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Preface
The domain of functionally graded materials (FGMs) is enormous and attracts the 
keen interest of researchers worldwide. Corresponding to enhanced understanding 
of the concepts of material customization, the global manufacturing scenario has 
witnessed remarkably enhanced FGM applications. The fabrication of FGMs has 
also seen numerous innovative trends over the last few decades. The aim of this book 
is to strengthen the collaborative research practices undertaken by FGM research 
groups worldwide and to present a consolidated idea of different aspects of FGMs to 
the materials and manufacturing researchers.

The editors of this book started working together as a research team in differ-
ent aspects of materials and realized the severe need to consolidate the undergoing 
research work on different aspects of FGM worldwide. Effort has been undertaken 
by the editing team to include various aspects of FGMs. The chapters included in 
this book have been briefly introduced here to make the reader well versed with the 
overall content.

Chapter 1 discusses different FGMs concepts, especially their types, fabrication 
methods, and application areas. The chapter concludes with a discussion on various 
ongoing research efforts in the field of FGM.

Chapter 2 details the different FGM fabrication techniques including liquid 
phase, vapor phase, and solid phase processing. It proceeds to discuss FGM deposi-
tion techniques and also overview different additive manufacturing (AM) techniques 
for FGM fabrication in practice. It concludes with a discussion on challenges and 
future potential in the domain of FGM fabrication.

Chapter 3 describes various liquid phase processing techniques for FGMs. The 
chapter presents a detailed discussion on centrifugal casting, centrifugal slurry pour-
ing, centrifugal pressurized casting, slip casting, tape casting, infiltration, and gel 
casting methods. The chapter concludes with a critical analysis of the various liquid 
phase processing techniques of FGM fabrication.

Chapter 4 details various gaseous phase processing techniques for FGMs such as 
thermal spray, physical vapor, and chemical vapor deposition techniques. It further 
presents an overview of the computational analysis, and mechanical and thermal 
behavior of FGMs especially with respect to gaseous phase techniques. It concludes 
with a summary of applications of FGMs especially in nanocomposites, thermal bar-
rier coatings, bioceramics, concrete structures, etc.

Chapter 5 presents a detailed discussion on different AM methods for FGM fab-
rication. This includes directed energy deposition, powder bed fusion, extrusion-
based, vat photopolymerization, material jetting, and hybrid AM methods. This is 
followed by a discussion on the state-of-the-art material systems. The chapter finally 
concludes with a brief summary of challenges, future potential, and prospects in the 
domain of FGM fabrication via the AM route.

Chapter 6 presents a case study for the biomedical application of FGM fabricated 
via the fused filament fabrication method. Study of human bone density variation 
at various cross-sections using digital image processing technique is undertaken. 
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An algorithm capable of extracting useful data from an image based on the density 
variation of bone and its variability which is dependent on the value of grayscale 
for each pixel is developed. The chapter concludes with a discussion of the utility of 
FGMs in biomedical applications.

Chapter 7 discusses the recent advancement in the analysis of FGM structures. 
Their bending, vibration, and buckling analysis is then discussed in detail. The 
chapter concludes with a detailed discussion on the future scope of FGM structures.

Chapter 8 presents a case study involving the analysis and modeling of smart FGM 
structures. A discussion on their bending and vibration aspects is then presented. 
Smart composite materials and structures are discussed. Nonlinear static analysis 
of smart FG plates combined with active fiber composite as piezoelectric material is 
then presented. Simulation models are developed and validated for these plates using 
AYNSYS software. The chapter concludes with a summary of the case study.

Chapter 9 presents a case study on the dynamic analysis of porous sandwich 
functionally graded material plate with geometric nonlinearity. Sandwich plate with 
a homogeneous core has been analyzed for the nonlinear thermodynamic response. 
The geometrical nonlinearity in the von Karman sense is considered.

Chapter 10 overviews different applications, recent trends, and the future scope 
of FGMs.

This book is completed with an intent to provide anyone a one-stop destination 
for understanding all the aspects of the FGMs starting from their conceptual under-
standing to their fabrication methods, simulation, and modeling techniques to case 
studies, application to trends, etc. Its aim is to be a landmark work for understand-
ing, fabricating, analyzing, and applying different FGMs by various research groups, 
including manufacturing and material science practitioners. The primary motivation 
behind the present book is to fulfil the societal responsibility of sharing knowledge 
with fellow researchers and the manufacturing community and to create a platform 
from which altogether newer avenues may emerge. The editors have tried their level 
best to include different aspects of FGMs. The contributors have specifically been 
requested to keep the language at its simplest best technically to enable readers from 
all over the world to utilize the information shared in this work. The editor group 
most humbly welcomes all the queries, advice, and observations from readers towards 
improvement of the quality of our work in future book editions. The editor group also 
prays to the Almighty that this work serves its purpose of benefiting its readers and 
enabling them to come up with their own innovations in the field of FGMs.

MATLAB® is a registered trademark of The MathWorks, Inc. For product informa-
tion, please contact:

The MathWorks, Inc.
3 Apple Hill Drive
Natick, MA 01760-2098 USA
Tel: 508 647 7000
Fax: 508-647-7001
E-mail: info@mathworks.com
Web: www.mathworks.com

http://dx.doi.org/info@mathworks.com
http://www.mathworks.com
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1 Functionally Graded 
Materials
An Introduction

Rasheedat Mahamood, TC Jen, 
Stephen Akinlabi, Sunir Hassan, Michael Shatalov, 
Evgenii Murashkin, and Esther Akinlabi

1.1 � INTRODUCTION

Functionally graded materials (FGM), as the name implies, are materials that are 
tailored based on the functionality required from the material. Functionally graded 
materials were first proposed in Japan in the 1980s to be used in a space project 
(rocket engine) [1]. The researchers were confronted with the problem of develop-
ing a material that could withstand a high temperature difference. The traditional 
composite materials that were tried for this project kept failing due to delamination 
of the metal and ceramic materials used. The failure was attributed to the existence 
of a sharp distinct interface between the materials. These researchers thought that if 
the sharp interface between the materials of the laminate composite could be elimi-
nated, then the composite failure could be averted. That was when the researchers 
came up with the idea that, instead of joining two dissimilar materials, the materials 
should be gradually introduced to each other. Traditional laminate composite mate-
rials involve joining two different materials where the interface between the two 
materials is a transition of one material into another in an instance. This interface 
is a site of high concentration factor and the site where failure is usually initiated. 
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The reason is that the two materials recognize each other as different materials, 
and it is easy for the two materials to de-bond when subjected to extreme work-
ing conditions. Imagine a scenario where a material is gradually added to another 
material such that the first or the base material only sees the second material as 
an impurity that is scattered within it. If such a base material is subjected to harsh 
working conditions, it will be difficult to separate the second material from the first. 
Figure 1.1 shows a schematic diagram of FGM and traditional composite material. 
The Japanese researchers discovered that by replacing the sharp distinct interface 
between two materials in a laminate composite material with a gradual or graded 
interface, then the problem of delamination in the composite material will be solved. 
These researchers developed a novel composite material by gradually introducing 
the second material into the base material such that the second material was gradu-
ally increased in percentage in the base material from 0% to 100%. In this way, the 
sharp interface was eliminated, and a novel material called FGM was developed. 
Since then, FGMs have found applications in numerous fields [2].

Functionally graded materials exist in nature such as bone, teeth, wood, and bam-
boo [2, 3]. By examining each of these materials, one finds out why nature made them 
to be so. Teeth consist of an external part made of very hard material while the core 
is made up of soft and tough material. These two materials have different properties, 
and they can perform the function that nature intended of them with their conflicting 
properties. Enamel is the white and the hardest outer part of a tooth that is made of 
calcium phosphate. Dentin is a hard tissue consisting of microscopic tubes underly-
ing the enamel. Pulp is softer tissue where blood vessels and nerves run through, 
underlying the cementum. The cementum is a layer of connective tissue binding the 
roots of the teeth firmly to the gums and jawbone. Whenever nature wants to add two 
mismatched materials, there is usually an FGM in the interface or transition zone 
of such materials. Another example of this is the transition zone between the bone 
and cartilage. Bone is a hard material while cartilage is a soft material; in between 
a bone and cartilage is a transition zone that is FGM. Figure 1.2 shows a diagram 
of a typical human bone [2]. It can be seen how nature has crafted these dissimilar 
materials to serve the functionality requirement of a tooth. Scientists have always 

FIGURE 1.1  (a) Schematic diagram of a functionally graded composite material and 
(b) traditional laminate composite material [2].
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taken cues from nature to solve scientific and technological problems. Artificial neu-
ral networks are an example of that. An artificial neural network imitates the human 
brain neural network and how it processes information. Artificial neural networks 
have been used to solve many engineering problems. Functionally graded materials 
have also been used to solve several engineering problems that range from the field 
of automobiles to structural elements [4]. In this chapter, an overview of different 
types of FGM is presented. The methods of fabrication and areas of application are 
also highlighted. Some of the research efforts in this field are also presented.

1.2 � FUNCTIONALLY GRADED MATERIALS IN NATURE

Nature has a way of teaching us lessons. Scientists and engineers have always turned 
to nature when they are confronted with one problem or another. Functionally 
graded materials exist in nature serving their intended functions very well which 
has inspired scientists and engineers. Bamboo is an example of naturally existing 
FGM with a non-uniform distribution of constituent material and of varying micro-
structure [2]. Wood is another important FGM existing in nature. Wood is made 
up of cellulose and lignin with the lignin forming the matrix while the cellulose is 
dispersed in varying degrees across the entire material. Some tissues and organs in 
the human body are naturally occurring FGMs, including human skin, bone, and 
teeth. Whenever there is attachment of one tissue to another in the human anatomy 
such as in joints, the transition is usually through FGMs. Such transition zones are 
such that one material is gradually introduced to the other material until the new 
material completely replaces the initial material. By so doing, the stress concentra-
tion that is usually associated with having two different materials joined is elimi-
nated. Examples of these include the transition between bone and cartilage, bone 
and tendon, etc. These transition zones are called ligaments [2]. There are quite 

FIGURE 1.2  Schematic diagram of human bone showing FGM structures [2].
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a lot of FGMs existing in nature that have inspired scientists and engineers and have 
been used to solve engineering and medical problems. There are different types of 
functionally graded materials that have been created after the first was produced in 
Japan. The next section discusses the various types of FGMs.

1.3 � TYPE OF FUNCTIONALLY GRADED MATERIALS

Functionally graded materials can be broadly classified into three types, namely: 
porosity gradient, compositionally or chemical gradient, and microstructure gra-
dient FGM [2]. An example of a porosity gradient FGM that occurs in nature is 
bone; the varying degree of porosity gives bone its sponginess characteristics. A few 
artificial porosity gradient FGMs have been created for different engineering and 
biological applications [4, 5]. Compositionally graded materials are other types of 
FGM that occur naturally; examples include human teeth. Several compositionally 
graded materials have also been created by scientists for engineering and medical 
applications. Microstructural gradient FGMs occur naturally in bamboo. Artificial 
microstructurally gradient FGMs are produced usually in a monolithic material such 
as pure metal. They are achieved by solidifying a molten metal in a controlled man-
ner, that is, by varying the cooling rate, eventually yielding the desired controlled 
varying microstructure [2].

1.4 � METHODS OF FABRICATION OF 
FUNCTIONALLY GRADED MATERIALS

Functionally graded materials are used as surface coatings (thin coatings) and as 
bulk material depending on the intended application. Functionally graded thin coat-
ings are usually produced when there is a need for the surface properties to be dif-
ferent from the properties of the bulk materials. For example, if the surface of a 
material will be engaging in a sliding motion with another surface, this makes it 
necessary for such material to have a surface property with high wear resistance. 
If the bulk material does not possess such property, then it becomes imperative 
to fabricate a hard surface with wear resistance properties. A functionally graded 
thin coating is the choice here because the sliding wear mechanism will subject 
the material to harsh working conditions which will result in rapid breakdown if 
the coating is not functionally graded. A functionally graded thin coating ensures 
that the coating does not break down when materials are subjected to an extreme 
working environment. There are various methods now available for manufactur-
ing functionally graded materials [6]. These fabrication methods are classified into 
two categories, namely: the fabrication of functionally graded thin coatings and the 
fabrication of functionally graded bulk materials [2]. Methods of fabrication of func-
tionally graded thin coatings include the chemical vapor deposition process, physical 
vapor deposition process, friction stir processing, self-propagating high-temperature 
synthesis process, and additive manufacturing processes. Methods that have been 
used to fabricate bulk functionally graded materials include powder metallurgy, 
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casting, and additive manufacturing processes. Each of these fabrication methods 
has been used to successfully fabricate functionally graded thin coatings or function-
ally graded bulk materials [7]. All the fabrication processes for functionally graded 
thin coatings mentioned except additive manufacturing are employed after the part 
has been produced as a finishing manufacturing process. Additive manufacturing 
(AM) processes on the other hand are advanced manufacturing technologies that 
can produce three-dimensional (3D) components directly from a 3D computer-aided 
model of the part simply by adding materials layer after layer until the fabrication is 
completed [8]. In addition, the manufacturing method can also be used to fabricate 
parts made up of FGM as well as parts with thin coatings of FGM. These can be 
achieved in one manufacturing run. That is, unlike in other processes where the 
part is first produced with different manufacturing processes and then finished with 
another process to produce the FGM thin coating, AM can be used to produce parts 
no matter the complexity and with FGM bulk material or a surface thin FGM coat-
ing in one manufacturing run. AM has the capability to use multiple materials and 
when programmed into the AM machine, the desired part can be produced and with 
the required compositional make-up and desired surface properties. AM is a layered 
manufacturing process in which materials are added layer by layer, making it easy to 
vary the material composition as desired. Some of the areas of application of FGMs 
are presented in the next section.

1.5 � AREAS OF APPLICATION OF FUNCTIONALLY 
GRADED MATERIALS

Functionally graded materials have found applications in many fields, and the appli-
cation areas also keep expanding. Some of the areas of application of FGM include 
the aerospace, biomedical, automobile, defense, electrical, electronics, energy, 
marine, opto-electronics, and materials development industries. Functionally graded 
materials are now being used to develop new materials because of the unprecedented 
properties evolving from them. With the development of solid-state material process-
ing techniques, novel materials can now be developed. The combination of dissimi-
lar materials that cannot be achieved using traditional manufacturing technologies is 
now possible with advanced manufacturing technologies such as additive manufac-
turing technologies and friction stir processing leading to the development of novel 
high-performance functionally graded bulk and thin coating materials [9–16]. Some 
application areas of FGM are summarized in Figure 1.3 [2].

