [24]. A considerable number of factors need to be taken into account in
order to select the most fitting material-related features in the selection process to
maximize quality of operating, design and durability, and to minimize cost and
reduce damage [20, 23–25]. These factors have physical, mechanical, magnetic,
electrical, and industrial properties [20, 23–26]. Meanwhile, like any other devel-
opment process of a product, there are two stages of material selection, which are
alternative generation and alternative selection, and both are important to fulfill
the process. Subsequently, the material selection flow illustration provides a com-
plete selection process to identify material component and performance specifica-
tion as shown in Figure 5.1.

Designing and remanufacturing products involve integrated manufacturing con-
siderations into various aspects to bring these products in its best and final form. The
intrinsic values of themeant components can be well maintained and kept up as long
as the quality of the product or application assured in the manufacturing process,
and considering the factors that contribute to this process, for example, material
selection process, joint selection, and structure configuration, this can be achieved
considering a comprehensive list of criteria for material evaluation relevant to the
manufacturing product using a multicriteria decision-making including different
software methodologies [22, 24, 26, 27–29].
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5.4 Methods of materials selection that can
be used to select NFCs as FGMs

Finding new and more realistic methodologies for material selection is highly
encouraged in engineering. To avoid uncertainties and time consuming, there
are different processes, charts, and techniques to select the most appropriate
materials with various methods and capabilities such as the analytical hierar-
chy process (AHP) included in Expert Choice software and expert systems as
analytical methods, TOPSIS method, Pugh selection method, Ashby charts,
Java-based material selection, Cambridge material selector (CMS), knowledge-
based system (KBS), computer-aided material selector (Plascams) (CAMPUS),
digital logic technique, artificial neural network (ANN), and quality function
deployment (QFD) [24, 28–31]. Table 5.2 shows the different methods of material
selection comparing the conventional methods to the new computerized
methods.

The material selection in FGMs in advanced applications demands the develop-
ment of advanced composite selection methods that can withstand high gradients of
different requirements, for example, thermal resistivity, expansion, fabricability,
conductivity, resistance to erosion, durability, water proofing, macro- and micro-
structuring, and many other related issues [27, 31–34]. Figure 5.2 shows sample
property charts of Ashby visualizing and communicate material properties for mate-
rial selection process. The sample is taken from CES selector (GRANTA Material
Intelligence) as cited.

Variables
identification Constraints The Best

materials

Expected
utility

Beneficial
features

Unbeneficial
attributes

Attributes of
engineering

Alternatives
set

Customers’ requirements

Component
identification

Performance
specification

System
criteria

AL
L

M
AT

ER
IA

LS

Figure 5.1: Material selection decision-based flow diagram [27].
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5.5 Computerized material databases

In computer-aided systems, computerized material databases have an imperative
role for material selection process. It simply supports specified numeric values, for
example, weldability, formability, machinability, and availability. It also provides
more accurate illustrations over the class of materials, forms, designation, and
composition [36]. It is advisable to use materials simulation software methods for
FGMs to improve the process of selection [36–40]. There are several important
approaches and useful methods to obtain the compositional gradient of FGMs,
including gas based, liquid phase, solid phase, and methods that can be utilized
to obtain chemically or physically tailored properties [37, 38]. However, ideal
material selection is an essential function to design all products; the methods
have become interestingly advanced and consider digital logic and sophisticated
software applications [38]. In addition, making calculations for the values assumed
by different functions to quantify impacts and handling issues in the components of
materials represent interesting values to the advanced selection process of materi-
als including computer-controlling systems, to handle the various issues and
structures [37, 39]. Therefore, having a multicriteria selection model extracted
from the fundamental parameter concept of material selection methods consider-
ing the advanced and computer-based systems contributes to new ideal forms of
optimization and enriches any progressive change in materials requirements [40].
Combining two or more different methods in material selection processes improves
reliability and provides ideal solutions in certain cases, for example combining
TOPSIS and AHP as method-based approach for nontraditional machining pro-
cesses selection [41–43]. Therefore, in order to stand for the required specifications
in the process of selection, it is important to demonstrate integrity in data collection
and arranging database with nomissing information to represent the case properly.

Table 5.2: The different methods of material selection comparing the conventional methods to the
new computerized methods [23, 31–35].

Conventional methods New computerized methods

Cost per unit property approaches Artificial intelligence methods
Materials in products methods of selection Genetic algorithm and neural network
Exploratory work, observation, sampling, testing, and
analysis

programming and software analysis
(TOPSIS, AHP, CMS, KBS Ashby)

Survey, enumerating, and case study Simple additive weighting method
(SAW)

Screening and experience evaluation method Multiple attribute decision-making
(TOPSIS, fuzzy, MADM) and MODMM

Experiments and observational selection methods Optimization methods software (CAD/
CAM), genetic algorithm, MP
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The hierarchical structure in Figure 5.3 illustrates a good strategy for both “mate-
rial” and “process” organizing the structured data; the tree form shows a compre-
hend collection for data considering materials and processes to be joined with a
complete analytical process [42].

5.6 Functionally graded materials

FGMs are different and unique from other types of material; it is widened or developed
materials that categorized by variation in its characteristics according to certain
required function [43]. However, the definition of FGMs emerged due to the need to
innovated methods of fabrication for certain type of material composites that made up
of various parts and elements. Simply, it is a new generation of engineered materials
[44]. The utilization process of FGMs developed to be necessarily advisable for
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Figure 5.3: An example for the organizational process of structured data for material selection [42].
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advanced structural applications; it provides an integrated variation of material prop-
erties especially within the thickness direction of materials to enhance the function-
ality of these materials [45]. FGMs are fabricated with varying properties and different
characteristics; the variation may involve a change in chemical and physical proper-
ties. The designation of FGMs usually comes in stepwise-graded structures or contin-
uous-graded structures according to the type of materials. The rising interest in this
type of material led to the development of diverse nature of gradedmaterials in similar
or dissimilar areas and applications [4]. However, functionally graded natural fiber
(FGNF) as a new concept proved that most of NF particles are graded from inner to
outer surface; it appears that FGNF with a gradient in NF composition is superior and
remarkable [46]. Moreover, FGMs are rapidly gaining wide applicability in various
manufacturing and technological aspects. It contributes tomake suitable utilization of
required properties of materials and other functionally graded beams [47]. The fast
growing interest in FGMs as a different and unique type of materials brought up
different categories of FGMs, determining the type of FGMs subjected to the intended
application in wide scale of FGMs and based on the functionality requirements and
component of materials, as the concept can be introduced according to the type of
process, for example, processing bodies, particle processing, layer processing, and
centrifugal casting processing [4, 47].

Figure 5.4 shows a designation form of FGMs illustrating stepwise-graded struc-
tures and continuous-graded structures. This illustration provides an approximate
imaginary to the most popular structures of graded materials.

Figure 5.4 shows the different structures of the imaginary materials; either the step-
wise or the continuous ones offered various stages to ensure a complete change from the
bottom to the top in the composition that gradually varied from 0% to 100%.

Jackson [48] indicated some constraints of the composition on the volume fraction
resolution inFGMmodelconsidering thevectorsofvolumefractionsof thebasematerials.
The compositions introduced in a gray-valued voxel model are illustrated in Figure 5.5.

However, to guarantee a certain accuracy in composition representation with a
minimum resolution for the volume fraction of tested material, the same study
considered the equation of nλ= 1

2ϵm + 1
h i

.

As for the constraint based on discontinuities in composition, the discontinuity
in composition arises considering π and (m × (x)) occupied by the voxel, the differing
composition if x− xi+ y− yj+ z − zk < βa, then

m × x, y, zð Þ=
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5.7 FGM modeling

In order to identify the capability to model graded composition, it is necessary to
consider that this capability requires a demonstration including the subregions of
uniform materials along with the decomposing models. However, there are several
approaches for the modeling of FGMs, for example, finite element modeling (FEM),
voxel-based modeling, and modeling methods that generalized in different opera-
tions [48]. However, it is important to realize that FGMs are indeed different from the
conventional composites or one-function materials. The mechanical properties of
FGMs, for example, shear modulus of elasticity, Young’s modulus of elasticity,
material density, and Poisson’s ratio vary in preferred directions [5]. There are a

(a) (b)

(c) (d)

Figure 5.4: Designation of FGMs shows an illustration to stepwise-graded structures: (a) a stepwise-
graded structure (segmented), (b) a stepwise-graded structure (radial), (c) a continuous-graded
structure (classic gradient), and (d) a continuous-graded structure (filled gradient).
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number of processing techniques of FGMs, which enable us to understand the
methods of functionality to such materials; thin FGMs are mostly formed as coating
on surfaces, having a dimensional range for the needed products or materials will
ease the selection method of processing techniques such as vapor deposition tech-
nique, powder metallurgy, centrifugal method, solid freeform fabrication method
and other more interesting techniques to be considered according to the intended
application [43].

In FGMs, it is highly recommended to analyze the morphology of material
structure in order to recognize the different features and topographies of materials.
To describe the structure of lignocellulose of fibers, consider jute fiber as an
example anticipating that other fibers such as flax, kenaf, abaca, coir, sisal, and
hemp could have similar general tendencies, whereas the differences will be noted
in the characteristics and composition. Figure 5.6 shows the detailedmorphology of
jute fiber.

Jute is notorious as a multicellular fiber, and the cell wall consisting of a primary
and secondary cell wall is divided into three layers. The primary cell wall is shaped
with oriented microfibrils, whereas the secondary cell wall, that is, the second layer,
occupies the largest volume compared to the other two layers with three hierarchical
microstructures, which are microfibril, macrofibril, and micelle.

Generally, the composition of the cell walls determines the evolutionary diversity
and multiplicity. However, the stem of the jute plant is a hollow woody core; a layer of
blast contains the long jute fiber covering the stem. The process to separate the jute
fiber from the woody stem is called retting. The number of cells (the ultimate cell could
be from 2.5 to 3.0mm long) would vary along the length of jute fiber element [49].

Consequently, bamboomodeling processwith graded finite elements has important
considerations to be taken into account; the variation range of materials within the
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Figure 5.5: Thresholding of continuous grading to discrete levelsmaintained in voxel representation [48].
(a) Two discrete levels. (b) Three discrete levels. (C) Four discrete levels. (a) Several discrete levels.
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process is an important consideration. Moreover, the conventional finite element for-
mulation properties are presumed to be persistent within each element. Therefore, an
incessant distribution of materials could be approached by piecewise-constant element
in the modeling process. Figure 5.7 shows a cross section of radial distribution of fibers
within the thickness of bamboo stem [7].

Figure 5.8(a) shows the FEM model constructed for stress loading, which
includes 7,380 20-noded brick finite elements and 33,794 nodes, whereas Figure 5.8
(b) shows a view of mesh discretization at the end of cell.

Figure 5.8(b) shows half dimensions assumed for finite element interconnects. To
equate the axisymmetric stiffness tensor, r signifies the position in the thickness of the
cell wall beginning at the internal surface, whereas t is the thickness of the anticipated
cell wall: [7].
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Figure 5.6: Jute stem and fiber morphology and structure [49].
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Consequently, the microstructure nature of bamboo varies from volume to another in
the same component; the region with high density is called sclerenchyma. However,
the sclerenchyma is composed of cellulose microfiber. These groups of fibers are
accountable for the bamboo strength, whereas the veins manage the transport of sap
from the soil to all parts as the cellulose microfibers that surrounded the veins keep
them also straight. However, the lignin that surrounded the vascular bundles named
as parenchyma; it does act as a matrix and affords the weak part of the bamboo
composite.

However, in order to evaluate the mechanical behavior of composite mate-
rials using the rule of mixtures considering a group of equations; these equa-
tions provide values for the mechanical properties of composites depending
on the volume fraction of the constituents, mechanical properties, matrix, and
fibers. The following equation example shows the Young’s modulus for a
composite:

EC = EfVf + EmVm = EfVf + Em 1−Vf
� �

Equations consider modifying in order to reflect the volume fraction variation with
thickness as FGM. However, the equations that contemplate the volume fraction
variation along the x-axis in the transversal radial direction of the bamboo, which
can be assessed through the image analysis methods:

EC = f Xð Þ= EfVf Xð Þ+ Em 1−Vf Xð Þ� � ½5:51�

However, consider cotton as an addition example; cotton is one of the large
sources of cellulosic fibers besides other types of fibers such as jute, flax, sisal,
hemp, and curaua. The dimensional arrangements of unit cells within a fiber
reflect on the approved structure that influences the properties of the fiber to
match with meant function, which directly affects the polymeric composite
properties.

Overall, in plant fiber structure, the single cell wall of each fiber consists of
numerous layers starting from the middle lamella, thin primary and secondary
walls, and the secondary wall splits into three different segments (secondary wall
(S1), middle secondary wall (S2), and the last wall which is the internal secondary
wall (S3)). Moreover, the primary consists of disordered arrangements of cellulose
fibrils located in a matrix of pectin, hemicellulose, lignin, and protein. S1 contains
crystalline cellulose microfibrils arranged in a spiral form and S2 determines the
mechanical properties of the fiber. Refer to Figures 5.6 and 5.9 for further details.
The fiber nature and strength could be helpful in determining the fiber properties
for certain applications. [52].
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Therefore, NF has been used in a massive number of applications due to its varying
properties. Recently, NF reinforcement or polymer composites is growing rapidly in
numerous engineering fields such as automotive industry, constructions, textiles,
proofing systems, sports, packaging, furniture, aircraft industry, transportation, and

Table 5.3: Overview on the applications of natural fiber [53].