1.6 � RESEARCH EFFORTS IN FUNCTIONALLY GRADED MATERIALS

Functionally graded materials have gained a lot of attention in the research commu-
nity due to the importance of these revolutionary materials [17–20]. There has been 
constant striving to improve the FGM material properties and in the development of 
novel FGM materials through combinations of dissimilar materials. Some of these 
research works are highlighted in this section.
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Santhosh et al. [21] developed a numerical model for FGM using friction stir 
processing and studied the mechanical properties and temperature distributions 
with COMSOL Multiphysics software. The authors carried out a numerical analy-
sis of the developed aluminum 6061 T6 alloy and SiC in-situ metal matrix using 
friction stir processing. The temperature distribution of the developed FGM mate-
rial was analyzed with a three-dimensional finite element method using COMSOL 
Multiphysics software. The study revealed that linear property variation exists over 
the entire volume of the produced functionally graded materials. Rajasekhar et al. 
[22] developed four dissimilar-layered volume fractions of FGMs of Al–Cu using 
powder metallurgy. Premixed powders at different volume fractions of Cu powder 
(0, 5, 10, and 15 wt.%) were hot pressed using a pressure of 400 MPa and then sin-
tered at 550°C for 3 h each layer at a time and in turn. Studying the mechanical and 
microstructural properties of the FGM shows that the material composition distribu-
tion changes gradually across the layers. The study revealed an improvement in the 
mechanical properties of the FGM of Al–Cu produced. Also, the densification was 
found to increase with increasing Cu content in the FGM. Chandrasekaran et al. [23] 
investigated the suitability and effectiveness of FGMs for marine risers. The authors 
proposed a high corrosion-resistant functionally graded material of duplex stain-
less steel and carbon-manganese steel for the risers for marine applications using 
wire-arc additive manufacturing (WAAM). The investigation revealed that there is 
a marginal increase in the ultimate strength of produced FGM which was attributed 
to the formation of a fine solidified microstructure without any defects. The dif-
fusion of elements was also observed to have occurred at the interface causing a 
coalescence zone between the two materials. Secondary phases are also seen in the 
microstructure consisting of pearlite, bainite, and martensite finely distributed in 

FIGURE 1.3  Areas of application of FGM [10].
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the ferrite matrix. This is responsible for the variation of hardness values observed 
along the build direction. The corrosion resistance behavior was found to be greatly 
improved. Shen et al. [24] produced an FGM of Fe–Fe3Ni using a wire-arc additive 
manufacturing process. The authors studied the as-fabricated FGM and heat-treated 
FGM. The as-fabricated FGM was found to contain both fcc-Fe3Ni and bcc-a-Fe 
while the heat-treated FGM samples contained mainly bcc-a-Fe that had dissolved 
into the Fe3Ni matrix that resulted in lower hardness in the heat-treated FGM. The 
microstructural study showed that the heat-treated FGM sample contained consider-
able growth of columnar grains in the region with high Ni content and transformed 
the cellular structures seen in the low-Ni-content region into bainite and residual 
austenite. Mohebbi et al. [25] investigated the use of numerical methods based on the 
finite-difference method to solve steady-state heat conduction problems in FGMs. 
Two different types of material gradations, namely, quadratic and exponential mate-
rial gradations, were investigated. The results revealed that the proposed numeri-
cal approach is robust, and the thermal conductivity was not much affected by the 
introduction of a significant measurement error. Markandan et al. [26] investigated 
the feasibility of fabricating FGMs using selective heat melting (SHM). The authors 
successfully produced a 3D-printed iron (Fe)–polyethylene (PE) composite, a cop-
per (Cu)–polyethylene (PE) composite, and functionally graded CuO foams using 
the SHM technique. The study revealed that to produce fully dense materials, a low 
feed rate, high airflow rate, and high airflow temperature were required to efficiently 
deliver heat from the emitted hot air to the powder bed so that the PE binder particles 
can melt and form dense composites with smooth surfaces. This study showed that 
selective heat melting can be used to produce multi-material composites and FGMs. 
Figure 1.4 shows scanning electron microscopy images of an FGM of CuO foams 
with the Cu fraction ranging from 10 vol.% to 30 vol.% Cu.

Su et al. [27] fabricated Inconel-steel FGMs using additive manufacturing tech-
nology by varying the composition of Inconel in 316 L incrementally from 0% to 
100% and studied the influence of the composition gradient on the microstructure 
and mechanical properties. The results showed that the microstructure of all the FGM 
samples consisted of columnar dendrites and fine equiaxed grains. It was observed 
that when the Inconel718 content exceeded 40%, laves phase precipitates were seen in 
the interdendritic regions. Grain coarsening was also observed in FGM samples con-
taining a relatively small composition gradient of between 5% and 10% due to serious 
heat accumulation. The micrographs of the FGM samples are shown in Figure 1.5.

The microhardness was found to first decrease at low percent composition and 
then increase. As the composition gradient decreased, the range of microhardness 
variation increased along the deposition direction. The fracture mechanism of 316/
Inconel718 FGMs was due to aggregate of microporous which was caused by laves 
phase precipitation thereby forming the micro-pores. The highest ultimate tensile 
strength of 527.05 Mpa and the highest elongation of 26.21% were attained by a 
sample containing a composition gradient of 10%. In another study conducted by 
Luginina et al. [28], spark plasma sintering (SPS) was used to produce an FGM of 
HA/bioactive glass. The study revealed that the optimized process parameters of 
800°C/2 min/50 MPa produced a highly dense FGM sample with better mechanical 
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and biological characteristics in simulated body fluid (SBF). The authors concluded 
that the FGM produced can be tailored for biological response for specific clinical 
applications. Pradeep and Rameshkumar [29] reviewed the production of function-
ally graded materials using a centrifugal casting method. The influence of processing 
parameters such as processing temperature, cooling rate, rotational speed of mold, 
particle size, and density on the properties of fabricated centrifugally cast FGM was 
analyzed. A proper understanding of processing parameters in the centrifugal cast-
ing method is useful in the designing of FGMs. Geng et al. [30] studied the fabrica-
tion of Ti6Al4V FGM using laser surface modification (LSM). A microstructural 
FGM was produced on the surface of Ti6Al4V in this study. The surface of the 
Ti6Al4V was modified to consist of an FGM microstructure which was achieved by 
applying nine sets of different LSM process parameters to these samples. The results 
showed three microstructural zones consisting of a martensitic layer, a transition 
layer, and the unprocessed or original microstructure of the Ti6Al4V. The transition 
zone microstructure was seen beneath the martensitic zone which is on the surface 
of the sample consisting of larger, equiaxed grains and some martensitic α phase, 
i.e., martensitic α, equiaxed α, and the grain boundary β. The authors also developed 
a dual phase crystal plasticity finite element model to predict the tensile property of 
the FGM. The hardened surface zone prevented the propagation of continuous slip 
bands, while the transition zone prevented excessively sharp stress concentrations 

FIGURE 1.4  Scanning electron microscopy images of CuO foams with Cu fraction of 
(A) 10 vol.%, (B) 15 vol.%, (C) 20 vol.%, and (D) 30 vol.% [26].
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between the outer surface and interior of the samples. The results revealed that the 
hardened martensitic alpha surface zone helped to improve the tensile property by 
preventing the propagation of continuous slip bands. Also, the transition zone helps 
to reduce stress concentrations and prevent the breakdown potential of the martens-
itic surface and the equiaxed microstructure at the core of the samples, that is, the 
original microstructure.

An overview of research progress in metallic FGMs produced using laser metal 
deposition processes was conducted by Yan et al. [31]. Recent findings in the design, 

FIGURE 1.5  The microstructure of 316 L/Inconel718 FGM obtained from component A: 
(a) 100% 316 L; (b) 80% 316 L + 20% Inconel718; (c) 60% 316 L + 40% Inconel718; (d) 40% 
316 L + 60% Inconel718; (e) 20% 316 L + 80% Inconel718; (f) 100% Inconel718 [27].
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fabrication, and characterization of different types of metallic FGMs using LMD 
were analyzed. Also, the challenges in producing metallic FGMs through the LMD 
route were highlighted. Model development and numerical simulation were also pro-
posed for further studies. Zhang et al. [32] produced fully dense FGMs of TiC–Ni 
using combustion synthesis and the hot compaction of Ti, C, and Ni powders under 
a hydrostatic pressure simultaneously. Finite element analysis was employed to opti-
mize the composition gradient achieved by stacking different powder mixtures of 
desired compositions. The results revealed that the microstructure varies gradually 
throughout the volume of the samples. The mechanical properties of the produced 
FGM were found to be dependent on the amount of Ni content with the optimum 
at an Ni content of 20 wt.%. The maximum in fracture toughness was obtained at 
30 wt.% Ni. Young’s modulus was found to decrease with increasing Ni content.

1.7 � SUMMARY

FGMs have been introduced in this chapter. Japanese researchers were confronted 
with the problem of composite failure through delamination when trying to develop a 
suitable composite material for a harsh working environment in a space project. This 
quest to solve the problem led to the development of FGM. FGMs exist in nature, 
and some of them are presented. Types of FGMs and areas of application of FGMs 
are also highlighted. Functionally graded materials are an active research area, and 
some of the current research works in this field are also presented.
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2.1 � INTRODUCTION

Functionally graded materials (FGMs) are combinations of different materials, 
wherein the microstructure/composition/porosity changes in a continuous or dis-
crete manner along specific dimensions. The material gradient was first designed 
and created to decrease thermal stresses due to the temperature of ceramic and metal 
interfaces in 1983 meant for Japan’s space shuttle project. The function and design 
of FGMs can be different externally and internally as per the desired structure and 
composition. The non-uniform distribution of structure and composition results in 
the desired properties for specific applications. The idea of composition is not a 
modern invention; several examples of FGM structure are available in nature, such 
as culms of barley and bamboo, seashells, bone, and teeth. These structures entirely 
match modern FGMs in respect of desired functions and properties at the required 
region. FGMs have numerous applications in the field of engineering such as auto-
motive, aviation, biomedical, the manufacturing and mining industry, etc. [1]. The 
diverse applications have contributed appreciably to the extensive research on a wide 
variety of projects related to the development of FGMs. However, the production 
of FGMs is critical to the successful utilization of the concept of graded material 
structures.

Thus numerous methods of producing FGMs have emerged over the years to 
fulfill the demand for these marvelous materials in diverse engineering applica-
tions. A range of FGM production methods, for instance chemical vapor deposi-
tion, powder metallurgy, physical vapor deposition, and centrifugal casting, etc., are 
available [2]. Also the state-of-the-art additive manufacturing process has evolved 
over the years for developing FGMs with a variety of thicknesses (coating or bulk) 
and material combinations (metal/ceramic/polymers) [2]. From the first reported 
FGMs to the most recent one, the different production methods can be categorized 
in several ways. Initially these methods were grouped according to the material 
combination, such as ceramic/ceramic, metal/ceramic, metal/metal, and ceramic/
polymer. A number of categorizations exist to illustrate the FGM production meth-
ods by graded type (microstructure, composition, and porosity), state (solid, liq-
uid, and vapor), structure (continuous and discrete), dimensions and scale (thin and 
thick), graded nature (constructive and transport), feasible form complexity, the 
field of application, energy consumption, environmental impact, and overall pro-
cess expenditure [3].

This chapter enumerates the advancement of FGM fabrication techniques over 
time on the basis of existing research on preparation methods. Here the fabrica-
tion techniques are categorized according to the state of materials while process-
ing, so the function and area of application can be recognized to control as well as 
enhance FGM properties. The operating principles of fabrication techniques along 
with examples of adopted material systems are explained in brief with advantages 
and limitations. Initially the liquid phase processing techniques (such as centrifu-
gal casting, tape casting, infiltration, and cast-decant-cast) are discussed, followed 
by an explanation of vapor phase processing practices (for example physical vapor 
deposition and chemical vapor deposition, etc.). Subsequently solid phase processing 
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techniques such as powder metallurgy are elaborated. Finally a state-of-the-art addi-
tive manufacturing process is described. At the end of the chapter the future poten-
tial and conclusions are presented.

2.2 � CLASSIFICATION OF FUNCTIONALLY GRADED 
MATERIAL FABRICATION TECHNIQUES

Efficient fabrication techniques are critical to the commercialization of FGMs. The 
processing methods available for the preparation of homogeneous structures (for 
instance centrifugal casting and powder metallurgy) are useful for attaining struc-
tures with properties gradient, but the limitations of these methods restrict their gen-
eralized application. However, based on the state of material while processing, the 
existing fabrication techniques can be categorized as liquid phase processing (cen-
trifugal casting, tape casting, infiltration technique, and cast-decant-cast technique), 
vapor phase processing (physical vapor deposition and chemical vapor deposition), 
solid phase processing (powder metallurgy techniques, friction stir processing), 
additive manufacturing, and deposition techniques. These prominent techniques are 
explained in the following sections briefly.

2.3 � LIQUID PHASE PROCESSING TECHNIQUES

There are numerous techniques that can be grouped in the liquid state method of 
developing FGMs such as tape casting, centrifugal force methods, and infiltration, 
etc. These processing methods can fabricate materials with graded properties, and 
the majority of these processes are comparatively less costly. However, the deficien-
cies of these techniques are the complexity in organizing the gradient and absolute 
wettability amid materials. Also the metal in molten state can create several defects 
in the final product. The most effective liquid phase processing techniques (the cen-
trifugal force-based technique, tape casting, infiltration technique, and cast-decant-
cast process) adopted by researchers for the preparation of FGMs are explained in 
the following subsections.

2.3.1 � Centrifugal Force-Based Technique

In some of the processing techniques centrifugal force is the driving element in the 
fabrication of bulk FGMs having a continuous gradient with specific attributes that 
can be suitable for various industrial uses. With this technique, the centrifugal force 
generated by the rotation of the mold causes the non-uniform distribution of different 
material phases in the radial direction. There are a number of processing methods 
employed in the production of FGMs working on the principle of centrifugal force, 
for instance centrifugal casting, centrifugal pressurization, and the centrifugal slurry 
method. Also lots of research has been performed to prepare FGMs from a variety of 
material systems using centrifugal force as the driving element, which is explained 
in the following subsections.



16 ﻿Functionally Graded Materials (FGMs)

2.3.1.1 � Centrifugal Casting Technique
Centrifugal casting is a liquid phase processing technique, and it is most viable as 
well as reliable way to fabricate continuous graded FGMs. In history the first pat-
ent was granted in 1809 in the name of A. G. Echardt for using a centrifugal cast-
ing technique. However, the commercial use of centrifugal casting was started in 
Baltimore for the fabrication of pipes in 1848. Subsequently, in 1990, this technique 
was adopted to create components with a composition gradient, and nowadays it 
is the most appropriate process applied for the preparation of FGMs, wherein the 
molten metal is filled via gravity force into the mold under the influence of various 
operating parameters, i.e. feed speed, rotational speed, and the temperature of mold 
preheat. The gravity force as well as centrifugal force works upon the mold because 
of the spinning or rotational motion. The centrifugal force is generated by density 
variation amid the materials mixed together, after the properly mixed molten metal 
is poured into the rotating mold. The mixer contains two types of materials; one is 
the base metal or matrix and the other is reinforcement. The presence of such forces 
results in the effective filling of the mold with the benefits of successful control of the 
microstructure and improved mechanical properties [4]. The key benefit of centrifu-
gal casting for the fabrication of FGMs is the ability to develop a continuous gradient 
by using the centrifugal force. But this method is capable of developing primarily 
symmetrical and simple shapes such as cylinders, tubes, and bushes, etc., which is 
the major drawback. Also the gradient is restricted by density difference and the 
centrifugal force of the ingredient materials.

Abundant research work is available on the preparation of FGMs by centrifu-
gal casting using several matrix materials (aluminum (Al), copper (Cu), magnesium 
(Mg), etc.) and reinforcement (silicon carbide (SiC), zirconium trialuminide (Al3Zr), 
aluminum oxide (Al2O3), Si3N4, TiC, ZrO2, etc.). In order to control the desired qual-
ity of gradient, several factors need to be considered, i.e. the type of matrix as well 
as reinforcement material, pouring temperature, rotational speed, weight fraction, 
mold preheat, and solidification rate. The centrifugal casting of FGM is performed 
in two kinds of machines, a horizontal type employed in the production of long-piece 
and a vertical type employed for the fabrication of short-length parts. Figure 2.1 
shows a representative diagram of centrifugal casting. The centrifugal casting pro-
cess for the fabrication of FGMs can be categorized as a centrifugal in-situ system 

FIGURE 2.1  Representative diagram of centrifugal casting [4].
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and centrifugal solid particle system on the basis of the relation between the rein-
forcement and the matrix.

2.3.1.1.1 � Centrifugal Solid Particle Technique
In the centrifugal solid particle technique, a functionally graded tube with gradual 
property variation is fabricated from a molten metal containing two components, 
i.e. the matrix and reinforcement. The difference between the melting temperature 
of the matrix (base metal) and that of the reinforcement (particles) material is used 
as the driving element in the creation of the composition gradient, wherein the melt-
ing temperature of the reinforcement is higher than that of the matrix. Thus the 
reinforcement remains in solid state while processing and is segregated in the radial 
direction due to the centrifugal force. The heavier material is collected at the outer 
and lighter material on the inner region of a functionally graded (FG) tube. The solid 
particles rotate due to the effect of centrifugal force according to Stoke’s law, i.e. 
larger particles migrate through larger distances.

The commonly adopted matrix materials are Al, Cu, and Mg along with rein-
forcement materials such as Al2O3 and SiC. The quality of the microstructure and 
the material properties are significantly affected by the mold rotation speed, particle 
weight fraction, particle size, viscosity of the matrix material, solidification time, 
and cooling rate. In general the adopted range of rotational speed is 600–2500 revo-
lutions per minute (rpm), and up to 1500 rpm the material properties are improved 
with satisfactory particle distribution and gradient thickness. Then beyond this rota-
tional speed the increase in centrifugal forces leads to particle agglomeration and 
property degradation. It was ascertained from earlier research that the revolution 
speed 1200 rpm is optimum to achieve the graded attributes with satisfactory parti-
cle distribution in the thickness/radial direction. Additionally, experiments revealed 
that increases in particle size and weight fraction also enhance material properties 
but after a certain limit they were degraded. In earlier research, the weight fraction 
percentage range varied from 2.5 to 20 wt.%. But the most favorable weight frac-
tion for developing functionally graded composites with satisfactory particle filling 
capacity was identified as 10wt.% particles by prior research work [5].

2.3.1.1.2 � Centrifugal in-Situ Technique
In this method the melting temperature of the reinforcement material is lower than 
that of the matrix and a gradient is created by applying centrifugal force during 
solidification. This method is found to be identical to the fabrication of in-situ com-
posite by the crystallization technique. The gradient is developed due to a differ-
ence in density between the reinforcement and matrix materials, until the material 
mixture is in liquid state prior to the primary crystal formation. The primary crys-
tals are generated in the matrix material because of the local chemical composi-
tion, followed by precipitation due to the difference in density. The reinforcement 
distribution mainly depends upon the shape of the end product, and parts produced 
are highly dense in the outer region compared to the inner. The quality of prepared 
gradient is significantly influenced by the mold rotation speed, preheating tempera-
ture, cooling rate, and pouring temperature [6]. Researchers have developed in-situ 
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FGMs of Al–A12Cu, Al–Mg/AlB2, NbC–high chromium white cast iron, and Al–
Mg2Si. Also the most preferred processing mold preheat temperature ranges from 
30 to 250°C, wherein the optimum condition is 30°C [7]. The preferred mold coat-
ing materials are graphite, fiberfrax, and boron nitride, where graphite is most suit-
able. Moreover the material feed speed should vary from 5 to 50 mm/s, wherein 
16 mm/s is optimum for horizontal centrifugal casting machines. The molten mate-
rial stirring speed and time should vary in the range of 100–600 rpm and 5–20 min, 
respectively. However the optimum stirring speed and time are 150 rpm and 10 min 
respectively. Also the reinforcement size ranges from 9 to 120 µm and the ideal size 
is 16–23 µm. The prime benefit of this method is the ability to develop a continuous 
gradient, and the limitation is that only cylindrical-shaped FGMs can be fabricated. 
Another method using centrifugal force for preparing a composition gradient is the 
centrifugal slurry method [2].

2.3.1.2 � Centrifugal Slurry Pouring Technique
Although powder metallurgy process is very advantageous for producing the FGMs, 
continuous graded properties cannot be prepared. Researchers created a new method 
named the centrifugal slurry process to fabricate a continuous gradient by using pow-
der metallurgy and centrifugal casting together. In this method two types of particles 
are present, low-velocity or small-sized or low-density particles and high-velocity 
or large-sized or high-density particles. These two different kinds of particles are 
mixed in liquid inside the rotating mold and due to their different characteristic 
amounts of centrifugal force, the migration rate is also different, which results in a 
continuous composition gradient. Subsequently liquid slurry is taken out after the 
completion of sedimentation and green body undergoes a sintering process to get 
the finished product. However, another difficulty occurred during fabrication due 
to accumulated high-density particles at the bottom of the rotating mold prior to 
the completion of the particles spreading throughout the thickness. Therefore it is 
difficult to create a continuous properties gradient over the whole depth (i.e. a con-
tinuous properties gradient can be achieved over 25–35% of the entire depth) [8]. 
In order to overcome this limitation, Watanabe et al. recommended an innovative 
approach to creating FGMs with a continuous property gradient over the complete 
thickness, named the centrifugal slurry pouring method wherein, prior to adding 
the particles into the liquid, a solvent zone of 100 mm is ensured inside the rotating 
mold, and finally the full dispersion of particles throughout the thickness without 
sedimentation was achieved. Another method named centrifugal pressurization was 
also proposed, wherein the application of centrifugal force generated pressure for the 
creation of a gradient.

2.3.1.3 � Centrifugal Pressurization Methods
In this method the desired continuous gradient is generated prior to the application 
of centrifugal force. Therefore, the centrifuge method is adopted to apply simple 
pressure in this process. The centrifugal pressurization methods can be performed 
in three ways; the first way is the mixed centrifugal powder technique, the second 
way is the centrifugal sintered-casting technique, and the third way is the reactive 
centrifugal casting technique [9].
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2.3.1.3.1 � Mixed Centrifugal Powder Technique
This method is most suited when particle sizes are very small, as the particle distri-
bution in the property gradient mainly depends on the difference of material densi-
ties in the mixture. Thus it is very difficult to obtain graded products using particles 
of small size because the motion of solid particles present in the metallic melt fol-
lows Stoke’s law, and according to this law a reduction in particle size leads to a 
decline in the movement velocity. In order to overcome this limitation, Watanabe 
et al. [10] recommended an innovative way to fabricate FGMs using small-size par-
ticles, named the centrifugal mixed power technique, wherein the gradients required 
for the preparation of nano-scale FGMs should be achieved prior to applying the 
centrifugal forces. Initially particles of reinforcement metal A and matrix metal B 
are mixed together and filled in the rotating mold. Subsequently matrix metal B in 
molten form is poured in the rotating mold over the prior deposited metal A and B 
particle mixture. The metal B in molten form occupies the inter-particle space of 
metal A and B. After that molten metal melts the particles of the matrix metal and 
finally FGMs with enhanced continuous graded properties are obtained. Researchers 
have developed Al–TiO2, Cu–SiC, and Mg/Mg2Si, etc., functionally graded compos-
ites by using this technique [11]. The volume fraction and size of particles are the 
most important factors influencing the material properties of developed FGMs. The 
modification in mixed centrifugal powder technique is done by involving a sintering 
process and called the centrifugal sintered-casting technique.

2.3.1.3.2 � Centrifugal Sintered-Casting Technique
As in the mixed centrifugal powder technique the composition gradient in material 
mixture is formed before the pouring of molten metal and the application of centrifu-
gal force, but for certain powders it is difficult to achieve. The proposed modification 
of this method by combining centrifugal casting and centrifugal sintering together 
is named the centrifugal sintered-casting method [12]. In this method initially the 
particle mixture of matrix and reinforcement are kept in the rotating mold and then 
heated to a certain temperature and then held for a fixed time. The heating and hold-
ing consolidate the green composition gradient of the particle mixture, and finally 
the molten matrix metal is poured in, resulting in the proper dispersion of reinforce-
ment particles and fabrication of the desired gradient. The sintering temperature, 
holding time, and preheating temperature have a significant effect on the mechani-
cal properties and thickness of the gradient. The researchers have adopted copper/
diamond, and Al/diamond material systems to develop FGMs [13]. The centrifu-
gal pressurization method was modified by using the exothermic reaction between 
elemental powder particles, and this process is known as the reactive centrifugal 
casting technique.

2.3.1.3.3 � Reactive Centrifugal Casting Technique
The reactive centrifugal casting technique is mainly utilized in the fabrication of 
functionally graded layers over tubes or cylinders, where the chances of damage due 
to oxidation, corrosion, and rusting are high, particularly in the gas and oil supply 
industry. This method was proposed by Y. Watanabe et al., wherein the exothermic 



20 ﻿Functionally Graded Materials (FGMs)

reaction between elementary materials generates heat and results in the formation of 
an intermetallic compound of comparatively high melting temperature. The interme-
tallic compound works as reinforcement and disperses in the graded form over the 
desired thickness [14]. Y. Watanabe et al. fabricated a nickel-aluminides multilayer 
FGM over the inside surface of a steel pipe using this technique. Initially nickel (Ni) 
powder was filled inside the rotating steel pipe followed by the pouring of molten 
aluminum (Al). Consequently an exothermic reaction took place between Al and Ni 
and finally generated the Ni–aluminide composite coating [15]. The axis of the pipe 
(vertical or horizontal) or mold rotation and preheating have a very significant effect 
on the mechanical properties, microstructure, and corrosion resistance of developed 
FGMs. Apart from centrifugal casting, tape casting is another liquid phase process-
ing technique and is explained in the following section.

2.3.2 �T ape Casting

The tape casting technique is applied for fabrication using ceramic materials for 
electronics (insulated substrates and multilayer capacitors), membranes, knives, 
structural laminates, and solid oxide fuel cells. In this technique the desired mixture 
of mineral oxide (ceramic) powders is homogeneously mixed with organic binders 
and additives. The prepared slurry of ceramic powders is placed in a storage con-
tainer, wherein at the bottom a passage is offered for the supply of slurry. Beneath 
this passage a polymer tape (made up of non-binding material, i.e. Teflon) passes 
continuously and slurry is deposited over it and forms a strip. The tape comprises 
an organic solvent (ethanol) and additives (polymer binder). The thickness of slurry 
deposited over polymer tape is controlled by a flat knife edge. Subsequently the 
tape along with the strip passes through the oven to make it dry and finally wound 
on spool. The complete process of tape casting is also presented in Figure 2.2. The 

FIGURE 2.2  Representative diagram of tape casting [16].
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strips produced by the tape casting technique cover a gradient width from 25 μm 
to 1000 μm [16]. The tape casting method is combined with the sheet lamination 
method to obtain a discrete gradient. The strips of different thickness are devel-
oped individually and stuck together to form a discrete gradient. Researchers have 
developed Si–Al–O–N ceramic, W–Cu, and stainless steel 316/ZrO2 FGMs with 
50–1000 µm thickness gradient with improved thermal properties [17]. The infiltra-
tion technique is another liquid phase processing technique very suitable for the 
preparation of ceramic FGMs.

2.3.3 �I nfiltration Technique

The infiltration technique can be applied to prepare continuous gradient FGMs, 
wherein the mold is made up of a porous structure and filled by a slurry of desired 
materials. In general the mold is made up of gypsum, alumina, plaster of Paris, 
acrylic, and porous resin, etc. The gypsum mold is most usually employed but it 
also has deficiencies, for instance the contamination of CaSO4 and lower output due 
to time elapsed during the drying process. The slurry is filled within the cavities of 
the porous mold either without applying external pressure (by capillary action) or 
by means of pressure (mechanical or gaseous action) [18]. After completely filling 
the mold, the slurry starts reacting by chemical action at the interface and develops 
a functionally graded structure. Subsequently once the desired thickness of gradi-
ent is achieved the slurry is drained out. This method is very effective in prepar-
ing a porosity as well as a composition gradient. The commonly adopted material 
systems for the preparation of FGMs by this method include Cu–W, Al–SiC, and 
AlN–Cu [19]. Another advanced method based on liquid state processing is the cast-
decant-cast process.

2.3.4 � Cast-Decant-Cast Technique

This technique was proposed by Scanlan and other materialists of University College 
Dublin (Ireland) in 2005 [20], for the preparation of wear-resistant, lightweight 
aluminum–silicon FGMs. This processing method is very useful in the develop-
ment of FGMs with incompatible material properties (for example: wear resistance-
machinability, lightweight-wear resistance, and toughness-hardness) along with 
cost-efficiency, such as an aluminum cylinder with an iron cylinder liner. Three 
variants were created for the cast-decant-cast technique with one common step, i.e. 
decanting: the first material is filled into the mold, then it solidifies over the mold 
core or wall and sufficient thickness is obtained. Subsequently the remaining un-
solidified material is decanted followed by the pouring of another material in the 
same mold. Three suggested variants of the cast-decant-cast method are turnover, 
low-pressure, and internal decanting. Although it is a low-cost processing method, it 
is mainly used for low-melting-temperature material systems and the obtained gradi-
ent thickness is also less. Although liquid phase processing techniques have proved 
useful for the preparation of FGMs, vapor phase processes are also prominent for the 
preparation of functionally graded coatings.
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2.4 � VAPOR PHASE PROCESSING TECHNIQUES

Vapor phase processing is the most important technique for developing graded lay-
ers of lower depth ranges within nm to sub-mm. In this processing route the desired 
material in vapor form is condensed over a substrate surface. In general this pro-
cessing route is used to fabricate functionally graded coating and is categorized as 
chemical vapor deposition and physical vapor deposition.