Fiber Application

Jute fiber Transport, roofing systems, building panels, frames, packaging, geotextiles, and
boards for certain applications.

Coir fiber Building panels, storage tank and packaging, helmets and postboxes, voltage
stabilizer cover, paper weights, ropes, and many other applications.

Kenaf fiber Packaging materials, insulations, cases, and materials that absorb oil and liquids,
and other applications.

Sisal fiber Constructions, roofing systems, manufacturing of paper and pulp.
Flax fiber Panels, decking, railing systems sports, cases, and constructions.
Hemp fiber Construction products, furniture, textiles, and geotextiles, paper and packaging,

and many other applications.
Cotton fiber Textile and yarn, furniture industry, goods, and cordage.
Bagasse fiber Constructions (frames and panels), railing systems, and others.
Palm fiber Constructions, roofing, panels, frames, sliding, and structural insulated panel

building systems.
Wood fiber Window frame, panels, door shutters, decking, railing systems, wooden blades, and

fencing and many other applications.
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Figure 5.9: A schematic illustration of the
plant fiber structure [52].
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many other applications. Table 5.3 shows the NFC utilization in a wide range of
industrial applications.

5.8 Conclusions

There are different scenarios to understand the relationship between NFCs and FGMs
based on the targeted function or intended purpose. FGMs are one of the smartest types
of materials; they are formed or built for a specific function in a particular part that
works in a larger system. Thus, utilizing NF in a composite or a structure that contains
on a spatial gradation for a specific function in progressive fields, for example,medical
equipment, automotive industry, photovoltaic applications, wind turbines, aerospace,
infrastructure, and telecommunication will open further prospects considering the
wide range of different shapes and properties that NF has. In addition, this work
introduced a new concept that combines FGMs with material selection, which will be
reviewed in more detail in future endeavors. On the other hand, the gradual change in
the composition or the structure of FGMs in the volume depends on the mechanism of
the intended function, which may sometimes be not necessarily binding on the use of
NFCs as long as the last do not fit into this functionality.
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6 Temperature distribution in functionally
graded longitudinal fins of varying
geometry

Abstract: In the present chapter, performance of functionally graded longitudinal
fins having varying geometry is reported. A comparison of the performance of the
parabolic longitudinal fins having fixed aspect ratio with longitudinal transition in
thermal conductivity approximated by means of a power series is reported by solving
the second order governing differential equation. The fin is insulated at the tip with a
predefined temperature at the base. A parametric study is then carried out by con-
trolling the geometry parameters and grading parameters. The solution has been
obtained using bvp4c subroutine, a technique of solving boundary value problems
using continuous piecewise polynomial that adjusts the boundary conditions and is
validated with benchmark results. Further, the results have been reported for combi-
nations of geometry and grading parameters and are presented in graphical and
tabular forms. The results give a substantial insight into the behavior of longitudinal
fins and can be used as design data.

Keywords: functionally graded, power series, parabolic longitudinal fins

6.1 Introduction

Since long ago, fins are used as surfaces extended for increasing heat transfer
rate through heat exchangers. Heat dissipation through fins involves a primary
surface and a surrounding fluid [1]. The use of fins increases the surface area
and thus helps to increase the heat transfer rate [2]. Myriad number of contribu-
tions have been made till date to analyze the design of fin geometry based on
various parameters and thus to achieve optimum design criteria for different
situations. One of the most significant assumptions, which was made to simplify
the analysis of fins, was the assumption of negligible temperature variation
along the fin cross section. This greatly reduced the mathematical equation
from partial to ordinary, which led to validate results from well-established
analytical solutions for a number of cases. But actually these thermophysical
properties vary with temperature and materials [3, 4]. Kulkarni and Joglekar [5]
proposed a solution of nonlinear differential of the temperature distribution in
longitudinal fins with temperature-dependent thermal conductivity based on
residue minimization. To evaluate temperature distribution within the fins,
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Domairry and Fazeli [6] solved nonlinear differential equation for a straight fin
by homotopy analysis method. The effects of various parameters, such as por-
osity, Darcy number, and Lewis number in a wet circular porous fin, on the fin
efficiency have also been developed [7].

Further, the heat transfer coefficient for conduction may vary in accordance
with the temperature difference between the surrounding and the surface, and
spatial coordinate. In addition to this, the convective heat transfer coefficient
depends on the local temperature difference (power law dependence) and the
convective process. The power law dependence can be found in Kraus et al. [2].
The effects of radiation come into play at high temperatures. In industrial applica-
tions, where engineering processes occur at high temperature, radiation effects are
to be considered [8–10]. Assuming convection and radiation sink temperature,
Torabi et al. [11] reported Differential Transform Method (DTM)-based solution of
energy equation in moving fins having variable thermal conductivity. The efficiency
and performance of convective–radiative longitudinal varying geometry fins is
reported by Torabi and Zang [12]. Singla and Das [13] described the parametric
effects in a moving fin using inverse prediction. For temperature-dependent long-
itudinal fins of varying thickness, having internal heat generation, Sobhan et al.
[14] proposed the solution based on transient analysis. Mokheimer [15] investigated
the effect of locally variable heat transfer coefficient on the performance of con-
vective fins of varying profiles. Aziz [16] reported the use of Bessel functions to
calculate the optimum fin dimensions of longitudinal, annular fins and spines of
varying profiles. Ullmann and Kalman [17] reported the optimum dimensions and
efficiency of parabolic and hyperbolic radial fins.

Meanwhile, critical development resulted in parallel regarding functionally
graded materials [18, 19]. Aziz and Fang [20] reported the behavior of functionally
graded rectangular radial fin having power law conductivity variation. The results
obtained in terms of Airy wave functions, power functions, as well as Bessel functions
were compared with the results from spatially averaged thermal conductivity model.
In a recent work, Gaba et al. [21, 22] reported the performance of functionally graded
rotating annular fins [21] and constant weight FG annular fins of parabolic thickness
variation respectively.

Present work reports the effect of functional grading on thermal performance in a
longitudinal fin of varying thickness. Also, the influence of geometry on the perfor-
mance of functionally graded longitudinal fin is studied.

6.2 Mathematical formulation

Longitudinal (straight) fin of constant width w is shown in Figure 6.1. The fin is
conductive–convective, and the effect of radiation is neglected. The convection
coefficient, h, is assumed constant throughout the fin surface. Different fin
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parameters are cross section Ac, perimeter P, and width w. The thickness of fin is
presented by δ. Base of the fin is subjected to a constant temperature, while the free
end is insulated. The heat sink temperature is taken as Ta. The conductivity K is taken
to be a power function of x as

K = a ð1−XÞb (6:1)

where a is the conductivity coefficient at b = 0 and a has the dimension of W/m2.
Based upon these conditions two cases are taken, first where the width of the fin is
constant and second where width is varying across the fin length.

The longitudinal axis x is measured from the base of the fin along the fin
length:

d2T
dx2

+
b * x

ðb− 1Þ

ðxÞb
 !

dT
dx

=
h × 2 × ðw+ δ0Þ

A × aðxÞb
 !

ðT − TaÞ (6:2)

Figure 6.1: Sectional view of a longitudinal fin with constant area.
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Equation (2) is solved using the two boundary conditions stated above and treated
mathematically as follows:

x=0; T = Tb

x= L;
dT
dx

=0
(6:3)

The equations are reduced in normalized form, as

θ=
T
Tb

; θa =
Ta

Tb
; θb = 1; X =

x
L

(6:4)

The equation of a functionally graded fin with constant thickness in dimensionless
form is as follows:

d2θ
dX2 +

b * L
b
*X

ðb− 1Þ

ðX * LÞb
 !

dθ
dX

=
L2 * h * 2 * ðw+ δ0Þ
ðA * a * ðX * LÞbÞ

 !
ðθ− θaÞ

(6:5)

For a functionally graded varying geometry fin (Figure 6.2) with thermal conductivity
K, obtained from Eq. (1), and thickness, being a parabolic function of the length
coordinate is given as

δ= δo 1−mXnð Þ (6:6)

X
X0

Xi

δ0

Qconv.

Qx Qx + dX

Qconv.

dX Figure 6.2: Sectional view of a parabolic
longitudinal fin.

Temperature distribution in functionally graded longitudinal fins of varying geometry 93



wherem and n are dimensionless constants and δo is the thickness of the fin at base.
With these variations, new heat transfer relation in normalized form is obtained as

d2θ
dX2 +

−b
1−Xð Þ +

−mn Xð Þn− 1
1−mXn

 !
dθ
dX

−
2h × L2 δ+wð Þ
kwδo 1−mXnð Þ θ=0 (6:7)

The above equation with variation of thermophysical characteristics is solved in
MATLAB using bvp4c routine. An established way of solving boundary value
problems is to select a spline with unknown coefficients that adjusts the boundary
conditions. The unknown coefficients are determined by suitable collocation of the
algebraic equations at quadrature points. Code bvp4c [22] is, hence, based on an
adaptive finite difference algorithm with three-stage (Lobatto III-a) collocation
formula for solving the spline in mesh subinterval [xi, xi+1]. The important require-
ments are attainment of the boundary conditions and collocation of the residue at
endpoints andmidpoint of the subinterval. The approximate solution is obtained by
residue minimization over all mesh subintervals using Lobatto 5-point quadrature
formula.

For validating eqs. (6.4) and (6.7) obtained for rectangular and parabolic thick-
ness variation, respectively, the values of m, n, and b could be substituted with zero
and the resulting second-order ODE is solved using bvp4c subroutine in MATLAB.

6.3 Results and discussions

The normalized temperature, θ, being a function of nondimensional variables,
depends on geometry parameters n and m, and on a, q, and R, due to functional
grading along the axis. Thus, considering the length coordinate, x, being the
only independent variable, eq. (6.7) is solved and plotted for various values of
m, n, a, and b. The system properties are taken as h = 36 W/m2, a = 200 W/mK,
δa = 0.02 m, and R1 = 0.2 m. The results thus obtained are validated against the
benchmark results [23] and are found to be in good agreement (Figure 6.3).
Further upon varying other parameters such as m, n, and q, results are plotted
to interpret the relation between effects of these parameters on the temperature
profile (Figures 6.4–7).

The temperature distribution over the fin length of constant thickness long-
itudinal fin is plotted in Figure 6.4 for different grading parameters. It is evident
from the figure that, as grading parameter changes, the temperature distribution
also changes significantly. This leads to an interesting deviation in fin performance.
It is evident that for grading parameter b = –2, the fin performance would be better
than the remaining as the fin with temperature distribution nearer to base tempera-
ture yields maximum efficiency. A similar plot of temperature distribution over the
fin length for parabolic fins with functional graded material is shown in Figure 6.5.
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The effect of grading parameter is evident from the plot. Interestingly, isotropic
parabolic fins with b = 0.0 performs better than isotropic rectangular fin due tomore
surface area available for convection in parabolic fins. This gives an important
insight into improving the fin performance by varying the geometry. However, the
investigation of the effect of grading parameter on parabolic fins reveal that the fin
performance does not substantially change with that of rectangular fins at same
grading. This shows that fin performance could be enhanced by either varying the
geometry or varying the conductivity. Varying both at a time could be a difficult and
costly proposition to fabricate and may not yield results at par with the investment.
In Figures 6.6 and 6.7, the effect of geometry parameters on temperature profile of
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Figure 6.3: Validation of present work with general equation of fin.

0.0
0.0

0.2No
rm

al
ize

d 
te

m
pe

ra
tu

re

0.4

0.6

0.8

1.0

0.2 0.4

grading index, b = 0.0
grading index, b = –1.0
grading index, b = –2.0

for geometry parameters, n = 0.0, m = 0.0

0.6
Dimensional coordinate

0.8 1.0

Figure 6.4: Temperature profile for a functionally graded rectangular fin.

6.3 Results and discussions 95



parabolic fins along the fin length with inverse linear material grading is plotted.
From Figure 6.6 it is evident that geometry parameter n has a significant effect on
temperature distribution. As n increases, fin temperature distribution also increases
and tends to improve the fin performance. However, from Figure 6.7, it is clear that
geometry parameterm has negligible effect on temperature distribution. Interestingly,
as effect of m on the temperature distribution is insignificant, hence for varying
geometry fins, the profile selected could be a linearly tapered one (i.e., m = 1.0) being
easy to fabricate. It should be realized that varying m changes the profile while the
variation of n affects the thickness over the fin length.
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Figure 6.5: Temperature profile for a functionally graded parabolic fin.
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6.4 Conclusion

The performance of longitudinal constant thickness and parabolic fins is reported.
The study is presented by varying geometry parameters n and m. The temperature
distribution of longitudinal fins along the fin length is reported at different grading
parameter b. The effect of grading parameter on fin temperature is established for
rectangular and parabolic fins. The effect of geometry parameter n is also presented.
The chapter points out toward an interesting conclusion that the fin performance
could be improved by either varying geometry or by varying the conductivity of fin
material using negative grading parameter.
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Ta Duy Hien

7 Analytic approach for transient response
of functionally graded rectangular plates
including the higher-order shear
deformation effects

Abstract: This chapter deals with the analytic solution for transient response of
functionally graded (FG) rectangular plates under transverse loadings. The govern-
ing equations account for higher-order shear deformation in FG plates. The material
properties of the plates are assumed to vary continuously in the thickness direction
according to the power-law form. Analytical solution based on state variable method
is presented for both free and forced vibration of simply supported FG rectangular
plates. The results obtained using analytical approach are compared with those
obtained by finite element method. The effects of power-law exponent index on the
behavior of FG plates are also studied.