2.4.1 �P hysical Vapor Deposition Techniques

Physical vapor deposition (PVD) is differentiated by a process wherein material 
transfers to a vapor state from a condensed stage and then returns to a thin con-
densed layer state. PVD is accomplished by the vaporization of the material and 
then moved to the substrate as a coating. The PVD is substituted for the electroplat-
ing method with comparatively superior material properties. The PVD method is a 
key process in developing thin FGMs because of its advantages such as the ability 
to prepare graded thin films with a great range of compounds from metal to alloy 
deposition and it is comparatively more environment friendly. Typically, at the start 
of deposition the material chosen for deposition is in solid state, followed by gradual 
vaporization (atomization) until completely consumed and utilized in the coating 
process. The working of the PVD process is illustrated in Figure 2.3. This technique 
has been mainly used in the automotive, aerospace, biomedical, and die and mold-
ing industries for coatings on semiconductor devices, food packaging, and cutting 
tools, etc., due to improvement in wear resistance, mechanical, chemical, optical 
properties, and electronic functionality by creating thin coatings with graded prop-
erties. The PVD process can be performed in different ways based on the method 

FIGURE 2.3  Schematic representation of the PVD process [2].
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adopted to vaporize (atomize) the solid material, such as the sputtering-based PVD, 
evaporation-based PVD, and the plasma spray-based PVD, etc. [21]. All these PVD 
techniques require a complete vacuum for processing, and are performed in three to 
four steps, according to the type of material being used.

2.4.1.1 � Evaporation-Based PVD
In this method the material desired to be deposited is evaporated by melting and 
vaporization by a suitable heat source. The heat can be supplied by hot filament, elec-
trical resistance, electron beam, laser beam, or electric arc positioned at a distance 
from substrate material. Other heat source technologies are ion beam-evaporation, 
molecular beam, and a discharge supported evaporation process. The material in 
atomized form obtained by the vaporization of the target material is transferred to a 
substrate in a vacuum for coating. Thus the four fundamental steps for this technique 
are evaporation, transportation, reaction, and last deposition.

In the evaporation step, the target material is kept in a crucible followed by bom-
bardment of high energy via a heat source, i.e. thermal energy by resistance heater, 
electron beam by electron-supplying system. This heating results in the increase 
in material temperature up to the melting point and vaporization. The vapor of the 
target material is transported to the substrate material and then a third or optional 
step, i.e. reaction, occurs. The reaction step is mandatory when the target material is 
a metal oxide, nitride, or carbide form. In this step reaction takes place between the 
atomized material and gases, such as methane, oxygen, or nitrogen during transpor-
tation before contacting the substrate. If the target or coating material is required in 
the pure form then the reaction step is avoided. Finally the last step is the deposition 
of the atomized coating or target material over the substrate.

In order to deposit functionally graded coating, two materials vaporized from 
different crucibles are simultaneously deposited over the substrate surface in a con-
trolled manner based on the composition ratio of the desired material design. The 
main advantages of this PVD technique are the fast deposition rate, easy and simple 
use, conductor materials can be deposited on electronic circuits, and optical as well 
as dielectric coatings can be effortlessly attained. This PVD technique involves a 
number of disadvantages also, for example the evaporation coefficient of the coat-
ing material can be affected by surface contamination; the deposition rate can be 
affected by the geometry of the target-to-substrate material; the coating thickness is 
distance-dependent, thus it is not uniform; it is difficult to deposit target materials 
of higher melting points; it is difficult to achieve uniform heating, and there can be 
reactions of the heating container and target material.

2.4.1.2 � Sputtering-Based PVD
Sputtering-based deposition techniques are available in various forms. These tech-
niques can be categorized on the basis of the nature of the power sources utilized, 
which include diode or direct current sputtering, magnetron sputtering, radio fre-
quency sputtering, and reactive sputtering. In sputtering-based techniques, ions of 
the sputtering gas (inert gas) with high kinetic energy are forced to continuously col-
lide over the target material surface and result in the ejection of atoms. Subsequently 
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these ejected atoms from the target metal are finally deposited over the substrate 
surface. The ions of the inert or sputtering gas are sped up and forced to hit the target 
or coating material surface. Then atoms from the target material surface are sput-
tered, or ejected, or removed, and then sputtered atoms flood from the chamber and 
are deposited over the substrate surface.

In this PVD technique four steps are involved: the sputtering of coating or tar-
get atoms to the gaseous phase; the transportation of sputtered atoms via plasma 
environment to the substrate surface; the reaction between the sputtered atoms and 
reactive gases (this step is voluntary); and finally atom deposition over the substrate 
surface. The transportation step includes the passing of target atoms via inert gas or 
sputtering, and plasma medium. Subsequently the electrons of the plasma medium 
collide with neutral atoms from inert gases, to create ions. The ejection rate of atoms 
driving out of the target material is employed to illustrate the yield of sputtering. This 
yield is usually in the range of 0.01–4 atoms/ion and depends on available energy 
of the sputtering gas ions, target material mass, incident angle of the sputtering gas 
ions, and the binding energy of the target material atoms.

The sputtering deposition method is very versatile and adaptable; it can deposit a 
variety of metals, alloys, compounds, and insulators. This process can perform in-
situ cleaning of the substrate surface using a “back-sputtering” technique by a polar-
ity reversal of the DC sputtering system, and influence the mechanical as well as 
electrical properties and adhesion quality of the coated material over the substrate. 
The PVD technique requires low-vacuum and lower line-of-sight deposition. The 
deposited material has a smaller grain with several orientations and less chance of 
material decomposition. This process offers effective control over material proper-
ties and lower shadow effect. Although this technique has several advantages, some 
drawbacks are also present, such as that a lower sputtering rate causes lower deposi-
tion, the majority of applied energies are transformed to heat, the emitted kinetic 
energy is low, the presence of gas inclusions in deposited material is common due to 
the low-vacuum process, and it is expensive to due to high capital investment.

2.4.1.3 � Plasma Spray PVD
The plasma spray PVD technique was invented by Sulzer-Metco, and it is a hybrid 
deposition method. It combines low-pressure plasma spraying and a PVD technique, 
which allows the evaporation and deposition of the target or coating materials. The 
standard low-pressure plasma spraying technique is performed at 50–200 mbar pres-
sure, and allows a coating deposition of 20 µm–1 mm thickness, wherein the plasma 
flame can stretch to 50–500 mm by reducing the pressure, allowing homogeneous 
and uniform coating deposition. In the plasma spray PVD, the pressure ranges from 
0.5 to 2 mbar, and the plasma flame can become over 2 m long, with a diameter of 
200–400 mm. The pressure in the plasma spray deposition is superior to the PVD 
process, but the high plasma temperature and plasma velocity (2000 m/s) allow feed-
stock to vaporize effortlessly, which permits easy coating development outside the 
stream [22]. Another technique wherein the material comes to the vapor phase while 
processing is chemical vapor deposition.
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2.4.2 � Chemical Vapor Deposition Techniques

Chemical vapor deposition (CVD) is also a deposition method that is used to deposit 
functionally graded as well as thin-film coating. The CVD process is performed by 
keeping the coating material in a vacuum chamber, followed by vaporization due to 
decreasing the pressure of the circumference environment or heating until material 
evaporation. Meanwhile precursor gases are brought into the vacuum chamber hav-
ing the heated substrate for coating, resulting in chemical reaction near as well as 
on the substrate surface. This reaction deposits a thin coating on the substrate and 
by-products are released out along with unutilized gases. The working of the CVD 
process is illustrated in Figure 2.4. The process occurs in cold and hot wall reac-
tors, above atmospheric pressure, and at temperatures in the range of 200–1600°C. 
This technique is employed to create extremely pure materials exclusive of external 
defects by the deposition of desired material in a controlled way at the nanostructure 
or atomic level. With this technique, it is feasible to fabricate nanostructured, single-, 
or multilayered functionally graded coating having a precisely organized structure 
and dimensions. There are several types of improved CVD processes, such as the 
ions, the plasmas, the lasers, the hot filaments, the combustion reactions, or the pho-
tons. These processes are adopted with the CVD to boost deposition rates and/or to 
reduce deposition temperatures [23].

The CVD technique has several benefits, such as trouble-free coating in the 
undersides and the insides of geometrical aspects; high-aspect ratio holes can be 
filled entirely; applicability for a large variety of material with high purity; relatively 
superior deposition rates; and lesser requirement of vacuum than PVD processes. 
The CVD technique does not need a vacuum or high-grade electrical power supply 
and it results in low operating costs. Also there is no need to rotate the substrate 
to obtain wide-step coating; thus intricacies on certain coatings such as holes and 
slots can be easily achieved. The drawbacks of CVD include the following issues: 

FIGURE 2.4  Schematic representation of the CVD process [2].
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at room temperature precursors should be volatile and the precursors are explosive, 
corrosive, and toxic in nature. Additionally by-products from reactions of CVD are 
harmful, and several precursors are extremely costly. The deposition of films is gen-
erally performed at higher temperatures. The processing by CVD generates thermal 
stresses in coatings due to the difference of coefficients of thermal expansion. The 
preparation of coatings by CVD techniques with several metals is impossible [23].

2.5 � DEPOSITION TECHNIQUES

The deposition techniques such as thermal spray and electrophoretic deposition are 
very useful for fabricating micro-scale thin FGM coatings. These methods are well 
capable to develop continuous or discrete gradient and multidimensional FGM coat-
ings and are explained in the following subsections.

2.5.1 �T hermal Spraying

The thermal spray technique is an important process applied in the development of 
thin-dimension functionally graded surface coatings using a spraying process. The 
graded layer over the surface shields the parts because the surface needs proper 
safety against wear, corrosion, electrical, and thermal isolation. There are numerous 
methods adopted to fabricate FGMs with a gradient of material properties by the 
thermal spray coating process. The thermal spraying techniques using combustion 
phenomena are high-velocity oxy fuel spraying, flame spraying, and detonation guns. 
Also some techniques use electrical phenomena such as arc spray, vacuum plasma 
spray, atmospheric plasma spray, and low-pressure plasma spray. In this technique, 
initially a heat source is employed to melt the desired coating materials, followed 
by processing with gases and spraying over the substrate material. Subsequently 
materials in the molten state solidify and generate a solid layer as presented in 
Figure 2.5. Researchers have developed FGMs from ZrO2/NiCoCrAlY, NiCrAlY/
yttria-stabilized zirconia (YSZ), TiO2-hydroxyapatite (HA), and Ni/YSZ material 
systems using the thermal spray method. The developed materials showed uniform 
and defect-free coating with enhanced thermal as well as mechanical properties. 
This method is very useful in the fabrication of FGM coatings to enhance wear and 
corrosion resistance. Its main advantages include: lower heat input requirement, pro-
cessing cost is low, production rate is high, and a wide variety of materials can be 
used for coating [24]. Another deposition technique, i.e. electrophoretic deposition, 
is detailed in the next subsection.

2.5.2 �E lectrophoretic Deposition

The electrophoretic deposition (EPD) technique is used to make continuous as well 
as discrete gradient FGMs. It is a straightforward technique for fabricating proper-
ties gradient using the electrophoresis principle. This method is capable of develop-
ing difficult geometry at a low cost. First it was proposed in 1740 by G. M. Bose 
while performing a liquid siphon experiment. Mainly it contains two processes: 
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electrophoresis and deposition as shown in Figure 2.6. Electrophoresis is a method 
to analyze the influence of electricity applied on suspension, which is the outcome 
of an applied electric field over motion of suspended particles. The accumulation of 
suspended particles is known as deposition. Thus to perform the EPD, it is essential 
that suspension particles should react to the employed electric field; also the particles 
must be stable – either electrosterically or electrostatically. Under the effect of chem-
ical reaction or electrolysis, the active particles experience chemical reduction and 
deposit on the substrate surface to create a coating. Initially an interaction between 
the additives and solvent is employed to activate particles. Subsequently active par-
ticles go through the applied controlled electrical field. Finally, the particles develop 
an enlarged accumulation of the deposition on the electrode. The process equipment 
of EPD is easy to control and operate with accuracy; it is simple and low cost. The 
EPD process is suitable for numerous exercises, for example laminates, coatings 
(nm-mm), graded materials, textured, and infiltration material. This method proved 

FIGURE 2.5  Representative diagram of thermal spraying [2].

FIGURE 2.6  Representative diagram of the EPD technique [25].
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very beneficial for preparing FGMs for Al2O3/YSZ, Al2O3/Ni, YSZ/Ni, and Al2O3/
MoSi2 material systems. This process is mainly used for coating purposes; its pro-
cessing cost is lower and it is easy to manage the processing. Although it is useful 
for creating FGM coatings, the obtained gradient thickness is less and it is a time-
consuming and environmentally harmful process [26].

2.6 � SOLID PHASE PROCESSING TECHNIQUES

The solid-state production technique, i.e. powder metallurgy and friction stir pro-
cessing, is a very effective method for the production of FGMs. Even though the 
powder metallurgy technique generates a discontinuous or discrete gradient, the 
high degree of control and the ability to fabricate bulk FGMs make this method suit-
able for numerous industrial applications.

2.6.1 �P owder Metallurgy Techniques

The powder metallurgy (PM) process is an old method of developing engineering 
product and nowadays due to its versatile capability has been adopted for the prepa-
ration of FGMs. It is a very prominent and feasible process for manufacturing bulk 
FGMs with discrete gradients. This method consists of four fundamental steps to 
generate FGMs: mixing, stacking, pressing, and sintering. The series of fundamental 
steps necessary for the preparation of gradients includes preparation and process-
ing of the powder materials, stacking of powder mixture of different composition 
according to the design requirements, forming or compaction operations, and finally 
the consolidation or sintering to fulfill the service conditions requirement of the 
FGMs, as depicted in Figure 2.7. Powders of ceramic, metals, and alloys can be pre-
pared in a range of crystallite sizes as well as distributions. The FGMs are fabricated 
using the powder particles of component materials. The powder particles are utilized 
have a composition or average particle size variation, according to the path stated by 
the design of the FGMs [27].