Keywords: state variable, dynamic response, functionally graded plate, higher-order
plate theory

7.1 Introduction

Functionally graded (FG) materials are a new type of composite structures that
attracts lots of interest for research and engineering design. The FG material is
made of two or more material components. They are manufactured to vary continu-
ously along the thickness direction. Normally, FG materials are manufactured by a
compositional gradient from a ceramic to a metal. Besides artificial material, FG
materials exist naturally such as bamboo [1, 2].

The popular shear deformation plate theories used for composite plates and FG
plates are the classical plate theory (CPT), the first-order shear deformation theory
(FSDT), and higher-order shear deformation theory (HSDT). The CPT ignores the
transverse shear deformation and it is appropriate for thin structures. The FSDT is a
simple shear deformation theory and it can be used for both thin and thick plates.
However, it usually uses a shear correction factor in which their values are quite
dispersed through each problem. The HSDT is not necessary a shear correction factor,
but on the other hand, governing equations are more complex than those from the
FSDT. However, the HSDT gives more accurate transverse shear stresses. There are
many HSDTs proposed [3–6].

There are many works in the literature on free vibration of the plates.
Investigating free vibration of composite plates uses analytical method accounting
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FSDT [7–9]), HSDTs [10, 11], and various shear deformation theories [12]. Besides the
analytical method, numerical methods can be used as finite element method [13–15]),
element-free Galerkin method [16], and isogeometric analysis [17].

The transient response of plates has attracted the attention of lots of researchers.
The transient response of plate can be determined by the analyticmethod [18–20], the
finite element method [21–23], finite difference method [24]. The analytical method
hasmany restrictions to be applied to the special plates such as rectangular plate and
circular plate with simple boundary conditions. On the other hand, almost all
dynamics of plate problems can use numerical methods for finding responses.

In relevance to FG plates, the free vibration of FG plates was investigated using
analytical method [25–27], finite element methods [28], isogeometric analysis [29],
and element-free Kp-Ritz method [30]. In case of the transient response of FG plates,
few reports have been made since the appearance of FG plates. Yang et al. [31]
investigated the dynamic response of initially stressed FG rectangular plate using
modal superpositionmethod based on combining one-dimensional differential quad-
rature approximation and the Galerkin procedure. Yang et al. [32] studied the non-
linear transient response of FG plates by combining perturbation approach, Galerkin
technique, and Runge–Kutta method. Wen et al. [33] solved the three-dimensional
elastic dynamic problem for the simply supported FG plates using radial basis
function method. Reddy [34] used the finite element method to determine the tran-
sient response of FG plates accounting third shear deformation and the von
Kármánan-type geometric nonlinearity.

In this work, the state variable method is used to find analytical solutions for the
transient response of FG rectangular plate. The simply supported FG rectangular plate
subjected to distributed dynamic loads is investigatedwith time functions as a step, sine,
and triangular pulse. The dynamic responses predicted by the analytical approach using
HSDT are verified with finite element method by using commercial software.

7.2 Governing equations and solution procedures

7.2.1 The plate model

Consider an FG plate made of ceramic andmetal, which has the geometry of the plate
and coordinate system (x,y,z) is shown in Figure 7.1.

Suppose that Young’s modulus E and mass density ρ of an FG plate varies
through the plate thickness according to the formulas:

ρ zð Þ= ρm + ρc − ρm
� � z

h
+
1
2

� �k

E zð Þ= Em + Ec −Emð Þ z
h
+
1
2

� �k
(7:1)

100 Ta Duy Hien



where k is the power-law index of the volume fraction, and the subscripts c and m
represent the ceramic and metallic component, respectively. The linear constitutive
equation of the FG plate is given as follows:

σx
σy
σyz
σxz
σxy

8>>>>>>><
>>>>>>>:

9>>>>>>>=
>>>>>>>;

=

~Q11
~Q12 0 0 0

~Q12
~Q22 0 0 0

0 0 ~Q44 0 0
0 0 0 ~Q55 0
0 0 0 0 ~Q66

2
666664

3
777775

εx
εy
γyz
γxz
γxy

8>>>>><
>>>>>:

9>>>>>=
>>>>>;

(7:2)

where

~Q11 =
E

1− v2
, ~Q22 =

E
1− v2

, ~Q12 =
vE

1− v2

~Q44 =G23, ~Q55 =G13, ~Q66 =G12

with the Poisson’s ratio ν is supposed to be constant.
Shimpi and Patel [5] proposed the HSDT for the orthotropic plate. Extending this

HSDT for the FG plate, the displacement fields can be written as

U x, y, z, tð Þ= u x, y, z, tð Þ− ∂wb

∂x
z +

∂ws

∂x
1
4
z −

5
3
z

z
h

� �2
� 	

V x, y, z, tð Þ= v x, y, z, tð Þ− ∂wb

∂y
z +

∂ws

∂y
1
4
z −

5
3
z

z
h

� �2
� 	

W x, y, z, tð Þx=wb x, y, tð Þ+ws x, y, tð Þ

(7:3)

where (U,V,W) are the displacements at coordinate (x, y, z) and u, v, wb, wsð Þ are the
displacements of the midplane of the plate.

b

h

x

y

z

a

Figure 7.1:Model of a rectangular plate.
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The linear strains can be obtained by deriving eq. (7.3) as

εx
εy
γ
xy

8>><
>>:

9>>=
>>;

=

ε0x

ε0y

γ0xy

8>>><
>>>:

9>>>=
>>>;

+ z

κbx

κby

κbxy

8>>><
>>>:

9>>>=
>>>;

+ f̂

κsx

κsy

κsxy

8>>><
>>>:

9>>>=
>>>;
,

γyz

γxz

( )
= ĝ

γsyz

γsxz

( )
(7:4)

where

ε0

 �

=

ε0x
ε0y
γ0xy

8>><
>>:

9>>=
>>;

=

∂u
∂x
∂v
∂y

∂u
∂y

+
∂v
∂x

8>>>>>>><
>>>>>>>:

9>>>>>>>=
>>>>>>>;
, κb

 �

=

κbx
κby

κbxy

8>><
>>:

9>>=
>>;

=

−
∂2wb

∂x2

−
∂2wb

∂y2

−2
∂2wb

∂x∂y

8>>>>>>>><
>>>>>>>>:

9>>>>>>>>=
>>>>>>>>;
,

κsf g =

κsx
κsy
κsxy

8>><
>>:

9>>=
>>;

=

−
∂2ws

∂x2

−
∂2ws

∂y2

−2
∂2ws

∂x∂y

8>>>>>>>><
>>>>>>>>:

9>>>>>>>>=
>>>>>>>>;
,

γyz

γxz

( )
=

∂ws

∂y

∂ws

∂x

8>><
>>:

9>>=
>>;
, ĝ zð Þ= 5 1

4
−

z
h

� �2
� 	

, ~f zð Þ= −
1
4
z +

5
3
z

z
h

� �2

(7:5)

7.2.2 Governing equations

The differential equations of the behavior of FG plate will be derived using the
energy principle. The first step is to determine the energy formulation of
structures.

The kinetic energy of FG plate can be written as

T =
1
2

ð
Ω

_wb + _wsð Þ2 + _u− z
∂ _wb

∂x
−~f

∂ _ws

∂x

� �2

+ _v− z
∂ _wb

∂y
−~f

∂ _ws

∂y

� �2
( )

ρ zð ÞdΩ (7:6)

where ρ(z) is the mass density in the plate.
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The potential energy of the external load is

V = −

ð
A

p̂ wb +wsð Þdxdy (7:7)

where p̂ is the transverse load on the plate.
The strain energy stored in the FG plate is as follows:

Π =
1
2

ð
Ω

σxεx +σyεy +σxyγxy + σxzγxz +σyzγyz
� �

dΩ (7:8)

Substituting eqs (7.2) and (7.4) into eq. (7.8), and then integrate through the thickness
of the plate, the formula for the strain energy of the plate is obtained as follows:

Π = 1
2

Ð
A
½Nxε0x +Nyε0y +Nxyγ0xy +Qxγsxz +Qyγsyz +M

b
xκbx +Mb

yκby +Mb
xyκbxy

+ Ms
xκsx +Ms

yκsy +Ms
xyκsxy�dxdy

(7:9)

where

Nx =
Ð h=2
−h=2 σxdz; Ny =

Ð h=2
−h=2 σydz; Nxy =

Ð h=2
−h=2 σxydz

Mb
x =

Ð h=2
−h=2 zσxdz; Mb

y =
Ð h=2
−h=2 zσydz; Mb

xy =
Ð h=2
−h=2 zσxydz

Ms
x =

Ð h=2
−h=2

~fσxdz; Ms
y =

Ð h=2
−h=2

~fσydz; Ms
xy =

Ð h=2
−h=2

~fσxydz

Qx =
Ð h=2
−h=2 ĝσxzdz; Qy =

Ð h=2
−h=2 ĝσyzdz

8>>>>>>><
>>>>>>>:

(7:10)

and notation block matrices:

Nf g= Nx Ny Nxy

 �T

Mb

 �

= Mb
x Mb

y Mb
xy

n oT

Msf g= Ms
x Ms

y Ms
xy


 �T

:

8>>><
>>>:

(7:11)

We can obtain the force andmoment resultants by using the stress–strain relations as
follows:

Nf g
Mb


 �
Msf g

8><
>:

9>=
>;=

A½ � B½ � Bs½ �
B½ � D½ � Ds½ �
Bs½ � Ds½ � Hs½ �

2
64

3
75

ε0

 �
κb


 �
κsf g

8><
>:

9>=
>;

Qy

Qx

� 
=

As
44 0

0 As
55

" #
γsyz
γsxz

( ) (7:12)
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where

A½ � =

A11 A12 0

A12 A22 0

0 0 A66

2
64

3
75, B½ � =

B11 B12 0

B12 B22 0

0 0 B66

2
64

3
75

D½ � =

D11 D12 0

D12 D22 0

0 0 D66

2
64

3
75, Bs½ � =

Bs
11 Bs

12 0

Bs
12 Xs

22 0

0 0 Bs
66

2
64

3
75

Ds½ � =

Ds
11 Ds

12 0

Ds
12 Ds

22 0

0 0 Ds
66

2
64

3
75, Hs½ � =

Hs
11 Hs

12 0

Hs
12 Hs

22 0

0 0 Hs
66

2
64

3
75

(7:13)

The plate stiffnesses Aij,Bij, etc., are given by

Aij =
Ð h=2
−h=2

~Qijdz

Bij =
Ð h=2
−h=2 z

~Qijdz

Dij =
Ð h=2
−h=2 z

2~Qijdz

Bs
ij =

Ð h=2
−h=2

~f ~Qijdz

Ds
ij =

Ð h=2
−h=2 z

~f ~Qijdz

Hs
ij =

Ð h=2
−h=2

~f
2~Qijdz

8>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>:

with index i= 1, 2, 6

As
ij =

Ð h=2
−h=2 ĝ

~Qijdz with index i=4, 5

Using variational principles, we can obtain the differential equations of motion of the
plate as follows:

∂Nxy

∂y
+

∂Nx

∂x
= I0€u− I1

∂€wb

∂x
− J1

∂€ws

∂x

∂Nxy

∂x
+

∂Ny

∂y
= I0€v− I1

∂€wb

∂y
− J1

∂€ws

∂y

∂2Mb
x

∂x2
+ 2

∂2Mb
xy

∂x∂y
+
∂2Mb

y

∂y2
+ q= I0 €wb + €wsð Þ+ I1

∂€u
∂x

+
∂€v
∂y

� �
− I2∇2 €wb − J2∇2 €ws

∂2Ms
x

∂x2
+ 2

∂2Ms
xy

∂x∂y
+
∂2Ms

y

∂y2
+
∂Qxz

∂x
+
∂Qyz

∂y
+ p̂= I0 €wb + €wsð Þ+ J1

∂€u
∂x

+
∂€v
∂y

� �

− J2∇2 €wb − Ĵ1∇2 €wb

(7:14)
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where q(x,y,t) is the transverse load, Ni,Qi,Mb
i ,M

s
i

� �
are the stress resultants and the

inertias Ii, Ji, Ĵ
� �

are defined by

Ii =
Ðh=2

−h=2
ρ zð Þzidz, i=0, 1, 2, 3, 4, 6ð Þ

Ji = −
Ii
4
+
Ii+ 2
3h2

, i= 1, 2ð Þ

Ĵ =
I2
16

−
5I4
6h2

+
25I6
9h2

7.2.3 Solution procedures

The state variable approach can be used to solve the differential equations of
motion for complicated structures. The state variable method mentioned by Dorf
and Bishop [35] will be used to find the dynamic response of simply supported FG
rectangular plates in eq. (7.14). The boundary conditions are simply supported as
follows:

v=wb =ws =0,
∂wb

∂y
=
∂ws

∂y
=0

Nx =0, Mb
x =M

s
x =0

8><
>: at x=0, a

u=wb =ws =0,
∂wb

∂x
=
∂ws

∂x
=0

Ny =0, Mb
y =M

s
y =0

8><
>: at y=0, b

(7:15)