FIGURE 2.7  Representative diagram of powder metallurgy [2].
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Therefore the first step in powder metallurgy is the mixing of powder particles of 
selected materials with designed volume fraction according to the desired composi-
tion gradient. The powder mixtures are stacked in the die according to a previously 
designed sequence to achieve a stepwise gradient. Subsequently the die with layered 
composition undergoes a compaction process and the output product is known as 
the green compact. The green compact is fragile in nature and requires further con-
solidation and goes through the sintering process. Sintering is a procedure to heat 
the green compact using a furnace in order to melt the elemental materials either 
partially or at the surface only, resulting in bonding between individual particles. In 
order to perform sintering, a high temperature is needed so the proper densification 
can be achieved by chemical reaction and diffusion process, wherein the thermody-
namic factor plays a very crucial role. The challenging task while doing sintering 
is uniform consolidation of the green compact due to the presence of a material 
composition gradient. Non-uniform sintering results in frustum formation, warp-
ing, cracking, and splitting. Uniform sintering can be performed by incorporating 
an activating element along with the powder mixture to avoid particle size control. 
The activating element can be a transition metal such as copper, iron, etc. It is also 
possible to achieve uniform sintering by applying pressure simultaneously with sin-
tering using the hot-pressing technique so a highly dense product can be obtained. 
Additionally sintering can be performed in three different ways, such as high-fre-
quency induction heating, electric furnace sintering, and spark plasma sintering [28].

2.6.1.1 � Spark Plasma Sintering (SPS)
SPS is a modern sintering technique utilizing plasma for the consolidation process. 
SPS involves direct heating and simultaneous pressing of stacked layers that causes 
internal heating, plasma generation, and a high sintering rate. The SPS process is 
a modification of the conventional sintering technique, wherein the powder com-
pact is heated directly instead of separately in a furnace. In SPS, pulsed DC current 
passes from the die filled with the powder mixture, resulting in internal heating. 
Additionally pressure is also applied over the punch; thus by using pressure as well 
as temperature simultaneous high heating as well as sintering rate is achieved. As 
internal heating takes less time to achieve the desired sintering temperature and with 
small holding time, high sintering density is obtained. This method is very effective 
in the sintering of functionally graded green compact and the final product has high 
density. Additionally this method is very popular for the sintering of materials hav-
ing high melting temperatures, such as cutting tool materials, biomaterials, etc., to 
achieve high fracture toughness, wear resistance, and bending strength. The bioma-
terial developed by SPS is utilized as bone implants and joint prostheses. Also the 
compliant pad used in the thermoelectric energy translation developed using Ni and 
Al via SPS has optimum composition gradient and densification [29].

In this method the powder mixtures are prepared according to the design require-
ment, and deposited in from of layer in the graphite die-punch assembly. Subsequently 
this die-punch arrangement is kept inside the SPS sintering chamber under con-
trolled atmospheric conditions (argon/vacuum) between the movable punch. The 
punch moves according to the predefined compaction pressure and simultaneously 
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DC current is supplied to heat the complete assembly. Additionally cooling support 
is also provided for faster cooling according to requirements. Although this method 
offers various advantages, the size of the final product is limited due to the con-
straints of die size; also the set-up cost is very high, and more research is required 
for mass production [30].

Powder metallurgy is easy to operate, cheap, has near net-shape forming ability 
and better control over microstructure, and a composition gradient can be obtained. 
However, very intricate parts cannot be created using this process and the cost of 
the powder material is high. The key benefits of PM are the removal of cracks, mac-
roscopic interface, and atomic defects, and the uniformity of composition with the 
absence of inter-metallic carbides and segregation. The precipitate phases formed due 
to processing are distributed uniformly. Friction stir processing is also a solid phase 
processing technique for FGM fabrication and is explained in the next subsection.

2.6.2 �F riction Stir Processing (FSP)

The operating principle of friction stir welding (FSW) is the foundation of the prepa-
ration of FGM by friction stir processing but the aim of each technique is different. 
FSW is the process of joining metals together, and in FSP the microstructure of the 
base material is modified by incorporating reinforcement. FSP involves a metal-
lic tool with a threaded pin along with shoulder. This metallic pin is forced in the 
grooves over the base metal surface where reinforcement is required. The tool pin is 
able to rotate about its own axis; thus while processing the rotating tool pin is forced 
to the grove with the reinforcement material at a certain tilt angle. Subsequently the 
tool pin traverses along the designed path and frictional heat is created due to the 
movement, resulting in plastic deformation. The movement of the tool pin also results 
in the consolidation of material by hydrostatic pressure [31]. The first reported FGM 
fabrication was done on an AA5083/SiC material system, wherein SiC is reinforced 
in AA5083 in the composition gradient form. This method is mostly used in Al 
alloy, Mg alloy, zirconium alloy, and Cu alloy. Additionally it has proved extremely 
advantageous for nano or micro particle reinforcement, porosity gradient, and the 
alteration of casting microstructure [32].

The distinguishing advantages of FSP include accurate control, densification, 
homogeneity, uneven depth of processed zone, and microstructure refinement. 
Moreover, it requires less energy, is environmentally friendly, and does not alter the 
shape and size of the fabricated part. It moreover has the ability to perform the sinter-
ing of superior-quality products, but the size and quantities of fabricated sample are 
major constraints. Moreover, the processing as well as machinery cost is extremely 
high, and additional research effort is required to commercialize this process.

2.7 � ADDITIVE MANUFACTURING PROCESSES

Additive manufacturing is also called rapid prototyping, rapid manufacturing 3D 
printing, direct-digital manufacturing, layered manufacturing, and solid-free form 
fabrication. In this method near net shape product can be directly manufactured 
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without involving molds or the need for assembling or joining. Additionally additive 
manufacturing exhibits superiority over conventional manufacturing techniques in 
the preparation of geometrically complex product at low cost, with less time by per-
mitting flexibility in design. The fast advancement of AM techniques means they are 
not any more limited in their application for materials having single-phase.

Nowadays, the AM process has become capable of processing materials with mul-
tiple phases and creates steady composition changes in structures, and this advanced 
processing technique of creating FGMs is named functionally graded additive man-
ufacturing (FGAM). It symbolizes a layered preparation to progressively modify the 
composition of a component material to attain the required functionality, as shown 
in Figure 2.8. FGAM can fabricate three kinds of material variations: density varia-
tions in single-phase materials; composition variation in multi-phase materials; and 
deviations in the material composition as well as density together. The preparation 
of FGMs with composition or density gradient permits several properties. The varia-
tion of composition and/or density permits the fabrication of multifunctional FGMs 
with properties (such as graded thermal/magnetic properties/mechanical) that are 
presently unattainable through conventional manufacturing processes. In general, 
the FGAM process involves essential steps such as modeling (materials modeling, 
microstructural design, and geometrical modeling), slicing and simulation, manu-
facturing, and characterization.

There are several variants of AM technologies and according to the ASTM F42 
board they are classified into seven categories. The seven categories are: material 
jetting (multi-jet modeling), vat photopolymerization (stereolithography), material 
extrusion (fused-deposition modeling), binder jetting (plaster-based 3D printing), 
powder-bed fusion (selective-laser sintering), sheet lamination (laminated objective 
manufacturing), and directed-energy deposition (laser-metal deposition). Mainly five 
essential steps are performed in any AM process. These steps are, first, the receipt 
of the CAD file in the machine; the second is the conversion of the CAD file into 
the additive manufacturing file (AMF) or standard triangulation language (STL); the 

FIGURE 2.8  Representative diagram of additive manufacturing [33].
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third is the slicing of the transformed file inside layers of a two-dimensional (2D) 
triangle, demonstrating 3D CAD data; and the fourth is layer-by-layer part prepara-
tion according to the path given in the 2D sliced CAD data; finally, there is the part 
removal from the AM setup for the finishing operation, such as heat treatment. The 
fourth step, i.e. building process, is very crucial and differentiates one AM process 
from another [34].

Several commercial software packages are available for the 3D printing of multi-
material FGMs, such as Autodesk Monolith, voxel-based systems, and Grab CAD. 
These packages are not capable of fulfilling the industrial demand for desired graded 
properties due to the existing challenges such as inadequate understanding of multi-
material systems, the absence of reliable technique, the inability to estimate final 
material properties, and higher costs. The FGM design is a crucial parameter for 
successful materials preparation, wherein the assignment and description of material 
characteristics and nature of voxel (a small unit of 3D volume) are the most signifi-
cant parameters [33].

In material-extrusion AM, the building process is done by using a nozzle to deposit 
extruded material on the platform. According to the sliced data the first perimeter 
is deposited, then the area is filled by a selected raster pattern continuously layer-
by-layer and finally fused together. Selective laser sintering AM is a laser-based 
method, used for materials in powdered form. It is also a layer-by-layer manufactur-
ing process, wherein laser energy is focused on the powder layer and results in the 
fusion or sintering of particles together. The laser metal deposition process works 
on the direct energy deposition principle to create a discrete gradient, wherein the 
energy source and material are applied concurrently. This energy source heats the 
deposited material directly at the deposition site. Material is deposited in the form 
of wire or powder and energy is supplied in the form of a laser, e-beam, or arc [35]. 
Stereolithography works on photopolymerization and engages a light source to bond 
treatable resins with another material to develop a functionally graded component.

The material jetting technique is similar to a 2D inkjet printer. In this AM process 
the material is supplied on command into a structure platform. The desired materials 
are dropped on the base or ground and solidify layer by layer to prepare the func-
tionally graded part [36]. In fused deposition modeling or metal extrusion a wax or 
plastic material is extruded in a storage place and the surface of the cross-sectional 
structure is traced layer by layer. Subsequently material is offered in plastic pellets or 
the form of a filament. The nozzle comprises resistive heaters to maintain the plastic 
above the melting point, and changes rapidly from the nozzle and creates the layer. 
Sheet lamination (laminated objective manufacturing) utilizes sheets coated with 
adhesive and bonded together by heated roller which sticks the sheets. Subsequently 
a laser is employed to slash the required shape from the glued sheets, as per the path 
given in the CAD data [37].

As the production time as well as costs required to fabricate FGMs by additive 
manufacturing is high, alternative hybrid methods have also been invented. For 
example, arc welding is combined with additive manufacturing to create large metal 
parts with graded structures at low production time and cost [38]. In addition plasma 
arc welding, plasma transferred arc, metal inert gas, and tungsten inert gas are also 
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utilized. These types of techniques are described as wire and arc additive manu-
facturing because material is supplied as wire or powder and an arc is employed as 
power source.

Although there are numerous advantages of AM in fabricating FGMs, it is very 
difficult to get defect-free desired components due to following reasons: the large 
number of processing variables (such as powder flow rate, power density, substrate 
characteristics, displacement velocity, etc.) which have significant influence and are 
very difficult to optimize.

2.8 � CHALLENGES AND FUTURE POTENTIAL IN 
FUNCTIONALLY GRADED MATERIALS FABRICATION

In the earlier sections, the manufacturing techniques of FGMs were elaborated in 
detail. Each technique displayed its credibility in generating a smooth gradient with 
enhanced material properties. This section details the gaps available in modern 
research on FGMs and directions for future work on the basis of the existing litera-
ture. The remarkable benefits of FGMs make them most noteworthy materials with 
significant future applications. Thus, researchers endeavor to develop state-of-the-
art production techniques for the fabrication of FGMs to match the fourth indus-
trial revolution. The fabrication techniques of FGM are differentiated by numerous 
advantages, such as the ability to manufacture complex shapes with graded material 
properties, reduction in thermal stresses, and control over deformation and wear, 
as well as corrosion rate. Although FGMs offer several exciting material proper-
ties, their application has numerous challenges, including quality control of gradient, 
mass production with accuracy and precision, and cost.

In the PVD technique it is necessary to prepare the particles of optimum size and 
analyze the residual stresses to obtain the required quality gradient. In the CVD pro-
cess also residual stresses result in detrimental effects on graded material properties; 
thus effective numerical analysis is crucial. In the EPD process still extensive study 
on the gradient formation mechanism and characterization is required. The numeri-
cal simulation to analyze the influence of residual stress on the material gradient in 
the thermal spray process needs to be explored. A database for optimum process 
parameters of the powder metallurgy process for a variety of materials is still not 
available. In the centrifugal casting process detailed study on the choice of optimal 
mass fraction, particle size and shape, bonding between particles and matrix, and 
particle movement is lacking. Slip as well as tape casting requires effort to develop 
variety of gradient with newer material systems and analysis on the bonding among 
particles and matrix. Infiltration casting necessitates research on the analysis of 
bonding between particles and matrix, optimal particle size, and the influence of 
residual stress. The state-of-the-art additive manufacturing process is a potential 
fabrication technique with the ability to decrease economic burden in the produc-
tion system with flexibility in the required shape as well as size. In spite of immense 
abilities, still a number of issues must be solved. It is recommended to improve the 
performance of AM processes by detailed material characterization, comprehensive 
database, and feedback control for varieties of FGMs.
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Abundant research work has been carried out by distinguished researchers since 
the origin of the FGM. The available research work is dedicated to the design and 
modeling of FGMs. Also extensive studies focused on the fabrication as well as 
characterization of the FGMs also exist. This outstanding sophisticated material has 
enormous prospects to modernize the manufacturing industries in the twenty-first 
century. But still the main setback exists in terms of the manufacturing cost of FGMs 
due to the high cost of powder development as well as processing methods. The FGM 
gradient preparation is a crucial step of FGM development; and it can be improved 
using numerical modeling by forecasting the material combination as well as prop-
erties which facilitate reduction in the overall cost of fabrication. Upgradation of 
laboratory research to an industrial level for appropriate technology transfer is also 
recommended due to the critical need for cost reduction and the fabrication of FGMs. 
Also reproducibility in gradation, properties, and geometry of FGMs is an important 
research criterion for effective production techniques. It is trusted that by fulfilling 
the proposed research objectives, the production cost of FGMs will go down, and the 
reliability in the gradient and fabrication process will improve.

2.9 � CONCLUSIONS

The concept of FGMs offers enormous potential to bring a revolution in the field 
of materials science and manufacturing by having diverse application areas such 
as defense, engineering, biomedical transport, and petroleum; but its development 
is the main challenge. Although plenty of methods are available, its commercial-
ization is very limited due to issues related to quality control and reproducibility. 
The fabrication of FGMs involves knowledge as well as skills of different areas, 
e.g. engineering, chemistry, and physics. Thus to convert the idea of gradient into 
reality along with accurateness as well as precision, two essential aspects are 
extremely crucial. The first essential aspect is quantitative aspect assessment of 
composition, microstructure, and properties gradient to accomplish desirable fea-
tures. The other important aspect is selection fabrication techniques for the prepa-
ration of required gradients with accuracy and precision using the data available 
from the quantitative analysis. The approach that must be adopted for the prepa-
ration of application-oriented composition gradients is known as materialization, 
which involves material design followed by fabrication and characterization. In 
order to successful fabricate FGMs, the following important aspects should be 
considered:

	 (i)	 The selection of the most appropriate processing method according to the 
area of application, shape of the final product, and available material com-
bination as well as properties data.