The Navier method used a sinusoidal function to satisfy all the boundary conditions
in eq. (7.15). The displacement fields as series sinusoidal function are chosen as
follows:

u x, y, tð Þ =
P∞
n= 1

P∞
m= 1

Umn tð Þ cos αxð Þ sin βyð Þf g

v x, y, tð Þ =
P∞
n= 1

P∞
m= 1

Vmn tð Þ sin αxð Þ cos βyð Þf g

wb x, y, tð Þ =
P∞
n= 1

P∞
m= 1

Wbmn tð Þ sin αxð Þ sin βyð Þf g

ws x, y, tð Þ =
P∞
n= 1

P∞
m= 1

Wsmn tð Þ sin αxð Þ sin βyð Þf g

(7:16)

where α=
mπ
a

, β=
nπ
b
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Substituting eq. (7.16) into eq. (7.14) and then applying the orthogonal property
of the sinusoidal function, the differential equations of motion (7.14) are obtained as
follows:

s11 s12 s13 s14

s12 s22 s23 s24

s13 s23 s33 s34

s14 s24 s34 s44

2
666664

3
777775

Umn

Vmn

Wbmn

Wsmn

8>>>>><
>>>>>:

9>>>>>=
>>>>>;

+

m11 0 m13 m14

0 m22 m23 m24

m13 m23 m33 m34

m14 m24 m43 m44

2
666664

3
777775

€Umn

€Vmn

€Wbmn

€Wsmn

8>>>>><
>>>>>:

9>>>>>=
>>>>>;

=

0

0

Fmn

Fmn

8>>>>><
>>>>>:

9>>>>>=
>>>>>;
(7:17)

where

s11 = A11α2 +A66β2, s12 = A12 +A66ð Þαβ
s13 = −α B11α2 + B12 + 2B66ð Þβ2� �

, s14 =B11α2 +B66β2

s22 = A66α2 +A22β2, s23 = −β B12 + 2B66
� �

α2 +B22β2
� �

s24 = −β Bs
12 + 2B

s
66

� �
α2 +Bs

22β
2� �

s33 = D11α4 + 2 D12 + 2D66ð Þα2β2 +D22β4

s34 = Ds
11α4 + 2 Ds

12 + 2D
s
66

� �
α2β2 +Ds

22β
4

s44 = Hs
11α4 + 2 Hs

12 + 2H
s
66

� �
α2β2 +Hs

22β
4 +As

55α4 +As
44β

4

m11 = I0, m22 = I0, m13 = −αI1, m14 = −αJ1, m23 = −βI1, m24 = −αJ1

m33 = I0 + α2 + β2
� �

I2, m34 = I0 + α2 + β2
� �

J2, m44 = I0 + α2 + β2
� �

Ĵ

The term Fmn in the load vector can be obtained as

Fmn =
4
ab

ðb

0

ða

0

p̂ x, y, z, tð Þ sin αx sin βydxdy (7:18)

The uniformly and sinusoidally distributed pressure – two kinds of loads – are
considered as follows:

For uniformly distributed load:

p̂ x, y, z, tð Þ= p̂0F̂ tð Þ
For sinusoidally distributed load:

p̂ x, y, z, tð Þ= p̂0 sin
πx
a
sin

πy
b
F̂ tð Þ

(7:19)

106 Ta Duy Hien



Substituting eq. (7.22) into eq. (7.21), the term Fmn is obtained as follows:

For uniformly distributed load:

Fmn =
16 p̂0
mnπ2 F̂ tð Þ

For sinusoidally distributed load:

Fmn = p̂0F̂ tð Þ

(7:20)

We consider three of the function of times F̂ tð Þ of dynamic loads as follows:
For sine loading

F̂ tð Þ= sin πt=t1ð Þ 0 ≤ t ≤ t1
0 t ≥ t1

�

For step loading

F̂ tð Þ= 1 0 ≤ t ≤ t1
0 t ≥ t1

�

For triangular loading

F̂ tð Þ= t=t1 0 ≤ t ≤ t1
0 t ≥ t1

�

For convenience, the stiffness, mass, and forcedmatrices in eq. (7.17) are abbreviated
as follows:

S =

s11 s12 s13 s14
s12 s22 s23 s24
s13 s23 s33 s34
s14 s24 s34 s44

2
6664

3
7775, M =

m11 0 m13 m14

0 m22 m23 m24

m13 m23 m33 m34

m14 m24 m43 m44

2
6664

3
7775

F* = 0 0 Fmn Fmnf gT

Applying the state variable methods to solve eq. (7.17), they can be rewritten as

_R=AR+b (7:21)

where

R= Umn Vmn Wbmn Wsmn
_Umn

_Vmn
_Wbmn

_Wsmn


 �T

b= 0 0 0 0 b̂1 b̂2 b̂3 b̂4

 �T

Analytic approach for transient response of FG Plate 107



and b̂1 are the coefficients of vector force:

b̂i
n o

=M −1F*

The partitioned matrix A is defined as

Â=
0 I

−M−1S 0

" #

where I is the identity matrix.
Although the differential equation (7.21) is complex, we can find a solution by

using the state variable method and the solution is obtained as follows:

R tð Þ= eÂ t − t0ð ÞR t0ð Þ+
ðt

t0

eÂ t − τð Þb τð Þdτ (7:22)

where t0 is the initial time and R t0ð Þ is the initial response while eÂ is an exponential
matrix; this matrix is created from eigenvalues λi and the eigenmatrix Λ of Â as
follows:

eA t − τð Þ = Λ½ �
eλ1 t − τð Þ 0

. .
.

0 eλ8 t − τð Þ

2
664

3
775 Λ½ �−1 (7:23)

With the initial condition at the time t = 0, it assumes that the system is stationary at
the equilibrium position.

7.3 Results and discussions

In this section, the simple Al/Al2O3 plate made of aluminum and alumina is con-
sidered. The material properties used in the present study are chosen to be the same
as [36]

Metal : Em = 70 GPa, ρm = 2,707 kg=m3

Ceramic : Ec = 380 GPa, ρc = 3,800 kg=m3

The Poisson’s ratio of the material is supposed to be equal to 0.3. The uniform
distribution with the magnitude P̂0 is subjected on the plate Figure 7.2.
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We consider the displacement at the center of the plate and normal stresses at the top
and bottom of the center of the plate. For convenience, the normalized displacement
and normalized stresses are given in the dimensionless form as

~w=
w
h

~σx =σx

a
2
,
b
2
, ±

h
2

� �

p̂0

~σy =σy

a
2
,
b
2
, ±

h
2

� �

p̂0

7.3.1 Comparison of the present approach with ABAQUS software

The square FG plate subjected to uniformly distribute dynamic loading with simply
supported is performed as an example to verify the present analytical solution.

The data for this example: dimensional plate a= b=0.3m, h=
a
10
, the magnitude

of the load p̂0 = 106N=m2, duration of load application time t1 = 0.0015s, power-law
index k = 1.

The ABAQUS commercial software is used to model FG plate subjected to
dynamic load. The thickness direction of the FG plate is divided into fourteen layers.
For modeling as composite layup, we use average properties within each layer. The
time step for modeling dynamic load is Δt = 1.5 × 10− 6 s. The results predicted by the
present approach are compared with those obtained using ABAQUS software.

The normalized displacement and normalized stress at the central plate are given
in Figures 3(a)–(c) and 4(a)–(c) due to triangular load and step load, respectively. It
shows that the transient response of the FG plate using refined plate theory is in good

b

h

x

y

z

a
p

Figure 7.2: Outline of FG plate with the
uniform load.
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case triangular load. (c) Normalized stress ~σx (z = –h/2) in case triangular load.
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step load. (c) Normalized stress ~σx (z = –h/2) in case step load.
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agreement with those by the finite element modeling, so the present analytical
solution is significant.

7.3.2 Transient response with various loadings

In this section, the rectangular FG plate subjected to uniformly distributed load is
investigated with time varying as sine or triangular function. The parameters for this
example are plate size a= 0.2m, b = 0.3 m, h=

a
10
, the intensity of load

p̂0 = 106 N=m2, and duration of load application time t1 = 0.003 s.
Using state variable method as mentioned above, the normalized deflection

history at the center of the plate is obtained as shown in Figures 5(a) and 6(a).
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Figure 7.5: (a) Center deflection versus time due to triangular load. Normalized stress ~σx (z = h/2) in
case sine triangular load. (c) Normalized stress ~σy (z = h/2) in case sine triangular load. (d)
Normalized stress ~σx (z= –h/2) in case sine triangular load. (e) Normalized stress ~σy (z= –h/2) in case
sine triangular load.
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Figure 7.5: continued
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Figure 7.6: (a) Center deflection versus time due to sine load. (b) Normalized stress ~σx (z = h/2) due to
sine load. (c) Normalized stress ~σy (z = h/2) due to sine load. (d) Normalized stress ~σx (z = –h/2) in
case sine load. (e) Normalized stress ~σx (z = –h/2) in case sine load.
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Also, the responses of the normalized stresses at the central plate for triangular and
step loads are illustrated in Figures 5(b)–(e) and 6(b)–(e). The numerical is presented
with three cases of power-law index k, i.e., k = 1, k = 2, and k = 3. It showed in Figures 5
(a) and 6(a) that the deflection of central plate predicted for FG plate increases due to
a decrease in flexural rigidity while power-law index k increases. In addition, from
Figures 5(b)–(c) and 6(b)–(c), we can investigate the effect of the power-law index k
on the normalized stress. The tendency of the normalized stresses is similar to the
trend of the deflection, i.e., the normalized stress increases when power-law index k
goes up. Moreover, in each load case, the normalized stress in x- or y-direction at a
fiber has same shapes but the normalized stress in the x-direction is bigger than the
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Figure 7.6: continued
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y-direction. In all the cases, the displacement and stress responses are similar to the
harmonic manner in the free vibration area.

7.4 Conclusions

This chapter addressed the responses of FG rectangular plates subjected to various
dynamic loadings by using an analytical method accounting the higher-order shear
deformation. The powerful state variable approach help to find the solution of the
complicated dynamic problem of the FG plate. Numerical calculations are made to
obtain displacement and stress responses for various transverse loadings.
Comparison between dynamic responses obtained using the present approach
with those received by finite element modeling shows that present approach gives
more reasonable results. Also the numerical results show that the effect of the
power-law index is significant on the dynamic responses of the FG plate. In practice
design, the dynamic responses can be used to determine an impact factor for
design.
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8 Fuzzy-based frequency response function
analysis of functionally graded plates

Abstract: In the present chapter, fuzzy approach is utilized in the assessment of
frequency response function (FRF) analysis of functionally graded plates (FGPs). FGP
has significant applications in aerospace,marine, medical, and civil structures due to
its unique properties such as high-temperature resistance, non-corrosiveness, and
high strength and stiffness. The uncertainty quantification of FRF is portrayed. The
fuzziness is considered due to its variability in material properties corresponding to
the various α-cuts. The power law is implied for characterizing the material model-
ling. A parametric study is carried out to observe the effect of location of drive point
and cross points on uncertain bounds of FRF with respect to crisp values.

Keywords: Fuzzy, frequency response function, functionally graded material, finite
element, uncertain quantification

8.1 Introduction

Functionally graded materials (FGMs) are the hybrid of the composite, which has
high-performance applications in various fields such as aerospace, marine, sports,
biomedicals, and other structural applications. FGM is the inhomogeneous materi-
als in which structures have specified properties in specified direction. The main
feature of FGM is that desired material properties can be obtained by changing the
volume fraction of constitute materials. This feature provides good corrosion and
heat resistance [1]. FGM is used for manufacturing of heat shields, components of
heat engine, fusion reactors, electric insulation, spacecraft structure, turbine
wheels, leading edge of missile, cylinder liners of diesel engine, breaks of racing
car, bullet proof vehicles, the solar cells, propeller shaft of submarines, and tennis
rackets. Materials with single composition and uniform distribution cannot give
suchmechanical and thermal properties. The FGM is an advancedmaterial in which
two materials are mixed, and forms a nonhomogeneous mixture. There are many
laws according to which material properties vary on the FGM such as power law
index, sigmoid law, and exponential law. The main feature of FGM is that it has
continuous and smooth variation of material properties throughout in depth. The
mechanical and thermal properties of FGM is predetermined and it can be con-
trolled by varying the composition of constitutes. In practical case, the variation of
volume fraction in third direction (z-direction) is negligible. There is no sharp
interface between boundaries of two different materials, and the resulting stress
concentration is negligible [2]. In composite, two dissimilar materials with different
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coefficient of thermal expansion are placed one above another, and when high
temperature is applied, due to different expansion of both materials delamination
of composite occurs. The main advantage of FGM over the composite is that it can
resist more temperature and load as compared to composite, while due to delami-
nation of layers composite fails under such conditions [3]. The basic idea of FGM
came from nature, where already some natural things like teeth, wood, and bones
are present [4]. FGM is made of two different materials, where the top layer is pure
ceramic, and the bottom layer is pure metal. In between upper and lower surfaces of
the plate, the volume fraction of materials changes continuously. The final proper-
ties of FGMs are totally different to the parent materials, which has properties of
both materials simultaneously [5]. Each and every point of FGM has different
mechanical, chemical, thermal, magnetic, and thermal properties. In metal–
ceramic FGM, metal provides sufficient strength, while ceramic provides good
thermal and corrosion resistance. There are many methods to manufacture FGM
such as powder metallurgy, centrifugal method, chemical methods, and solid free-
form fabrication method [6]. FGM can be classified based on the mechanical proper-
ties gradient, porosity gradients, microstructure gradient, and chemical gradient.
In real-life situation, there are many types of uncertainty involved in the system
such as manufacturing uncertainty, operational and environmental uncertainty,
and geometric and material properties uncertainty. The manufacturing of FGMs
always has some uncertainty in material properties in practical. The design and
analysis of FGM are tougher than the conventional materials, because the variation
of materials and geometrical properties of conventional materials from the nominal
value are little or well known. For the safe and economical design of FGM structure,
it is essential to consider an uncertain variation of material and geometrical proper-
ties [7–9]. Complex structures such as composite plates and shells have received
wide attention from the research community for analysing the stochastic dynamic
responses based on probabilistic approaches [10–13]. Effect of material and struc-
tural uncertainty on the dynamic stability and failure characteristics of composites
are studied [14, 15]. The effect of uncertainty due to service conditions is accounted
for composite structures [16, 17]. Effect of cut-out is analysed for the stochastic
dynamic responses of composite structures [18]. Stochastic responses of sandwich
structures and random honeycomb core are studied recently [19–23]. However, the
influence of stochasticity in FGM structures has not received adequate attention yet.

8.2 Background

A plenty of research has been conducted to determine free vibration of FGM and
composite. A review is conducted on finite element method (FEM) modelling for
vibration analysis of composite [24]. The stochastic dynamic analysis of FGM beam
is carried out by using random factor method [25], while FEM is applied for
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stochastic natural frequency analysis of FGM beam [26]. Free vibration of FGM is
carried out by using Stochastic IsoGeometric Analysis method, and compared
results with the Monto Carlo simulation (MCS). Young’s modulus and mass density
are considered as the random input parameters, and found that uncertainty of
these material properties significantly affects the eigenvalue of the functionally
graded plate (FGP) [27]. An analysis is conducted for non-linear free vibration for
the FGP with elastic support carried out in the thermal environment. Material
properties, volume fraction index, and support are considered as random input
parameters [28]. A theoretical and numerical study is conducted for frequency
response analysis of modified mechanical system [29]. A stability analysis of FGM
pipe flowing the fluid is carried out by using the hybrid method to investigate the
effect of fluid pressure, power law index, fluid velocity and damping on the
stability of an FGM pipe. The results found that the stability of the FGM pipe is
increased with increase in the power law exponents up to the value of 10. The
divergence is introduced by the internal pressure of the fluid, while internal
damping affects the dynamic behaviour of the system [30]. Frequency response
function (FRF) analysis for updating the analytical model with frequency data
selection and numerical balance is carried out [31], while FRF analysis of the
sandwich plate with the viscoelastic layer is conducted by considering the effects
of the physical and geometrical properties, material properties, and temperature
[32]. Sparse adaptive polynomial chaos expansions are applied to the modified
model for frequency analysis by using stochastic frequency transformation [33]. A
statistical model is developed for FRF for a system by considering the uncertainty
of the system [34], while Kriging model is applied for FRF analysis for model
updating [35]. A bottom-up approach is applied for FRF analysis of laminate
composite [8]. Dynamic analysis of FGM rectangular plate under motion is carried
out [36]. Static and vibration of the sandwich plate is analysed by applying the
mixed interpolation of tensorial components approach [37]. Nonlocal elasticity
theory is applied to vibration analysis of piezoelectric FGM plates [38]. A numerical
case study on FRF of damped system is conducted by using the fuzzy finite element
(FE) procedure [39], in which uncertainty and variability of different parameters
are taken into account and found that interval FEM is the more effective method to
find the FRF as compared to the MCS. The polynomial chaos expansion is used to
predict FRF for curve fitting along with the hypercube sampling for simple beam
and aircraft wing [40], and compared the results with the MCS. A particle swarm
method with the fuzzy controller with integrated self-tuning is applied to free
vibration control of composite beams [41], while a fuzzy uncertainty propagation
approach for composites is proposed based on Gram–Schmidt polynomial chaos
expansion [42]. The meshless local Petrov–Galerkin method is applied for three-
dimensional vibration analysis of isotropic FGM plates. The three-dimensional
linear elasticity theory is used, where it has high accuracy as compared to two-
dimensional theory. The Young’s modulus of the FGM plate is varied according to
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the Mori–Tanaka, and Poisson’s ratio is kept constant [43]. Frequency responses
are optimized for probability distribution function inspired structure [44]. The
Papkovich–Neuber potentials are applied for frequency analysis of multilayer
coating, which is mostly used for surface modification by analytical method,
when subjected to normal and shear loading [45]. An FGM plate subjected to
moving mass is analysed for free vibration by using the hybrid Rayleigh–Ritz
method. The advantage of this method is that for different boundary condition, it
is not required to determine the satisfied admissible function and also this method
can be applied for versatile boundary condition. The effect of different boundary
condition andmaterial properties onmaximum deflection are determined [46]. The
resonance modes method is applied to determine the time and frequency response
of aluminium plate, and found that the presented method has high efficiency and
precision [47]. Energy method, Hamilton’s principle, and Broyden method are
used to determine the forced vibration of non-uniform FGM plate subjected to
harmonic excitation for different boundary conditions, and taper parameter.
The results concluded that the rigid boundary conditions have less response
amplitude, and also response amplitude decreases with increase in taper para-
meters [48]. A functionally graded reinforced composite is statically and dynami-
cally analysed by using the analytical method. First-order share deformation
theory and Hamilton principle are used [49]. The FRF is an important structural
parameter which is expressed as the ratio of response output of a structure due
to an applied force. Such a modal response can be measured in the form of
displacement, velocity, and acceleration. Uncertainty in material properties are
modelled by using non-probabilistic and probabilistic approach. There are limited
amount of sample data available which is also known as testing data (crisp
inputs), so it is better to use non-probabilistic approach in place of probabilistic
approach. Due to limited number of experimental data and impreciseness in input
parameters, the concept of fuzzy is introduced in the present chapter. Hence, a
fuzzy-based approach is used to quantify the uncertainty and their effects on the
FRFs of FGM cantilever plates. Figure 8.1 shows the geometric view of FGM
cantilever plate.
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Figure 8.1: Geometry of FGM cantilever plate.
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8.3 Governing equations

If “A” represents the function of material properties and Vi represents the volume
fraction of individual materials “i”, then “A” can be given as

A=
Xn
i= 1

AiVi (8:1)

where Ai denotes the material property of the constituent material “i”.
In FGP, thematerial properties are considered to vary in the entire domain across

the thickness [50]. In the present chapter, power law is implied to obtain the
deterministic material properties of FGPs and expressed as

EðwÞ=Em + ðEc − EmÞ y
w

+
1
2

� �p
(8:2)

μðwÞ= μm + ðμc − μmÞ
y
w

+
1
2

� �p
(8:3)

ρðwÞ= ρm + ðρc − ρmÞ
y
w

+
1
2

� �p
(8:4)

where Em and Ec are Young’s modulus, µm and µc are Poisson’s ratio, and ρm and ρc
are the volumetric mass density for metal and ceramic, respectively, while “w”
denotes the thickness of plate, and y = (w/2). Power law index is donated by “p”. The
material properties of components of FGM are considered as Em = 70 GPa, Ec = 151 GPa,
µm = 0.25, µc = 0.3, ρm = 2,707 (kg/m3) and ρc = 3,000 (kg/m3) at 300 K [51].

After solving the eigenvalue problem, natural frequencies ωf
� �

andmode shapes
ðSf Þ can be determined [52]:

Kðω̂αÞ½ �Sf =ω2
f ½Mðω̂αÞ�Sf (8:5)

where f = 1, 2, 3, . . ., n, Kðω̂Þ½ � and ½Mðω̂Þ� are the fuzzified stiffness andmassmatrices.
The symbol ω̂ð Þ indicates the degree of fuzziness. The orthogonality relationship is
satisfied by eigenvalue and eigenvector, which can be expressed as

STi ½Mðω̂αÞ�Sf = λik and STi ½Kðω̂αÞ�Sf =ω2
f λik (8:6)

where i, f = 1, 2, 3, . . ., n.
The Kronecker delta functions λik = 0 for i≠ k and λik= 1 for i = k wherein the

relationship of orthogonality is expressed as

BT ½Mðω̂αÞ�B= I and BT ½Kðω̂αÞ�BF2 (8:7)
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where B denotes the undamped nodal matrix and I represents an identity
matrix with sizeðn × nÞ. For a linear damped system, the equation of motion is
expressed as

½Mðω̂αÞ�f€δeg+ ½C�f _δeg+ ½Keðω̂αÞ�fδeg= f ðtÞ (8:8)

where C½ � represents a damping coefficient matrix. Coordinate transformation is
given as

δðω̂αÞðtÞ=ByðtÞ (8:9)

In the model coordinates, an equation of motion for the damped system is given by

€yðtÞ+BTCB _yðtÞ+Φ2yðtÞ=~f ðtÞ (8:10)

The dampingmatrix is expressed by eq. (8.11), which is a combination of mass matrix
and stiffness matrix as follows:

Cðω̂αÞ=ψMðω̂αÞf ðM − 1ðω̂αÞKðω̂αÞÞ (8:11)

where ψ represents the constant damping factor, which has the value equal to 0.005.
The transfer function matrix for a given system is expressed as [53]

RðiωÞðω̂αÞ=B −ω2I + 2iωζΦ+Φ2� �− 1
BT =

Xn
j= 1

BjBT
j

−ω2 + 2iωζ jωj +ω2
j

(8:12)

where ζ denotes the local coordinate of the system. The dynamic behaviour of the
system in the frequency domain considering zero initial conditions is expressed by

~δðiωÞðω̂αÞ=RðiωÞ~f ðiωÞ=
Xn
j= 1

BT
j
~f ðiωÞ

−ω2 + 2iωζ jωj +ω2
j

Bj (8:13)

so that the dynamic behaviour of the damped system can be represented by the
combination of the undamped mode shapes.

8.4 Fuzzy-based approach

In this chapter, the pioneering concept of fuzzy [54] is utilized in conjunction with
material property gradation and subsequently FRF bounds are mapped. The figure 8.2
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shows the steps for fuzzy based frequency response analysis of FGM plates. The
explanation of mathematical description of fuzzy variables is carried out by different
levels of abstraction. Interval variables are the easiest way to explain the fuzzy vari-
ables. The difference between members and non-members is distinguished by a classi-
cal set; a degree of membership is obtained by the fuzzy set known as the membership
function. The fuzzy number denotes a fuzzy set which is considered as convex, and at
one element themembership function is a continuumat the functional value equal to 1.
The fuzzy set is considered as an extension of a conventional (crisp) set, which
discriminates between elements that belong to the set and those which do not. A
membership function ½μyðiÞ� is used to define the set of transformation phases between
the non-members and members. Experimental data or expert knowledge is used to
derive the shape of membership function. There are two popular types, namely trian-
gular and Gaussian shapes. The fuzzy number [~Yiðω̂αÞ] considered as triangular mem-
bership function can be expressed as

Start

Identify and define the input parameters

Develop fuzzy input membership function

Define degree of fuzziness/α–cut

Calculate input bounds for any α–cut 

Finite element formulation to evaluate frequency responses

Input FEM
Code Output

Repeat for
each α–cut

Perform iteration by fuzzy approach

Formulate fuzzy output membership function

Fuzzy analysis for frequency response function

, , ,E1()ˆ μ()ˆ ρ()ˆG12 ()ˆ

Figure 8.2: Flowchart for fuzzy-based frequency responses.
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~Yiðω̂αÞ= ½yUi , yMi , yLi � (8:14)

where yMi is themean valuewhile yUi is the upper bound and yLi is the lower bounds. ω̂α

shows the fuzziness corresponding to α-cut, where α is the degree of fuzziness or
membership grade ranging from 0 to 1.

The approximation of Gaussian distribution can be carried out by using a triangle
[56], wherein the area covered by the normalized Gaussian distribution function and
triangular membership function is equated as illustrated in Figure 8.3. The linear
approximated triangular fuzzy membership function is expressed as

μyðiÞ = max 0, 1−
CðjÞ
i − Ĉi

��� ���
ζ

2
4

3
5 (8:15)

where ζ =
ffiffiffiffiffiffiffiffiffiffiffi
2πσX

p
, Ĉi denotes the mean value and σX is the standard deviation of the

approximated Gaussian distribution. The membership function with triangular
shape is used in the present chapter. The triangular membership function [μyðiÞ] is
given by

μyðiÞ =

1− ðyMi − yiÞ=ðyMi − yLi Þ, for yLi ≤ yi ≤ y
M
i

1− ðyi − yMi Þ=ðyUi − yMi Þ, for yMi ≤ yi ≤ yUi

0 Otherwise

8>><
>>:

9>>=
>>;

(8:16)

In the present chapter, uncertain input variables of an FE model such as material
properties are considered as input fuzzy numbers to obtain the output fuzzy num-
bers. To determine the natural frequency with its range, the membership function of
output fuzzy number is employed and uncertainty in output responses is determined.
The structural dynamics analysis is quite unpractical by using the standard fuzzy
arithmetic, so some approximations are required based on the interval analysis and
α-cut. By using the α-cut method, each input fuzzy number yi is divided into a set Yi of
(h + 1) intervals CðjÞ

i ,

1

0

Figure 8.3: Approximated Gaussian distribution
by using the triangular fuzzy [55].