	 (ii)	 The application of numerical analysis tools to achieve optimum processing 
parameters and complete control over the final material properties.

	(iii)	 Performance evaluation of the prepared component using the appropriate 
method and further improvement using obtained results.
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Although several processing methods are available for FGM development, still there 
is a requirement for advancement over the current state for mass production in terms 
of proper feedback control and reliability along with repeatability and accurateness, 
cost-efficient and superior value, and fault-less parts. In this chapter existing process-
ing methods are discussed in brief with their field of application, ability, and limita-
tions. Additionally several research gaps along with related future potentials are also 
mentioned, which will be helpful for researchers to explore the concept of gradient 
in effective ways.
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3 Liquid Phase 
Processing Techniques 
for Functionally 
Graded Materials

Lalit Ranakoti, Brijesh Gangil, 
and Shashikant Verma

3.1 � INTRODUCTION

This chapter sheds light on the processing of graded materials without discussing the 
utility and significance of functionally graded materials (FGMs). In the mid-1990s, 
the evolution of FGM processing techniques was initiated, and since then, the devel-
opment in the methods of manufacturing FGMs has received much recognition. The 
processing of FGMs can be carried out via several techniques, namely: (a) liquid 
state processing, (b) solid-state processing, and (c) deposition processing [1–3]. The 
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aforesaid manufacturing techniques have sub-categories according to the variation 
in material property requirements, such as the base metal state, process temperature, 
pressure, applied centrifugal forces, etc. Also, which method should be adopted for 
the processing of FGMs depends on their final use in real-life situations [4–7]. These 
manufacturing techniques have their respective benefits and drawbacks with par-
ticular significance for the analysis point of view, but liquid state manufacturing is 
gaining much recognition for its ability to produce good-quality FGMs.

3.2 � LIQUID STATE PROCESSING OF FGMS

Manufacturing by liquid state processing consists of various techniques such as slip 
casting, tape casting, infiltration, and centrifugal casting, processed at relatively low 
cost, and it can yield continuous structure with graded properties [8]. However, the 
process parameters are generally difficult to control, resulting in wettability and 
complications in processing molten metals.

3.2.1 � Centrifugal Casting

Centrifugal casting is a method of fabricating FGMs in bulk mainly influenced by 
the driving force of centrifugal action that arises because of the rotation given to the 
mold during the time of fabrication [9]. The mold’s rotation causes the material to 
flow in an outward radial direction, resulting in the formation of two or more than 
two phases across the thickness. In this technique, casting is carried out in a liquid 
state only for the manufacturing of dedicated materials for specific purposes [10]. 
The first patent in centrifugal casting of graded composite was filed by A. G. Echardt 
in the year 1809. Later, in 1858, the initiation of commercialization of centrifugal 
casting took place in which polymer pipes were manufactured [11–13]. In the early 
1990s, the centrifugal casting method attained full proficiency by producing graded 
composites in bulk.

The difference in the density of constituents of graded composites such as filler, 
fiber, and matrix causes the formation of different phases at the core and periphery 
[14]. This method is initiated by mixing particulates/fillers and base metal in a sepa-
rate beaker followed by the pouring of the mixture in the circular mold subjected 
to centrifugal forces caused by the rotation, as shown in Figure 3.1. After finishing 
with the rotation of the mold, the circular mold is left to cool. The casted product 
is taken out after solidification, which generally takes 16 to 24 hours. The graded 
composite obtained via centrifugal casting is predominantly affected by various 
parameters such as the rotating speed of the mold, filler type, filler size (length/
diameter size), filler weight percentage, melting temperature, cooling rate, and coat-
ing [15]. Centrifugal casting can be carried out for the fabrication of small parts, 
called vertical centrifugal casting, and for long parts, called inline horizontal cen-
trifugal casting [16]. Depending on the matrix-fiber rapport, centrifugal casting is 
further divided into two types: (a) the centrifugal solid particle method (CSPM) and 
(b) the centrifugal in-situ method (CISM).
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3.2.1.1 � Centrifugal Solid Particle System (CSPM)
Generally, tube-type structures with gradually increasing density of constituents 
are produced by CSPM. Reinforcement with a melting point higher than the matrix 
material is used in this method where reinforced particles remain in solid form dur-
ing the processing, and the distribution takes place along the radius, depending upon 
the density of the reinforcement [17]. Matrix materials used in this technique are 
magnesium, aluminum, copper, and their alloys, while Al2O3 and SiC are the chief 
reinforcing material used in this technique [18]. The combination of these matri-
ces and reinforcement has enormous scope in engineering applications. As per the 
recent finding reported in the literature, the mold rotational speed was between 
600–2500 rpm to optimize process parameters and to achieve optimum mechanical 
and tribological properties. It is to be noted that the properties of graded composite 
were enhanced up to 1500 rpm, but as the speed passed 1500 rpm the properties of 
the graded composite started to decline due to the clustering of filler particles lead-
ing to deviation of fabrication from the desired objective [19]. However, a precise 
rotational speed of 1200 rpm was claimed in the recent research for obtaining sat-
isfactory graded composite with adequate distribution of particles [20]. The param-
eters for deciding the weight percentage of the filler materials mainly depend on 
their physical properties and chemistry with the base material. The range of particle 
weightage is generally taken as 2.5 to 20% of the matrix material [21]. This tech-
nique is very flexible as an adjustment in parameters can be made to get the desired 
properties.

3.2.1.2 � Centrifugal in-Situ Method (CISM)
In this type of manufacturing of FGMs, the reinforced particulates generally have 
a melting point higher than the base material, which is used to fabricate the tubular 
section. Centrifugal force is applied on the mold while it is in the cooling stage, i.e. 
solidification, and not during the fabrication process, leading to the formation of a 
graded structure before reaching the state of crystallization [22]. FGM materials 
manufactured with this method majorly depend upon the densities of reinforcement 

FIGURE 3.1  Centrifugal casting of FGMs.
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particles and matrix, but the particles’ shape and size also significantly affect the 
properties of FGMs. The weight fraction of reinforcement can be increased to 
40 wt.% in this method. This method produces graded composites with higher ten-
sile strength as obtained by CSPM. This technique can be used at higher gravita-
tional force as the chances of the splitting of reinforcement reduce due to the mold’s 
rotation at the time of solidification [23]. Preheating the mold is beneficial in this 
method as the reinforcement in the base metal is distributed evenly compared to the 
distribution of reinforcement in an unheated mold [24]. The reinforcement materials 
used in this technique are alloys of aluminum, copper, magnesium, and silicon.

3.2.2 � Centrifugal Slurry Pouring Method

Particles with different densities are reinforced in this technique. This method uses 
the concept of powder metallurgy and centrifugal casting. The particles are placed 
inside the rotating mold already containing liquid in the suspended form [25]. The 
rotation of the mold causes the formation of a graded surface due to the difference 
in mass of constituents. Upon completion of the process, the liquid slurry is sepa-
rated from the graded composite. Fabricated graded composite then undergoes sin-
tering for finishing [26]. A significant drawback of this method, as observed during 
the graded composite processing, is the accumulation of reinforcement having high 
mass at the mold’s bottom. Thus, the graded characteristics are impossible to achieve 
across the whole thickness of the composite. It was reported that approximately 35% 
of the graded composite thickness was formed in a graded structure by this method 
[27]. Later, this issue was resolved by introducing slurry 100 mm thick in the rotat-
ing mold which helps in the uniform dispersion of particles across the whole thick-
ness even without sedimentation as shown in Figure 3.2a.

3.2.3 � Centrifugal Pressurized Method

In this method, the desired graded structure is developed before the application of 
centrifugal effect on the mold containing the reinforcement and matrix [28]. A sim-
ple pressure is applied on the mold by the centrifugal force to achieve the required 

FIGURE 3.2  (a) Centrifugal slurry casting and (b) centrifugal pressurized casting.
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graded composite as shown in Figure 3.2b. It is subdivided in three categories viz: 
(a) the mixed centrifugal power method, (b) the centrifugal sintered casting method, 
and (c) the reactive centrifugal casting method.

3.2.3.1 � Mixed Centrifugal Power Method (MCPM)
Graded composites with a small particle size are difficult to fabricate as small par-
ticles face high resistance against the molten metal movement. Since small particles 
have low momentum due to low mass and as reported in Stoke’s law theory, reducing 
particle size results in a decrease in velocity [29]. The low momentum of particles 
affects their distribution and spreads them in a more uneven format. In the MCPM 
method, centrifugal force is given to the mold after a particular grading is attained at 
nano scale. This method asserts that nano-sized particles can effortlessly reinforce the 
base metal and the desired grading structure [10]. Composites of titanium oxide, cop-
per oxide, and magnesium silicates can be easily reinforced with various base metals.

3.2.3.2 � Centrifugal Sintered Casting Method (CSCM)
As discussed in MCPM, the gradation in the structure is obtained before the start 
of the centrifugal process. It is not favorable for some kinds of powders; thus a new 
technique called CSCM emerged. This process combines both centrifugal sintering 
and centrifugal casting. Initially, a ring-type structure of metal and matrix dispersed 
with particles is made [30]. The predeveloped amalgam of metal and particles is 
inoculated in the rotating mold provided that the melting point of the dispersed par-
ticles is higher than that of the base metal for the manufacturing of FGMs. In the 
meantime, sintering is executed for melting by the action of centrifugal forces. Molten 
metal is then added under the action of centrifugal force to obtain the required FGM. 
The melting and heating of metal matrix particles lead to the formation of graded 
surfaces in the form of a ring-type structure [31]. A typical schematic diagram of 
CSCM is shown in Figure 3.3.

FIGURE 3.3  Schematic diagram of centrifugal sintering casting method.
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3.2.3.3 � Reactive Centrifugal Casting Method (RCCM)
In reactive casting, an exothermic reaction takes place between the constituents of 
the graded composite, which generates an intermetallic compound of a very high 
melting point. Thus external heating is not required in this process [32]. By this 
method, smooth and rust-free graded surfaces of iron, nickel, and aluminum can be 
easily manufactured, which have applications in the storage containers of the oil and 
gas industries.

3.2.4 �S lip Casting Method

Capillary action plays a major role in this technique for the fabrication of graded 
surfaces as fine grains of ceramic particles fall on the permeable mold by capil-
lary action. The passage of draining is a slippery surface of clay, and that’s why the 
process is called slip casting [33]. After achieving a certain thickness, the left-over 
material is drained out through passages. Changing the grain size from fine to coarse 
will result in a change of the chemical composition of layers of graded structure. The 
product obtained by the slip casting method has different porosities at different lay-
ers of the graded structure. At high temperatures, the slip casting method fails as the 
base metal starts dispersing at a very high rate. This process has the ability to fabri-
cate materials of complex shapes of a continuous graded system [34]. The fabrication 
of cast tape by slip casting is shown in Figure 3.4.

3.2.5 �T ape Casting Method

This method is used in the production of ultra-thin FGMs with a gradient layer 
ranging from 50 to 100 micrometers. This work was initially used for FGMs of con-
ventional ceramics material but, later on, was extended for complex ceramics. This 
method consists of the casting of layers of substrate by dispersing ceramic powder 
in a mixture of binder, solvent, and plasticizers. This method is generally employed 
to carry out large-scale production. Integrated circuits of electron accessories and 
multi-layer condensers are fabricated by this method [35]. One such type of process 

FIGURE 3.4  Fabrication of cast tape by slip casting.
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is known as doctor blading in which a ceramic in the form of powder is poured on 
a moving layer supported on a flat surface usually made of polymer binder. The 
slurry thus formed is stretched by a sharp knife of desired thickness. The solvent 
evaporates, and the layer formed falls on a disk under processing. Products with 
enhanced thermal stability and comparatively low interfacial defects are cast by 
this method [36].

3.2.6 �M ethod of Infiltration

This method is liquid state casing in which particles are soaked in the vacant space 
of a molten matrix. The particles are infiltrated to occupy the dispersed phase of 
molten metal. The structure thus formed is known as functionally graded material 
in dispersed form [37]. The infiltration can be achieved either by capillary action 
or by applying external pressure as shown in Figure 3.5. The interface of molten 
metal undergoes chemical changes resulting in the formation of FGMs. This is a 
time-saving method and has impressive accuracy in production [38]. The product 
produced by this method possesses good electrical characteristics.

3.2.7 �G el Casting

Gel casting is used to create complex shapes of functionally graded ceramic materi-
als of porous and dense structures. A colloidal solution is formed by the polymeriza-
tion of monomers caused by the mixing of free radical initiators. The forming time 
is short in this process, and it is capable of quickly producing a large number of 
products. The apparatus required to carry out gel casting is of low cost which makes 
it economical too. The process is followed by mixing powder of ceramics in a solu-
tion containing cross-linker, catalyst, monomer, and initiator. The mixing leads to 
the formation of a slurry, which is then poured into a pre-defined mold where in-situ 
polymerization occurs and results in forming a gel of polymer and water. The gel is 
removed from the mold in wet form and left to cool. The binder is removed from the 
gel after it dries, and it is finally subjected to sintering. The various processes fol-
lowed in gel casting for the fabrication of FGMs are shown in Figure 3.6.

FIGURE 3.5  Fabrication of FGM by pressurized infiltration.
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3.3 � CONCLUSIONS

The manufacturing of functionally graded materials can be accomplished swiftly by 
liquid phase processing. The centrifugal method is assumed to be the most common 
but conventional method by which several materials can be casted easily. Particles 
at micro scale and nano scale can be easily reinforced for producing FGMs by the 
centrifugal casting method. Ultra-thin graded materials can be manufactured by slip 
casting while powdery materials which are difficult to fabricate by slip casting can 
be processed by tape casting. To achieve a graded material in dispersed form, the 
infiltration technique is employed. These manufacturing methods aim to provide 
the manufacturer with guidance to help them choose the FGM process that is most 
consistent with their technological standards and answer their economic-related 
questions.
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4.1 � INTRODUCTION

The need for advanced engineering materials to work in harsh operating conditions 
for challenging applications like wear-resistant linings, rocket heat shields, plasma 
facings for fusion reactors, durable construction systems, biocompatible devices, and 
bone tissue reproduction is ever increasing. Engineers have been trying to address 
such concerns by seeking answers from nature. Nature has produced many beautiful 
materials like plants, trees, skin, bone, and teeth. There are many other materials 
which seem to be simple superficially but when studied thoroughly are found to have 
complex structures to serve multiple functions. One beautiful example that can be 
seen in nature is bamboo which belongs to the grass family known as Bambuseae. 
The hollow aerial stems of bamboo which grow to a diameter of 20–25 cm and height 
of 30 m have the capability to bear their own weight and bending loads resulting 
from flowing winds. The multi-scale structure (i.e. hierarchical) of bamboo is shown 
in Figure 4.1 and consists of strong crystalline cellulose in lignin matrix in the form 
of closed-cell foam and bundles of fibrils [1]. One can view bamboo as a fiber rein-
forced composite material in which the properties are varying in the radial direction. 
The brown spots of fiber bundles seem to be closely packed in at the outside radial 
direction while in the interior they are widely dispersed. As mentioned the fibrils are 
densely dispersed only at the periphery of the bamboo and their primary function 
is to provide stiffness. Due to the density, size, and number of fibril bundles and the 
structure of culms the mechanical and physical properties of bamboo vary consider-
ably, characterizing them in the class of functionally graded materials.