126 P. K. Karsh, T. Mukhopadhyay, and S. Dey



Yiðω̂αÞ= ½Cð0Þ
i , Cð1Þ

i ,Cð2Þ
i . . .CðjÞ

i . . . CðhÞ
i � (8:17)

where h represents the number of levels of α-cut. For jth level of the ith fuzzy number,
the interval is expressed as

CðjÞ
i = ½yðj, LÞi , yðj,UÞi � (8:18)

where yðj, LÞi and yðj,UÞi are intervals at the jth level for lower bound and upper bound,

respectively, and yðh, LÞi = yðh,UÞi = yMi at j = h.
The fuzzy analysis uses the applied numerical procedure of interval analysis

employed for FGPs considering “n” number of layers at a number of α-levels as
illustrated in Figure 8.4. Figure 8.4 shows the procedure for a function of two triangular
fuzzy parameters with four α-levels. For the particular level of the membership func-
tion, the range of response is determined within the same α-cut level on the input
domain. In the interval analysis, the intervals of input fuzzy numbers are used to

(Frequency response function)
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Fuzzy output
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level-α2
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Figure 8.4: Scheme for fuzzy approach in FGM.
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determine the interval of output fuzzy number at each α-level, and based on the
interval levels, the membership function of output fuzzy number is created by recom-
position of intervals. Figure 8.5 shows the variation of fuzzy input variables of FGM.

The mass matrix [Mðj, kÞðω̂αÞ] and stiffness matrix [Kðj, kÞðω̂αÞ] are determined
with the parameter values at the kth design point. By solving the eigenvalue

problem, the natural frequency f ðj, kÞr =
1
2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðj, kÞr ðω̂αÞ

q� �
is obtained:

½Kðj, kÞðω̂αÞ� δðj, kÞr

n o
− λðj, kÞr ðω̂αÞ ½Mðj, kÞðω̂αÞ� δðj, kÞr

n o
=0 (8:19)

and after that, eq. (8.13) is also solved based on fuzzy approach for each α-level
corresponding to frequency responses, which can be given as

�δðj, kÞðiωÞðω̂αÞ=HðiωÞðω̂αÞ=
Xn
i= 1

CTðj, kÞ
i ðω̂αÞ �f

ðj, kÞðiωÞðω̂αÞ
−ω2ðω̂αÞ+ 2iωζ ðj, kÞi ðω̂αÞωi +ω2

i ðω̂αÞ
(8:20)

The interval (�ΔðjÞ
r ) at the jth level can be obtained by considering maximum and

minimum values of the deterministic frequency responses:

�ΔðjÞ
r = ½min k ð�δðj, kÞr Þ, max k ð�δðj, kÞr Þ� (8:21)

and at the peak level j = m,

�ΔðmÞ
r = ½ �δð1,mÞ

r � (8:22)

where �δð1,mÞ
r is known as single deterministic frequency responsewhich is determined

from the combination of the core values. Monte Carlo simulation is used to determine
the input design points for the respective samples at each α-cut, and in FE those
values are called for iteration.

In the present chapter, the combined variations in input parameters(s) (material
properties) are considered as follows:

φ(.)

φ(.)

φ(.)

Z
0

–1 10

1
α

Figure 8.5: Transformation ϕ(•) of a fuzzy variable z to ξ 2 [−1, 1] for different α-cuts [57].
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Combined variation of material properties g{E1ð�ωÞ, G12ð�ωÞ, µð�ωÞ, ρð�ωÞ} = {Φ1(E1(1),
E1(2), . . . ., E1(i)), Φ2(G12(1), G12(2), . . ., G12(i)), Φ3(µ(1), µ(2), . . ., µ(i)), Φ4(ρ(1), ρ(2), . . ., ρ(i))}

where E1 = longitudinal Young’s modulus, G12 = longitudinal modulus of rigidity,
µ = Poisson’s ratio, and ρ = volumetric mass density.

8.5 Results and discussion

An isoparametric quadratic element with eight nodes and each node having five
degrees of freedom is considered in the FE formulation wherein mesh size adopted
as (6 × 6). The present FEmodel is validated with the past literature ([58] and [59]) as
furnished in Table 8.1. The concept of fuzzy is applied in conjunction with the FE
model to quantify the uncertainties of FRF. The deterministic FRF for a system
shows the mathematical relationship between the input and the output, wherein a
force gauge hammer is employed for excitation, and an accelerometer measures the
response. The point at which load is applied is called drive point while points at
which response are to be calculated are known as cross points. Figure 8.6 illustrates
the variation of material properties across the depth of plate based on fuzzy
membership grade. The different frequencies of model are represented by the
peaks of the FRF. Figure 8.7 shows the location of drive point and cross points.
Figure 8.8 shows the effect of percentage of variation on fuzzy bounds and crisp
values for amplitude (dB) with respect to frequency (rad/s) of cross points (C1, C2,
C3) and drive point considering the combined variation of material properties of
FGM cantilever plate. It is concluded from Figure 8.8 as the percentage of variation
(p) increases, fuzzy bound increased irrespective of the point. It is also noted that
the values of fuzzy bound and crisp value obtained at cross points C2 and C3 are the
same. This is due to the symmetricity of these points. The value of fuzzy bound at
drive point is more as compared to the cross points. It is clear from Figure 8.8 that
the percentage of variation (p) have no effect on the crisp valve irrespective of
points. Figure 8.9 illustrates the compound effect of variation of input parameters

Table 8.1: Dimensionless first natural frequency ω=ω
ffiffiffiffiffi
ρm
Em

qh i
of FGP with considering power law

exponent (p) and thickness–length ratio (w/l).

p w/l Hasani et al. 2011 [58] Present FEM

0 0.1 0.1134 0.1134 0.1139
0.2 0.4154 0.4152 0.4159

1 0.1 0.0891 0.0869 0.0883
0.2 0.3299 0.3205 0.3261

2 0.1 0.0819 0.0788 0.0797
0.2 0.3016 0.2897 0.3004
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on the frequency response at different α-cuts. Theminimum fuzzy bounds are found
at α = 0.2. As α value increases, fuzzy bounds first increases, and then decreases. At
α = 0.2, Figure 8.9 shows only crisp value without any fuzzy bounds. Three case
studies are conducted to determine the effect of location of drive point and cross
points on the fuzzy bound and crisp value. From Figure 8.10 it is concluded that
when changing the location of drive point or cross points, the fuzzy bound and
crisp value also changes.

In this chapter, the first attempt is carried out to find the FRF of functionally
graded cantilever plates by using fuzzy. The present fuzzy-based approach can be
extended for more complex structure for such analysis. However, the main chal-
lenge still remains in the computational intensiveness of the analysis. As direct
closed-form solutions [60–63] are not available for the dynamic responses of
complex structures, a surrogate-based approach can be adopted to achieve com-
putational efficiency [64–70]. Further, the future work is needed in the areas of
environmental effect and service life conditions of FGM structures considering
non-deterministic approaches.

DP

(a)

C1 C2

C3

DP

C1 C2

C3

DP

C1

C2

C3 DP

C1

C2 C3

(b)

(c) (d)

Figure 8.7: Location of drive point and cross point.
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8.6 Conclusions

In the present chapter, fuzzy-based non-deterministic FRF analysis of FGPs is
carried out. It involves the computational investigation on variability in anisotropic
FGM modelling and subsequently mapping the bounds of FRF due to variability in
material properties. The present fuzzy-based FE model is validated with past
literature. A combined effect of material properties on fuzzy bound and crisp
value is mapped for frequency response analysis of FGM cantilever plates. A para-
metric study is carried out to enumerate the effect of location of drive point and
cross points in conjunction to FRF analysis. The effect of α-cut on the frequency
responses is also investigated. The sparsity of FRF is negligible at lower frequencies
while it has pronounced effect at higher modes. The future work can be projected for
the impact analysis, sensitivity analysis, and dynamic analysis of FGM structures.
The individual effect of material properties on natural frequencies can be deter-
mined. The stochastic effect of geometric properties such as twist angle and thick-
ness of plate can also be determined on FGPs. The effect of rotation and
environmental condition such as temperature on the functionality of FGM structure
can be done in future.
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9 Transmission efficiency of glass fiber-filled
functionally graded material-based PA66
composite spur gears

Abstract: In the last few years, metallic gears have been replaced by polymer gears in
various applications, mainly in low and moderate loading conditions. They have
lower inertia, less weight and run much quieter than their metal counterparts. These
characteristics are further enhanced in case of polymer composite-based gears. In the
present work, the transmission efficiency of glass fiber-reinforced homogeneous
polyamide 66 (PA66) composite gears and functionally graded material (FGM)-
based PA66 gears has been investigated. Homogeneous gears are fabricated by
conventional technique, whereas FGM-based PA66 gears are fabricated using a
novel manufacturing system. Unfilled PA66 gears are also fabricated by horizontal
centrifugal casting technique using injection molding machine for comparative
study. PA66 pellets reinforced with 15 and 30 wt% glass fibers are used to fabricate
homogeneous as well as FGM gears. Experimental work is performed on a polymer
gear test rig. Experiments are performed at various speed and torque combinations
for 0.2 million cycles. Results show that the operating torque has more impact on the
transmission efficiency of the fabricated gears as compared to rotational speed.

Keywords: PA66, FGM gear, polymer gear test rig, transmission efficiency

9.1 Introduction

Plastic gears are found today in both commercial- and precision-type applications for
transfer of motion. Transmission efficiency is one of the key performance parameters
for power and motion transmission applications. The overall mechanical system
efficiency in some power transmission applications has improved by using the plastic
gears [1]. Plastic gears are used in various applications nowadays. However, the
transmission efficiency of polymer gears has not been investigated much so far.
Walton et al. [2, 3] observed that speed and loads are the key factors that significantly
affect the transmission efficiency of polymer gears. They investigated the effect of
different materials and geometries on the transmission efficiency of polymer gear
pairs.

Polymer gears have been the focus of many researchers since the last decade [4].
Senthilvelan and Gnanamoorthy [5] investigated the efficiency of injection-molded
polymer composite spur gears and found that carbon-fiber-reinforced nylon gears
exhibit less temperature and better transmission efficiency than unreinforced nylon

https://doi.org/10.1515/9783110545104-009



gears due to its improved gear tooth stiffness and thermal characteristics.
Deterioration that occurs at gear tooth surface during running reduces the efficiency
as the cycle time increases. Transmission efficiency of polymer gears is also improved
with the addition of nanoclay particles [6]. Transmission efficiency of polymer gears
is improved to about 2% by using compressed air cooling at the mating surface of
master and test gears [7]. Rayudu and Nagarajan [8] studied the effect of tooth
deformation and gear wear on the transmission characteristics of polymer gear.
Luscher et al. [9] investigated the transmission error and geometry of polyketone
gears in which transmission efficiency and effect of packing pressure on gear runout
is studied. Mertens and Senthilvelan [10] investigated the surface durability of injec-
tion-molded carbon nanotube–polypropylene spur gears and found that inclusion of
carbon nanotube improved the transmission efficiency of polymer gears.
Experimental and numerical evaluation of transmission characteristics of injection-
molded polymer spur gears are done by Kodeeswaran et al. [11]

Polyamide is a promising material to fabricate polymer gears. Researchers have
been using polyamide to fabricated polymer gears [12–16]. Fiber-reinforced polya-
mide has also been used to fabricate polymer composite gears [17–20]. Duzcukoglu
[12] carried out an experimental study in which polyamide gear teeth were modified
in order to distribute the generated heat on the tooth surface by means of drilled
cooling holes at different locations on the gear tooth body. It resulted in reduced
tooth surface temperature and led to an increase in the load-carrying capacity and
improved the wear resistance of the gear teeth. Duzcukoglu [13] also improved the
durability of polyamide 66 (PA66) spur gear with tooth width modification.
Kodeeswaran et al. [14] investigated the effects of frequency on hysteretic heating
and fatigue life of unreinforced injection-molded PA66 spur gears and observed that
hysteretic heating and surface temperature increases as well as fatigue life of the gear
decreases with the increase in the torque for both the bidirectional and unidirectional
loads. Kodeeswaran et al. [15] also investigated the effect of strain rate on bending
and transmission characteristics of injection-molded PA66 spur gears. It was
observed that bending stress in the teeth increased with increasing strain rate. It
happened due to higher material modulus at higher strain rates. Zemlyakov [16]
investigated the effect of strain rate on the stiffness of polyamide gear teeth. The
performance of plastic gear made of carbon fiber-reinforced polyamide 12 (PA12) is
observed by Kurokawa et al. [17]. It was found that carbon fiber-filled PA12 gear had
an excellent wear property when grease is applied at the engagement region.
Gurunathan et al. [18] observed that wear resistance of polyamide nanocomposite
spur gears enhanced by incorporation of nanoparticulate.Wear resistance of polymer
gear teeth is also enhanced by the addition of fibers in polymer gears [19]. Cathelin
et al. [20] developed a computational method to predict the mechanical behavior of
plastic cylindrical gears made of fiber-reinforced polyamide 6.