If we consider the human body it has numerous systems which contain several 
sub-systems which are meant to carry out multiple functions. Take the example of 
the skin of the human body which contains a complex multilayered system, namely 
the hypodermis, the dermis, and the epidermis. Each layer has distinct properties that 
are required to perform different functions. The inner-layer hypodermis provides the 

FIGURE 4.1  Internal structure of bamboo: (a) cross-section, (b) graded structure, (c) closely 
packed fiber bundles consisting of fibrils, (d) fibrils having lameller structure, and (e) cellulose-
hemicellulose-lignin building blocks [1].
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main structural support to the skin and aids in shock absorption. The middle layer 
known as the dermis consists of glands which prevent the skin from drying out and 
regulate body temperature. The outer layer of the skin, the epidermis, is made up of 
scale-like cells, creating our skin tone and protecting against water loss. It is interest-
ing to note that the thickness of the epidermis depends on its location on the body. 
For example on the eyelids the thickness is half a millimeter while on the palms and 
soles it is more than 1 millimeter. It is important to observe how nature has made 
the skin which macroscopically is a single system but its multiple layers perform 
different functions. Another interesting example is the tendon-to-bone insertion site; 
why is this interesting? Let’s see. Here, the first thing to note is that bone is a stiff 
material while tendon is a soft compliant material. So strictly from a stiffness point 
of view there is a huge mismatch because the modulus of the tendon (transverse and 
longitudinal moduli), which is in the range of 45 to 450 MPa, while that of bone is 
20 GPa. Now one can expect a high level of stresses at the interface between these 
two materials. However, both these materials are separated by, or to say at the inter-
face they contain, unique tissue known as enthesis whose function is to transfer 
stress from the soft tendon to stiff bone. Despite failure-inducing stress concentra-
tions the enthesis shows exceptional durability and bears loads which are equivalent 
to multiple orders of magnitude of weight of the body. This is mainly because of its 
distinct fiber organization and composition which is just below 1 mm or in some 
cases it is ~500 µm [2]. Further at the tendon-to-bone insertion site, the stress is 
transferred effectively due to two gradation mechanisms [3]. First, the varying min-
eral content from bone to tendon material, and second, variation in the orientation of 
collagen fiber. Because of such change in the composition of tissue from tendon to 
bone, there is an efficient transfer of load. Along with the load transfer, the graded 
structure or in simple words continuous change in tissue composition right from the 
tendon-to-bone insertion site allows complex multi-axis bending. In this section each 
case of natural system or structure, whether it be bamboo or skin or tendon-to-bone 
insertion site, is provided in detail to understand how these materials contain several 
sub-systems with individual functionality. From an engineering point of view this 
as an interesting scenario for scientists and engineers as they can derive solutions 
for various engineering problems. As mentioned earlier, the skin or tendon-to-bone 
insertion site might get damaged and in such circumstances the job of scientists and 
engineers is to repair the system or to recreate a similar system which can mimic 
the original one. In such cases it is very important to have the knowledge of these 
naturally occurring functionally graded materials.

4.1.1 � Brief Background

It is seen that many applications need a material that properties have to be different 
in a different direction. In such materials the composition and structure tend to vary 
in one direction or over the entire volume. This new type of material was termed 
functionally graded materials (FGM), which are quite similar to composite materials 
but have continuous or discontinuous variations in the compositions and microstruc-
tures. The term gradient describes non-uniformity in the morphology and size of 
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the materials and represents the transition between the constituents of the materials. 
The concept of FGM is not new and was proposed earlier by Japanese researchers in 
the early 1980s. The development of new material was targeted towards reduction in 
thermal stresses and high-temperature performance for rocket engines by providing 
a grading interface rather than a sharp interface which caused failure in traditionally 
used composite laminates. However, the official terming as functionally gradient 
materials was done in the year 1986 and a long-term research program was initiated 
in Japan for hypersonic spacecraft application. The project required a material which 
was capable of sustaining a high temperature of 2000 K and another requirement 
was to inhibit the transmission of such high temperatures to the other parts of the 
material. After 1987, the concept and results obtained through various FGM research 
programs were disseminated through international symposiums and international 
exchange programs. The first symposium on FGM was conducted in the year 1988 
by a dedicated forum on FGMs. The objectives of this forum were to publicize the 
research findings through conferences and workshops, survey the possible applica-
tions, and assist in technology transfer from research institutes to the industry. In 
the year 1990 the first international conference on FGM was held in Sendai, Japan 
(FGM 1990) which was followed by regular conferences held every two years [4]. In 
the year 2001 an international workshop presenting the recent trend and forecast was 
conducted under the chairmanship of Prof. Naotake Ooyama. Various topics like 
modeling and simulation, automatic manufacturing systems for FGM, residual stress 
measurement, ultrasonic imaging, and the biocompatibility of FG implant materials 
were presented. Since then regular research programs, international symposiums, 
and workshops have been held across the world. The latest update to this is that the 
16th international conference on FGM (FGM 2021) will be conducted in the year 
2021 in Hartford, USA.

4.1.2 �O rganization of Chapter

The chapter starts with an introduction section which describes how scientists and 
engineers draw inspiration from nature to initiate work on FGM. A brief background 
on how the research work started on FGM, different initiatives are undertaken by 
government and private agencies, and the dissemination of research work through 
conferences and workshops are presented. The current status of research work on 
FGM in mechanical engineering fields is presented in Section 4.2. In Section 4.3, 
the processing techniques via the gaseous phase route are provided along with 
broad classification. The major classes like thermal spray, and physical and chemi-
cal vapor deposition are discussed along with research work covered in these areas. 
Important deposition techniques like atmospheric plasma spray, suspension plasma 
spray, high-velocity oxy-fuel spraying, vacuum plasma spray, electron beam physi-
cal vapor deposition, pulsed laser deposition, plasma-enhanced/assisted CVD, and 
metal-organic CVD are covered. Section 4.4 covers the computational modeling and 
analysis part in which the prediction of thermophysical properties and thermal stress 
distribution using numerical and simulation approaches is presented. Section 4.5 
presents the applications of functionally graded coating (FGC) in the thermal barrier 
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and biomedical fields. The chapter concludes by summarizing the benefits of FGC 
over conventional coatings for a wide variety of applications.

4.2 � CURRENT STATUS OF RESEARCH

Many development works are being carried out on the effective processing of FGM 
with desired gradient or layers to meet end applications. It is well known that high-
temperature and biomedical applications like the gas turbine, mining, and medical 
industries are in constant need of novel materials with enhanced performance and 
expected to meet design life. A tremendous amount of work is being carried out to 
develop FGM coatings to replace coatings developed by conventional techniques. As 
of now many new combinations are being attempted and investigated for use in bio-
medical applications such as bone implants and thermal barrier coatings for gas tur-
bine applications. The deposition of coatings is carried out using the latest techniques 
like vacuum plasma spraying, flame spraying, cold spraying, atmospheric plasma 
spraying, and solution precursor plasma spraying. For example functionally graded 
Al/Al2O3 coatings developed using high-pressure cold spraying are preferred for 
space applications due to their low solar radiation absorption and comparatively high 
infrared emittance. The combination of a metallic bond coat, CoNiCrAlY/NiCrAlY, 
and a ceramic coat, partially stabilized zirconia, with a graded structure has been 
tested to withstand high-temperature erosion and corrosion in the gas turbines of 
aero-engines [5, 6]. If the example of biomedical applications is considered then 
there is a dire need for material which is not only wear-resistant and biocompatible 
but is also high strength, durable, and corrosion resistant. In such cases biologic coat-
ings comprised of functionally graded structures are more favorable. Such coatings 
are developed using novel thermal spray techniques like high-velocity suspension 
flame spraying (HVSFS) and suspension plasma spraying (SPS). These techniques 
are capable of depositing very fine particles in the sub-micrometer or nanometer 
range. The integration of different materials with a wide range of size results in 
graded structures which possess more merits then conventional biologic coatings. 
Such novel coatings would enhance durability, reduce fatigue phenomena in ser-
vice conditions, prohibit the release of metal ions from the metal substrate, enhance 
osteointegration, and minimize the possibility of infection [7]. Another potential 
area where FGM is considered as a potential candidate material is in the transforma-
tion of conventional impervious pavements into pervious pavements. The objective 
behind this type of application is to have an environmentally friendly transportation 
medium and the implementation of water management systems. In this regard open 
graded friction course (OGFC) mixtures have attracted many potential investors due 
to their stone-to-stone contact and good connectivity air void content. The stone-to-
stone contact imparts resistance to disintegration and plastic deformation while the 
air void content helps in drain-ability and noise reduction. Although OGFC graded 
structures have a number of benefits, there are still certain drawbacks which limit 
their wide application [8]. Even the concrete industry is drawing some inspiration 
from naturally occurring FGM and putting an effort into minimizing energy con-
sumption, the optimal use of cement, and improving the lifespan by developing new 
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types of materials like layered concrete and continuously graded concrete. In the 
case of layered concrete beams the benefits are attained via weight and cement con-
sumption reduction. On the other hand continuously graded concrete is still under 
analytical research, and studies have shown weight reduction ranging from 27% to 
62% for the cases of beams and structural walls. Along with weight reduction, bet-
ter thermal performance is achieved by choosing varying concrete compositions. In 
order to fabricate graded concrete and its structures, various techniques like fresh-
on-fresh casting, spray deposition, and additive manufacturing are employed [9, 10]. 
Currently, FGMs are tried out in advanced applications where conventional materi-
als are used to address performance and design life-related issues.

4.3 � PROCESSING TECHNIQUES

FGMs can be in the form of bulk material or thin coatings whose main objective is to 
replace sharp interfaces with a gradually changing interface to survive harsh work-
ing environments. One can play with the composition and microstructure to design 
an FGM suitable for the requirements of an application. There are many methods to 
develop FGMs but the scope of the present chapter is limited to only gaseous phase 
processing techniques. The major deposition techniques like thermal spray, physical 
vapor deposition, and chemical vapor deposition will be the primary focus of this 
chapter. These deposition techniques are further classified into different methods to 
meet the specific requirements of applications and are shown in Figure 4.2. From 
now onwards rather than FGM the new abbreviation used will be FGC, that is func-
tionally graded coatings. When the concept of coatings comes to mind then it is quite 

FIGURE 4.2  General classification of gaseous phase processing techniques.
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clear that the objective is to protect a base material from wear, corrosion, oxidation, 
or erosion. Why use FGC when conventional coating materials are available? The 
answer to this question is that conventional coatings can perform only one function 
but FGCs are designed in such a way that they can perform multiple functions with 
prolonged life.

4.3.1 �T hermal Spray Deposition

Thermal spray is the process in which premixed powder combinations in the form 
of powder, wire, or rod are introduced to a plasma flame or other heat source like 
laser beams and arcs. For plasma spray the feedstock material is generally in the 
form of powder, and these powder particles undergo partial or complete melting in 
the plasma flame. The powder in semi-molten or molten state is deposited onto the 
surface with the help of gas pressure. After impinging the powder particles undergo 
plastic deformation and rapid solidification, thus forming a deposit via successive 
impingement. A simple schematic depicting an example of thermal spraying of FGM 
on an incinerator burner nozzle is shown in Figure 4.3 [11]. This method is used to 
produce protective coatings of polymers, metals, and ceramics on different types of 
substrate materials. The benefits of thermal spray techniques include versatility in 
terms of materials that can be sprayed, coatings of varied thickness sometimes up to 
10 mm that can be produced, high deposition rates, low environmental impact, and 
low processing costs. Thermal spray is classified into three major processes, plasma 
arc, electric arc, and flame, which further contain several subsets. Important subsets 
of thermal spraying processes are arc spraying, high-velocity oxygen fuel (HVOF) 
spraying, flame spraying, plasma spraying, suspension plasma spraying (SPS), 
atmospheric plasma spraying (APS), and special class, low-pressure cold spraying 

FIGURE 4.3  Schematic of thermal spraying of FGC on burner nozzle application [11].
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(LPCS), and high-pressure cold spraying (HPCS). The first immediate application 
of FGM explored was thermal barrier coatings and the latest application is biologic 
coatings for orthopedic implants. The need for FGC on substrate over conventional 
thermal spray coatings was due to the fact that in the latter high mechanical and 
thermal stresses developed at the interface resulting in poor performance and prema-
ture failure. The design and development of coatings with gradient composition and 
structure are an attempt to address such concerns [12, 13].

Table 4.1 provides different FGC combinations developed for various applications 
using different thermal spray techniques in the most recent years [14–23]. Right from 
reduction in thermal stresses in the thermal barrier coatings for hot components of 
gas turbines to promoting osteointegration and minimizing infection by choosing 
biologic coatings for orthopedic implants are covered in Table 4.1. It is important to 
note that these are only a few examples of FGC and are provided here to understand 
the importance of thermal spray which is employed for a wide variety of applications.

4.3.1.1 � Atmospheric Plasma Spraying (APS)
This technique is one of the most versatile thermal spray techniques as it can be 
applied for a wide variety of coating materials on various substrates including metal-
lic ones. Everything from pure metals, ceramics, and alloys to advanced materi-
als like cermets, carbides, superalloys, self-fluxing alloys, MCrAlY materials, and 
abradable materials can be sprayed using this technique. One can achieve various 
surface functionalities like electrically conductive surfaces, thermally conductive 
surfaces, anti-skid surfaces, high friction surfaces, lubricious surfaces, restoration of 
worn surfaces, fretting-resistant surfaces, cavitation-resistant surfaces, and alkaline- 
and saline-resistant surfaces using the APS process. As of now APS is used in pump 
components, gas turbine components, steam turbine components, propellers, shafts, 
mold release coatings, household irons, thread guides, anilox rolls, corona rolls, and 
impression rolls.