The concept of functionally graded materials (FGMs) originated in Japan in 1984
[21]. It has been suggested in a review article that gear should be fabricated by FGM
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technique [22]. Centrifugal casting technique is generally used to fabricate thermo-
setting-based FGMs [23–29]. However, to the best of author’s knowledge, FGM-based
thermoplastic gear has not been fabricated so far. The focus of this study is to develop
FGM-based glass fiber-reinforced PA66 gears and compare the transmission effi-
ciency of FGM PA66 gears with the unfilled and homogeneous PA66 gears.

9.2 Experimental details

9.2.1 Gear fabrication

Glass fiber-reinforced PA66 granules are used to fabricate homogeneous and FGMs
gears. The proportion of glass fibers in PA66 granules is 15 and 30 wt%. PA66
granules are preheated in a dryer at 100 °C for 2 h to remove the moisture before
injection molding. A mold is designed with the aid of a modeling software Pro-E. The
design of the mold is shown in Figure 9.1. A photographic view of the injection mold
is shown in Figure 9.2 for a better understanding of this work. Mold has a rotatory
component known as punch which is used for the fabrication of FGM gear.

Punch is rotated by a servomotor, and speed of the punch rotation is controlled
by the servocontroller. The injection pressure of 7 MPa and barrel temperatures of
190, 200, 210 °C at three zones are used for the unfilled gear fabrication. Barrel
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temperatures of 210 °C, 220 °C, 230 °C and 220 °C, 230 °C, 240 °C are used for the
fabrication of 15% and 30% glass fiber-filled polymer gears, respectively.

Punch is rotated at 1,800 rpm for 2 min after filling the molten material into the
punch cavity to prepare FGM gear. Punch is kept stationary for homogeneous gears
fabrication. Unfilled PA66 gear is also fabricated for comparing the performance with
glass fiber-reinforced gears. Neat (or unfilled) and glass fiber-filled PA66 granules are
supplied by Ester Industries Ltd., Uttarakhand, India. A pictorial view of fabricated
gears is shown in Figure 9.3. Table 9.1 shows the specification of fabricated gears.

9.2.2 Polymer gear test rig

Gear tests are conducted using the power absorption-type gear test rig. The polymer-
based test gear is driven using an ACmotor to enable gear tests to bemade at different
speeds. The mating standard steel gear meshes with test gear to be rotated by it, but
steel gear shaft is coupled to a DC motor to apply load. The principle to conduct the
test is by rotating the test gear mating with standard steel gear at a specified speed
and torque value for fixed number of cycles.

Bottom clamping
plateSupport plate - II

Support plate - I

Top clamping
plate

Runner plate

Core plate

Gear spacer Servomotor spacer

ServomotorServomotor
gear

Figure 9.2: Pictorial view of injection mold.
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The noise generated due to the meshing of gears is captured by the acoustic sensor.
The acoustic sensor is positioned near the mating portion of gears. The vibration
experienced by gear shaft while rotation is measured by an accelerometer mounted
on plumber block. The arrangement of acoustic sensor and accelerometer in polymer
gear test rig is shown in Figure 9.4. Test gears are operated up to 0.2 million cycles in
the present investigation.

9.2.3 Methodology to verify the gradation in FGM specimen

Ignition loss test of homogeneous and FGM gears is performed as per ASTM D2584
standard. Samples are prepared for the ignition loss test by cutting a piece from the
gear. This piece is further cut into three zones as shown in Figure 9.5.

Ignition loss test is carried out by burning the cut samples in electric muffle
furnace at 565 ± 28 °C using a crucible and weighing the remaining glass fibers. In
ignition loss test, the polymer matrix material is burned out completely and the
remaining glass fibers are collected in the crucible. Three samples for each zone of
homogeneous and FGM gear are used for ignition loss test and the average of three

(i) (ii) (iii) (iv) (v)

Figure 9.3: A pictorial view of fabricated samples: (i) neat PA66 gear, (ii) FGM gear filled with 15 wt%
glass fiber, (iii) FGM gear filled with 30 wt% glass fiber, (iv) homogeneous gear filled with 15 wt%
glass fiber and (v) homogeneous gear filled with 30 wt% glass fiber.

Table 9.1: Specification of test and master gear.

Test gear Master gear

Material i. Unfilled PA66 Steel
ii. 15 wt% glass fiber-filled PA66
iii. 30 wt% glass fiber-filled PA66

Manufacturing method Injection molded Hobbing
Pitch circle diameter (mm) 40 40
Pressure angle (deg.) 20 20
Number of teeth 20 20
Module (mm) 2 2
Face width (mm) 8 10
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values is taken into the study. Ignition loss of homogeneous and FGM gear is
calculated in weight percentage as follows:

Ignition loss, weight % = W1 −W2ð Þ=W1½ � × 100 (9:1)

where W1 is the weight of the sample, g; W2 is the weight of residue, g.
A digital electronic balance (model: TB-215D supplied by Denver Instrument)

with an accuracy of 0.00001 g is used to measure the weight of homogeneous and
FGM specimens. The hardness of neat PA66, homogeneous and FGM gears is

Zone 3

Zone 2

Zone 1

Figure 9.5: Zone of the gear for ignition loss test.

Figure 9.4: A pictorial view of polymer gear test rig.
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measured using a digital durometer as per ASTM D2240 standard. Hardness is
measured at three locations as shown in Figure 9.6. Hardness is measured five
times at each location and average of five values is taken in the study.

9.2.4 Dynamic mechanical analysis and transmission efficiency

Dynamic mechanical analysis (DMA) of neat, FGM and homogeneous PA66 compo-
sites is performed as per ASTM D5023 using a dynamic mechanical analyzer supplied
by Perkin Elmer. A temperature range of 20–140 °C with constant frequency (1 Hz) is
used for DMA. Transmission efficiency of glass fiber-reinforced homogeneous and
FGM gears are investigated under the operating parameters, as shown in Table 9.2.
Following relation is used to evaluate the transmission efficiency by neglecting the
power loss at couplings and bearings:

Transmission efficiency =
Driven gear torque
Driver gear torque

(9:2)

Table 9.2: Experimental parameters of homogeneous and FGM gears.

Gear
designation

Gear material Torque (Nm) Speed
(rpm)

NPA66G Neat PA66
PA66H15G PA66 + 15 wt% glass fiber-reinforced homogeneous gear 0.8 500
PA66H30G PA66 + 30 wt% glass fiber-reinforced homogeneous gear 1.4 800
PA66F15G PA66 + 15wt% glass fiber-reinforced FGM gear 2.0 1,100
PA66F30G PA66 + 30wt% glass fiber-reinforced FGM gear 2.6 1,400

L0 L1 L2

Figure 9.6: Representation of locations for
hardness test.
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9.3 Results and discussions

9.3.1 Experimental verification of gradation in FGM gears
by ignition loss test

Ignition loss of FGM and homogeneous gear in weight percentage is shown in Figure
9.7. It is observed that 15 and 30 wt% glass fiber-filled homogeneous gears have
almost similar amount of ignition loss at each zone. It reflects an even distribution of
glass fibers in homogeneous gears. A reasonable reduction in ignition loss is
observed in FGM gears from zone 1 to zone 3 due to the gradation of the fibers toward
gear tooth as evident from Figure 9.7. Homogeneous gears have less ignition loss as
compared to FGM gears in zone 1 as observed from Figure 9.7. It happens because
zone 1 in FGMgears becomematrix-rich zone due to the gradation of the fibers toward
gear tooth (i.e., zone 3).

9.3.2 Experimental verification of gradation in FGM gears
by hardness measurement

Hardness measurement is done to verify the gradation of fibers in FGM gears.
Hardness is measured along the radius of the FGM gear at three different locations
from the center of gear to the gear tooth. Hardness values at three different locations
are shown in Table 9.3. Hardness is measured five times at each location and average
of five values is taken into the study as listed in Table 9.3. It is observed from Table 9.3
that hardness increases from the center of FGM gear toward the gear tooth. The
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Figure 9.7: Representation of zones for ignition loss test.

Transmission efficiency of glass fiber-filled functionally graded material 147



hardness of 30wt%glass fiber-reinforced FGMgear is found to be higher as compared
to 15 wt% glass fiber-reinforced FGM gear in all three zones as shown in Table 9.3.

Hardness is also measured for homogeneous gears at same three locations as
FGM gears. The hardness of homogeneous gears is shown in Table 9.4. Variation in
the hardness values is only (0–1) Shore D for homogeneous gears in all three loca-
tions that indicates an even distribution of glass fibers in homogeneous gears.

Homogeneous gear reinforced with 30 wt% glass fiber exhibits higher hardness
as compared to 15 wt% glass fiber-reinforced homogeneous gear. Hardness measured
at three different locations of FGM and homogeneous gears is shown in Figure 9.6.
Neat PA66 gear exhibits a hardness of 77 shore D. Unfilled gear shows minimum
hardness while 30 wt% glass fiber-reinforced FGM gear has maximum hardness
among all the fabricated gears.

9.3.3 Dynamic mechanical analysis

The thermomechanical response of the neat PA66, FGMs and homogenous composite
gears is studied by DMA to examine the variation of storage modulus and damping
factor (tan δ) as a function of temperature. There are various factors such as the
distribution of the reinforcing fibers into the matrix material, the nature of the inter-
face of fibers with the matrix and of the interfacial regions that affect the dynamic
mechanical properties of polymer composites. A small change in the composition
regarding fiber or matrix compositions may also result in significant changes in the

Table 9.3: Hardness of FGM gear for three different zones.

Location Hardness (shore D) of 15 wt%
glass fiber-reinforced PA66-

based FGM gear

Hardness (shore D) of 30 wt%
glass fiber-reinforced PA66-

based FGM gear

L0 (at the center) 81 83
L2 (near to root circle) 84 86.5
L3 (in the gear tooth) 86 88

Table 9.4: Hardness of FGM gear for three different zones.

Location Hardness (shore D) of 15 wt%
glass fiber-reinforced PA66-
based homogeneous gear

Hardness (shore D) of 30 wt.%
glass fiber-reinforced PA66-
based homogeneous gear

L0 (at the center) 82 84.5
L2 (near to root circle) 82.5 85
L3 (in the gear tooth) 83 84.5

148 Akant Kumar Singh, Siddhartha, and Prashant Kumar Singh



overall dynamic mechanical properties of the composite [30]. Damping behavior of
composites can be used to predict temperatures, stiffness and impact properties.
Figures 9.8 and 9.9 represent the storage modulus and damping factor of neat PA66,
glass fiber-filled PA66-based FGMs and homogeneous composites, respectively.

The stiffness of a viscoelastic material is represented through the storage mod-
ulus. The material shows stable mechanical behavior at the temperature less than
40 °C as the composites are in the glassy region and thus there is limited molecular
mobility of the polymeric chains. The storage modulus of all composites steeply
decreases with further increase in temperature for the range of 40–85 °C as evident
from Figure 9.8. The order of storagemodulus in the temperature range of 40–85 °C is
PA66F30 > PA66H30 > PA66F15 > PA66H15 > NPA66, which indicates reinforcement
effects divulged by the fiber allowing stress transfer ability across the interface.

The damping factor (tan δ) indicates the recoverable energy in terms of mechanical
damping or internal friction in a viscoelastic system [31]. The peak of the damping
factor (tan δ) shows the glass transition temperature of the composites. Under the glass
transition stage, composite material property changes from a glass state to rubber-
elastic state when the sinusoidal load at the frequency of 1 Hz is applied with the
increase in temperature. FGMs reinforcedwith 15 and 30wt% glass fibers have the glass
transition temperature of 85 °C and 77 °C, respectively, while the homogenous compo-
sites have 85 °C and 79 °C. The glass transition temperature for neat PA66 is 70 °C. Neat
PA66 and FGM filled with 30 wt% glass fiber has maximum and minimum damping
factors (tan δ), respectively.
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Figure 9.8: Storage modulus of PP composites.
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9.3.4 Effect of speed and torque on the transmission efficiency
of PA66-based homogeneous and FGM gears

The transmission efficiency of the polymer gears depends on the gear material and
operating conditions such as speed and torque. Effect of torque increment on gear
tooth surface temperature and gear transmission efficiency at constant speed is
shown in Figure 9.10. It is observed from Figure 9.10 that transmission efficiency
decreases and gear tooth temperature increases with increase in the torque. Due to
the increase in gear tooth surface temperature and flexible in nature, polymer gear
teeth deflect with the increasing torque. Some amount of torque (driven torque) is lost
on the test gear due to deflected gear tooth after completion of 0.2 million cycles.
Thus, transmission efficiency (ratio of the driven torque to driver torque) of test gears
decreases with the increase in the torque [3].

Transmission efficiency of FGM gears is higher as compared to neat PA66 and
homogeneous gears. Low damping factor and gear tooth surface temperature as well
as high storage modulus of FGM results in higher transmission efficiency of FGM
gears as compared to neat and homogeneous gears. At each torque value, transmis-
sion efficiency of all fabricated gears at 500 rpm is higher than at 1,400 rpm as evident
from Figure 9.10(a and b). It happens due to the fact that gear tooth surface tempera-
ture is higher at 1,400 rpm as compared to 500 rpm as shown in Figure 9.10. Gears
filled with 30 wt% glass fiber have higher transmission efficiency than 15 wt% glass
fiber-filled gears. Neat PA66 gear has minimum transmission efficiency at 500 rpm as
well as at 1,400 rpm for each torque value. Transmission efficiency of fabricated gears
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Figure 9.9: Damping factor of PP composites.
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decreases by 19% for neat PA66 gear, 16% for homogeneous (filled with 30 wt% glass
fiber) gear and 13% for FGM (filled with 30 wt% glass fiber) gear with increase in the
torque from 0.8 to 2.6 Nm. It is evident that the reduction in transmission efficiency is
minimum for FGM gear filled with 30 wt% glass fibers.

It happens due to the fact that FGM gear teeth have higher amount of fibers that
insure higher rate of heat removal resulting in better transmission efficiency. At
torque of 2.6 Nm, FGM gears have 8% and 24% higher transmission efficiency as
compared to homogeneous and neat PA66 gears, respectively, at constant speed of
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Figure 9.10: (a) Transmission efficiency of the gears at a speed of 500 rpm after 2 × 105 cycle.
(b) Transmission efficiency of the gears at speed = 1,400 rpm after 2 × 105 cycle.
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1,400 rpm. At constant speed of 500 rpm, FGM gears have 6% and 23% higher
transmission efficiencies as compared to homogeneous and neat PA66 gears, respec-
tively at torque of 2.6 Nm.

It is observed from Figure 9.10 that transmission efficiency of test gears is not
affected much with the increment in speed as compared to increment in torque.
Transmission efficiency decreases with increase in speed for all fabricated gears as
evident from Figure 9.11. Walton et al. [2, 3] also observed similar behavior for various
other polymer gear materials. At all speed conditions, transmission efficiency of
fabricated gears is higher at 0.8 Nm in comparison to 2.6 Nm.
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Figure 9.11: (a) Transmission efficiency of the gears at torque = 0.8 Nm after 2 × 105 cycle.
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It happens as the gear tooth surface temperature is higher at 2.6 Nm (Figure 9.11(b)) as
compared to 0.8 Nm (Figure 11.11(a)) for all fabricated gears. Transmission efficiency
of fabricated gears decreases marginally from 3% to 5% with increase in the speed
from 500 to 1,400 rpm.

At constant torque of 0.8 Nm, FGM gear reinforced with 30 wt% of glass fiber has
3% and 17% higher transmission efficiency as compared to homogeneous and neat
PA66 gears, respectively, at a speed of 500 rpm. At the same speed and with same
weight percentage of glass fiber reinforcement, FGM gear has 6% and 24% higher
transmission efficiencies as compared to homogeneous and neat PA66 gears, respec-
tively, at constant torque of 2.6 Nm. Hence, it is observed that FGM gears perform
better than the homogeneous and neat PA66 gears.

9.4 Conclusions

The following conclusions can be drawn from this research work:
1. A novel manufacturing route is developed with successful demonstration of in

situ manufacturing of thermoplastic composite-based FGM gears.
2. The gradation of fibers in FGM gears is successfully verified by ignition loss test

and hardness measurement.
3. Transmission efficiency of fabricated gears is much affected by torque rather than

speed.
4. FGM gears have higher transmission efficiency as compared to neat and homo-

geneous PA66 gears.
5. Neat PA66 gear has minimum transmission efficiency among all the fabricated

gears.
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10 Approximate solution of functionally
graded thick cylinders

Abstract: The present work employs variational principle to investigate the stress and
deformation states for a thick cylinder made of functionally graded material (FGM).
Based on Galerkin’s error minimization principle upon a series approximation, the
solution of the governing equation is obtained. In the present study, the property of
FGMs is based on exponential spatial variation. Stress and displacement along the
cylinder radius are studied and plotted. The results are validated with benchmark
and are found to be in good agreement. The results report the significance of FGMs on
the cylinder stress distribution.

Keywords: functionally graded materials, stress analysis, thick cylinder.

10.1 Introduction and literature review

Continuous spatial variation of volume fraction of a mix of material results in
functionally graded materials (FGMs). FGMs have evolved strongly in industrial
applications in last few decades. In terms of mechanical structures, hollow cylinders
are typically used as vessels for storing fluids and pipes fluid flow and have received
considerable attention among the researchers. The analytical solution for displace-
ment and stresses based on infinitesimal theory of elasticity in functionally graded
(FG) internally pressurized spherical and cylindrical vessels is presented by Tutuncu
and Orztuk [1]. In case of multilayered and cylindrically anisotropic pressure vessels,
the stresses are reported by Verijenko et al. [2]. The thermomechanical analysis of FG
cylinders under different loading conditions is reported by Tarn [3]. One-dimensional
study of thermal stresses under steady state in a thick annulus made of FGM is
presented by Jabbari et al. [4]. Based onmultilayered approach of theory of laminated
composites, the displacement and stresses for FG cylinder in thermal environment
are reported by Shao [5]. Based on Lame’s solution and assuming property variation
along the different layers, the exact solutions of multilayered cylinders are reported
by Xiang et al. [6]. Based on infinitesimal theory of elasticity, Tutuncu [7] reported
power series solutions of stresses and displacement for internally pressurized FG
cylindrical vessels. Closed-form solutions of stresses and strains within elastic limit
in disks with geometry and density variation under thermal load is presented by
Vullo and Vivio [8]. Peng and Lee [9] proposed a new technique for calculating
thermal stresses in a FG thick annulus under steady state conditions. In case of
press-fit orthotropic cylinders, analytical solution of the macro mechanical model
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is presented by Croccolo and De Agostinis [10]. Chen and Lin [11] assumed exponen-
tial function form to determine the stresses within elastic range for FG thick annulus
and reported the effect of grading on cylinder stresses.

Numerical approximation of elastic behavior of an FG hollow cylinder is
reported, based on Galerkin’s error minimization principle, assuming radial displa-
cement as the unknown dependent variable. The stress and displacement field in the
cylinder is evaluated based on series approximation. The relevant results are
reported in dimensionless form, and hence one can readily obtain the corresponding
dimensional value for all possible geometries through appropriate normalizing
parameters.

10.2 Mathematical formulation

Thick cylinder of inner radius, “a”, aspect ratio, “a/b” and length “h0” having graded
material property is investigated under plane strain assumption (Figure 10.1). The
cylinder is investigated under internal pressure, pa. At a certain pressure, i.e., limit
pressure, the maximum equivalent stress of the cylinder exceeds the yield limit
value, giving rise to yield initiation. The analysis is carried out under the assumptions
of linear-elastic material behavior. Application of pressure at the inner boundary
induces radial displacements depending on the boundary conditions. Based on
variational principle, the solution for the displacement field is obtained using
Galerkin’s error minimizationmethod. For a cylinder under plain strain assumptions,
strain energy U is given as

U =
1
2

ð
Vol

σεð Þdv= 1
2

ð
Vol

σθεθ +σrεrð Þdv (10:1)

While external work V is given by

V = −ð2πahpÞuja. (10:2)

Z

b

θ ξ

a

Pa

h0

Figure 10.1: Cylinder geometry.
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In the present work, μ = 0.3. Exponential grading of Young’s modulus [11] is con-
sidered as

E rð Þ=Eoeðβðr − aÞ=ðb − aÞÞ (10:3)

Eo is the Young’s modulus at inner radius and β assumes values (in the present
study, –2.0 to 2.0) to represent the property of FGM and is called the gradient
parameter. On substituting the constitutive relations followed by compatibility
equations in eq. (10.1), strain energy is obtained as

U =
πh

1 − 2μð Þð1 + μÞ
ðb

a

ð1 − μÞ EðrÞ u
2

r
+ EðrÞr du

dr

� �2
 !

+ 2μEðrÞ uð Þ du
dr

� �" #
dr (10:4)

The solution is obtained for radial displacement field using variational method based
on minimum potential energy principle:

δ U +Vð Þ=0, (10:5)

Substituting eqs (10.2) and (10.4) in eq. (10.5)

δ

"
π

1 − 2μð Þð1 + μÞ
ðb

a

ð1− μÞ EðrÞ u
2

r
+ EðrÞ 2μ uð Þ

ð1 − μÞ
du
dr

� �
+ rEðrÞ du

dr

� �2
 !" #

dr

−

ðb

a

up2πrdr

#
=0

(10:6)

In terms of normalized coordinate (ξ) and nondimensional space, ξ =
ðr − aÞ
ðb− aÞ, the

governing equation takes the following form:

δ

"
π�r

ð1− 2μÞð1 + μÞ
ð1

0

(
EðrÞð1−μÞ u2

ð�rξ + aÞ +EðrÞ
2μ u
�r

du
dξ

� �

+ EðrÞ ð�rξ + aÞ
�r2

ð1−μÞ du
dξ

� �2
)
hdξ − 2πahpuj0

#
= 0

(10:7)

Using a linear combination of sets of orthogonal coordinate functions in eq. (10.7),
displacement u(ξ) can be approximated as

uðξÞ=
X

cj’j, j= 1, 2, . . . , n (10:8)

158 Lakshman Sondhi, Subhashis Sanyal, Kashinath Saha, and Shubhankar Bhowmick



In eq. (10.8), φj are derived using Gram–Schmidt scheme wherein φ0, start function,
is selected to satisfy the boundary conditions. The boundary conditions for hollow
cylinder under internal pressure pa is as follows:

σrjðr = aÞ = −pa

σrjðr = bÞ =0

’0ðrÞ= pa2ð1 +μÞ
EðrÞðb2 − a2Þ

b2

r

� �
+ ð1− 2μÞr

� �
(10:9)

The governing equation is obtained as a set of algebraic equations by substituting
eq. (10.8) into eq. (10.7):

δ
�r

ð1 − 2μÞð1+μÞ
� �ð1

0

EðrÞð1 − μÞ Σcj’jð Þ2
ð�rξ+aÞ +EðrÞ

2μ
�r Σcj’j
� � d

dξ
Σcj’j
� �� �

+EðrÞð�rξ+aÞð1 − μÞ
�r2

d
dξ

Σcj’j
� �� �2

8>>>>><
>>>>>:

9>>>>>=
>>>>>;
hdξ

2
666664

−2ahpcj’j
��
0

#
=0

(10:10)

In eq. (10.10), the operator “δ” is replaced by @=@ci, i = 1, 2,. . ., n.
Applying Galerkin’s principle, the following governing equation is obtained:

�r
ð1− 2μÞð1 +μÞ
� �Xn

j = 1

Xn
i = 1

ci

ð1
0
EðrÞ

’ j’ i

ðrξ + aÞ+
μ
r
ð’′ j’ i + ’ j’′ iÞ

+ ðrξ + aÞ
r2

’′ j’′ i

8>>>><
>>>>:

9>>>>=
>>>>;
hdξ =pah0cj’ j

��
0

(10:11)

10.3 Results and discussions

The numerical values of E0 and σy0 for the cylinder material at the outer surface are
taken as 210 GPa and 350 MPa, respectively, and results are evaluated at internal
pressure of 100 MPa. The results are reported for grading parameter, β ranging from
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2 to –2. The proposed methodology is validated in [11] and a very good agreement is
reported. Following normalized variables are used:

�r =
r − a
b− a

, �E =
EðrÞ
E0

, �σ =
σðrÞ
p

, �σy =
σyðrÞ
σy0

, �u=
u EðrÞ
b p

, �σ =
σ
σy0

In Figure 10.2, Young’s modulus variation for different grading parameter is plotted.
It is evident from eq. (10.3) and Figure 10.2 that positive β value results in cylinder
with increasingmodulus along the radius while negative β ensures that the cylinder
is stronger at the inner radius. The results are calculated for internally pressurized
cylinders of aspect ratio (a/b) 0.3 and 0.5 at different grading parameter, β.

In Figure 10.3(a)–(c) the normalized displacement and stresses are plotted for
cylinder with aspect ratio 0.5. In Figure 10.3(a) it is evident that for positive β, the
displacement at inner radius is minimum and increases at locations away from the
center, thus experiencing a “pull” in terms of material flow or displacement at
the center of the cylinder. However for negative β, the displacement is maximum at
the inner radius with decreasing magnitude at locations near the tip. This in general
would result in a “push” to the material flow or displacement. The normalized radial
and tangential stresses are shown in Figure 10.3(b) and 10.3(c), respectively. The effect
of “pull/push” resulting from radial variation of displacement is evident on the radial
and tangential stresses. In Figure 10.3(b)–(c), the results are compared with Chen and
Lin [11] establishing the validity of the present methodology. Interestingly, the varia-
tion of displacement and stresses with β plotted in Figure 10.3 points toward the
possibility of attaining constant displacement irrespective of radial location within
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Figure 10.2: Variation of material properties for the FG cylinder.
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the cylinder by careful tailoring of material at a certain β value that would result in
uniform tangential stresses throughout the radial coordinate.

In Figure 10.4(a)–(c), similar results are plotted for cylinder with aspect ratio 0.3.
The displacement and stresses of the cylinders give a good insight into the effects of
grading parameter β on the performance of cylinder.

10.4 Conclusions

A numerical scheme is proposed to approximate the solution of deformation and
stress distribution in a hollow cylinder subjected to internal pressure and is made of
FGM. A strong concurrence with existing benchmarks established the validity of the
proposed approximation. The influence of the gradient parameter β is studied on the
stress and displacement field of the cylinder. The results obtained present a good
insight into the variation of stress and deformation with grading parameter β and
reveal the existence of grading parameter resulting in uniform strength cylinder.
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