Xia et al. [24] reported the development of hydroxyapatite coatings on medical-
grade Ti-6Al-4V alloy meant for orthopedic applications. An atmospheric plasma 
spraying (make: F4-MB, Sulzer Metco, Switzerland) system with optimal spray 
parameters like spraying distance of 100 mm and powder feeding rate of 25 rpm 
was chosen for the deposition of coatings. Developed coatings were subjected to a 
degradability test in Tris-HCl buffer solution for 14 days and osteogenic differen-
tiation analysis. Fabricated coatings showed a high level of crystallinity, enhanced 
stability, and reduction in degradation rate. The formation of a nanorod structured 
surface of hydroxyapatite coating as shown in Figure 4.4 helped in improving the 
osseointegration between the bone and implants [24]. Rezapoor et al. [25] reported 
the functionally graded wear-resistant coating based on Fe and TiC on CK45 carbon 
steel substrate. The CK4 steel is generally used in the manufacturing of ship shafts, 
wheel hubs, and transmission parts which usually suffer from wear-related problems. 
The graded coating of 105 µm thickness had a top layer of TiC while in-between 
layers were made of Fe–TiC composites using an atmospheric plasma spray system 
(make: METCO-TB3). The adhesion and wear tests were conducted as per ASTM 
C633 and ASTM G99 standards respectively. For the wear test the pin-on-disc test 
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rig with a counterbody made up of high carbon chromium alloy steel of 66 HRC 
hardness was employed. Higher adhesion strength and lower weight loss compared 
to other coatings were observed for functionally graded Fe–TiC coatings. Different 
systems like Al@NiCr/8YSZ [26] and nano-YSZ–alumina [27] for thermal barrier 
applications and nano-structured hydroxyapatite [28] and TiO2-hydroxyapatite [29] 
for biomedical applications developed using APS have been reported.

4.3.1.2 � High-Velocity Oxy-Fuel (HVOF)
In this spraying technique the oxygen and fuel are mixed together and introduced 
in the combustion chamber where they are ignited. The gas formed in the chamber 
is at very high pressure and temperature and when ejected through a nozzle it tends 
to travel at supersonic speeds. The feedstock powder is fed into this gas stream and 
propelled at the substrate at extremely high velocity, hence the name HVOF. Due to 
the higher particle velocity, dense and hard coatings with minimal porosity can be 
obtained. High adhesion strength, thicker coatings due to lower residual stresses, 
higher hardness due to lower degradation of carbide phases, and retention of powder 
chemistry due to high-velocity propelling of powder particles are some of the main 
advantages of the HVOF technique. A wide variety of material including stainless 
steel, chromium carbide, tungsten carbide, and many other carbides, oxides, and 
nitrides can be sprayed using this technique.

The HVOF technique is not only used for metallic and ceramic coatings but also 
used to deposit polymeric composite coatings for erosion barrier applications [30]. 
High-temperature polyamide and WC–Co were chosen as the matrix and reinforc-
ing phase for the development of composite coating. The functionally graded coat-
ings were obtained by the HVOF spraying of polymer composite material followed 
by the wire arc spraying of zinc and finally a top coating of WC–Co was provided. 
The FGC architecture developed using a combination of HVOF and wire-arc tech-
niques is shown in Figure 4.5. The HVOF parameters chosen were a spray dis-
tance of 150 mm, powder feed rate of 3 g/min, surface speed of 0.11 m/s, substrate 
temperature of 230°C, and nitrogen carrier gas flow rate of 0.5 × 10–4 m3/s. The 

FIGURE 4.4  Mechanism explaining the formation of nanorod structured hydroxyapatite 
coatings [24].
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effectiveness of coatings as an erosion barrier was tested through statistical analysis 
of erosion test results using design of experiments. Erosion tests conducted using air 
jet erosion tester (Koehler Instrument Company, Inc., Bohemia, NY, USA) showed 
that FGCs were insensitive to erodent whose angle of incidence was in the range 
of 20° to 90° and temperature increase from 20 to 250°C. This erosion-resistant 
property was mainly due to the transitional metallic layer of zinc provided in the 
coating which not only provided sufficient protection to the underlying structure but 
was effective in preventing the polymer composite from being exposed to erodent. 
The HVOF technique was also used for the development of a thermal barrier coat-
ing and in the improvement of tribological performance for different applications 
like traction drives, cams, gears, and tappets used in transportation systems. Stewart 
et al. [31] reported the development of functionally graded WC–NiCrBSi coatings 
for such applications. Rolling contact fatigue tests conducted to study the combined 
effect of rolling and sliding motion showed that the FGC vacuum-treated at 1200°C 
showed improved performance due to the formation of complex carbides. Taking one 
step further, Henao et al. [20] employed the HVOF technique to produce function-
ally graded hydroxyapatite/titania coatings for biomedical applications. An in-vitro 
test was conducted as per ISO 23317 before and after soaking in Hank’s solution. 
Microscopy analysis showed a continuous composition gradient with alternate layers 
of hydroxyapatite and titania. The in-vitro results which showed biological response 
of FGC revealed bone-like apatite growth after being immersed in Hank’s solution 
for 7–14 days. Mechanical behavior evaluated via fracture toughness and interfacial 
adhesion tests showed good stability after 14 days’ immersion in Hank’s solution 
which was an encouraging result from a long-term mechanical stability point of view 
when compared to that of monolayer coating structure.

4.3.1.3 � Suspension Plasma Spraying (SPS)
This novel spraying technique has a distinct advantage over other thermal spray 
techniques, that is the capability of depositing nanometer-range powder particles. 
Basically, this is a modified version of the APS technique in which the suspension 
of solid particles is used to form coatings. Large suspension droplets consisting of 

FIGURE 4.5  Architecture of FGC showing (a) polymer composite substrate, (b) polyam-
ide layer, (c) polyamide/WC–Co layer, (d) Zn layer for binding, and (e) WC–Co top coat 
layer [30].
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solid phase tend to undergo fragmentation when fed into the plasma jet leading to 
the formation of submicron and nanosize aggregates. The mechanism of smaller 
droplets due to aerodynamic breakdown or secondary fragmentation is shown in 
Figure 4.6 [32]. The feedstock of this technique can cover most of the materials 
including alloys, ceramics, and metal oxides. By maintaining a feeding rate of 5 to 
100 ml/min one can obtain deposition efficiency in the range of 50% to 70%. The 
usage of fine particles helps in easy melting and helps in the reduction of pore size 
and decreases the tendency of micro-crack formation.

Cattini et al. [33] studied the mechanical behavior and suitability for biomedical 
application by conducting in-vitro tests on bioactive glass/hydroxyapatite FGC devel-
oped using SPS. Feedstock suspension of 10% solid phase and 90% ethanol was used 
to develop a total thickness of 80 µm. Microstructure analysis showed the formation 
of compact, continuous, and compositional gradient coatings. The Martens hardness 
and elastic modulus of graded structure were 2.42 GPa and 3.20 GPa respectively 
which was comparatively higher than observed for an area which was closer to the 
surface. In-vitro tests showed that the developed FGC was suitable for biomedical 
applications due to the presence of bioactive glass which exhibited apatite-forming 
ability in simulated body fluid. Functionally graded bioceramic coatings with a com-
bination of fluoridated hydroxyapatite/calcium silicate developed using SPS (Model 
MC 60, Medicoat AG, Switzerland) were reported by Yin et al. [34]. The feedstock 
suspension consisting of 83.5% deionized water, 15% solid phase, and 1.5% ammo-
nium polyacrylate was employed for the development of FGC. The spray parameters 
of feeding rate of 40 mL/min, spraying distance of 38 mm, and torch linear velocity 
of 700 mm/s were chosen. Assessment of both the ability to form apatite in vitro 
and antibacterial activity was conducted at 37°C under static and aerobic condi-
tions. Microstructure analysis showed splats, rough and porous surface structure, 
while cross-section analysis showed a lamellar structure with no cracks at the inter-
face between the substrate and FGC. In-vitro tests revealed apatite-forming ability 
of the FGC, recommending it as a potential candidate material for bone implants. 
Antibacterial tests showed that FGCs were capable of inhibiting bacterial adhesion 
and immobilizing certain bacteria. Apart from biomedical applications, the SPS 
technique was also used for the development of functionally graded La2Zr2O7/8YSZ 
thermal barrier coating materials [35]. Feedstock suspensions consisting of 69% eth-
anol, 30% solid phase, and 1% polyethylene glycol were used. Using a set up made 

FIGURE 4.6  Mechanism of submicron or nanosize aggregate formation in SPS technique [32].
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by Metco (Sulzer Metco Company, Switzerland), the coatings were deposited at a 
25 mL/min feed rate and spraying standoff of 50 mm. Surface microstructure analy-
sis showed good melting with efficient spreading of melted particles. Cross-sectional 
analysis revealed the successful formation of graded structure with a gradual change 
in composition. Thermal cycling tests conducted at 1000 and 1200°C showed that 
the FGC showed better performance and prolonged life when compared with single 
and double ceramic layer coatings. The improved thermal cycling life of the FGC 
was attributed to the formation of gradual variation in composition along the thick-
ness direction.

4.3.1.4 � Vacuum Plasma Spraying (VPS)
This technique is quite different from conventional thermal spray techniques as 
it employs a high-velocity and high-power plasma gun which operates in a low-
pressure or partial-vacuum environment. VPS was developed with the primary 
intention of improving the quality, durability, and reliability of coatings by depos-
iting in a low-pressure noble gas atmosphere. The spray chamber which is filled 
with inert gas is maintained at a pressure as low as ~100 mbar to avoid oxidation. 
The reduced pressure here helps in achieving high gas as well as particle veloci-
ties which are capable of depositing molten particles of size in the range of 10 to 
100 µm. The spraying speed is much faster than in air due to which the coatings 
produced are oxide free, high density, and possess higher bonding strength. VPS 
coatings are capable of enhancing abrasion, friction, erosion, and cavitation of 
substrate material [35, 36].

For heat shield applications the coating should sustain temperatures as high 
as 1000 K without much significant change in structure. Choi et al. [37] reported 
the development of Ni-YSZ FGC with varying YSZ content from 20% to 80% and 
NiCrAlY as the metallic bond coating. A high-temperature plasma torch was used 
to conduct heat shield performance tests where the temperature of the torch was set 
to 2000 K. One-dimensional steady-state heat transfer expression was used to cal-
culate the temperature at the interface between the substrate and bond coating. The 
presence of 100% YSZ coating as a top coat helped in decreasing the temperature 
drastically while in FGC the drop was quite gradual. The FGC layers played a role of 
buffer material in minimizing the thermal stress between the top YSZ layer and the 
bottom bond coat layer. For applications like nuclear fusion reactors the interaction 
of structural materials like reduced activation ferritic martensitic steel and plasma 
leads to lowering of design life of steel. In such cases many have opted to provide 
tungsten coating which however leads to the premature failure of coating due to large 
residual stresses. Keeping this in mind Vaßen et al. [38] reported the development of 
tungsten/EUROFER97 FGC using the VPS technique. The alternate layers of steel 
and tungsten were coated onto a EUROFER97 substrate using a VPS system (make: 
Oerlikon Metco, Wohlen Switzerland). Residual stress measurements were con-
ducted by increment drilling of holes using TiN coated endmills. The results showed 
a reduction in localized deformation and degradation of coatings at the interface 
region due to the right approach adopted for the graduation of the interface. The VPS 
technique was extended to biomedical applications in order to develop biocompatible 
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and chemically stable FGCs. Kuo et al. [39] studied the biological properties of func-
tionally graded tantalum layers deposited on Ti6Al4V alloy. Spray parameters like 
powder feed rate of 40 g/min, spray distance of 250 mm, and chamber pressure 
of 150 mbar were used for depositing coating using a VPS system (Metco A-3000 
VPS machine, Sulzer Metco, Switzerland). Surface modification was carried out by 
employing a combination of alkali and heat treatment processes. A bone-like apatite 
test was conducted in simulated body fluid (SBF) at a temperature of 37°C for 3–14 
days. Observation after 3 days revealed dense apatite formation on alkali and heat-
treated FGC while the tantalum coating or Ti6Al4V alloy showed no such signs. The 
increased bioactivity was due to the formation of amorphous sodium tantalite during 
alkali treatment. Overall these studies showed that the VPS technique can be used 
for the development of FGC for almost all kind of applications.

4.3.2 �P hysical Vapor Deposition

The approach in which the solid source is evaporated, the formation and transpor-
tation of vapor phase to substrate, and the condensation of vapor on the substrate 
surface leading to the formation of thin films is called physical vapor deposition 
(PVD). The process for the development of FGM has a small modification; instead of 
one the process employs two solid sources containing the material to be coated. The 
process of atomization depends on the type of PVD process that is employed. These 
PVD processes are sputtering facilitated PVD, plasma spray facilitated PVD, and 
evaporation facilitated PVD. The basic principle of operation of sputtering facili-
tated PVD is that sputtering gas ions are targeted towards the target material lead-
ing to the ejection of atoms from its surface. The different types of power source 
are direct current, magnetron sputtering, radio frequency sputtering, and reactive 
sputtering. The plasma spray facilitated PVD is also a novel deposition technique 
developed by Sulzer-Metco. Employing an operating pressure of up to 2 mbar and 
high plasma stream velocity of 2000 m/s facilitates easy vaporization of the feed-
stock material. Finally in evaporation facilitated PVD the material to be deposited 
is first melted and then vaporized using an appropriate heat source. Based on the 
heat source this process is further classified into ion beam-assisted evaporation and 
molecular beam epitaxy. Two important classes of PVD, namely, pulse laser depo-
sition and electron beam PVD, used for the development of FGC, are presented in 
upcoming sub-sections.

4.3.2.1 � Electron Beam Physical Vapor Deposition (EB-PVD)
The electron beam generated from the electron source is irradiated onto the materi-
als that have to be deposited. Due to the irradiation of the electron beam the material 
is evaporated and deposited onto the surface of the substrate. This process is gener-
ally employed to evaporate materials which are otherwise difficult to evaporate using 
standard resistive thermal evaporation techniques. EB-PVD coatings are generally 
applied on turbine aerofoil components like blades and vanes to sustain high thermo-
mechanical strains. The advantage of employing EB-PVD is that refractory met-
als like titanium boride, zirconium boride, and titanium carbide can be evaporated 
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without undergoing decomposition. The deposition rates are very high due to which 
they are preferred for producing thermal barrier and wear-resistant coatings.

Movchan and Rudoy [40] reported the development of gradient thermal barrier 
coatings using the EB-PVD process. The fabrication process included pressing a mul-
ticomponent tablet (Al–Al2O3–ZrO2(Y2O3)) against a ceramic ingot (ZrO2–7%Y2O3) 
followed by evaporation of the tablet first and then the ceramic ingot next. Prior to 
that, an NiCrAlY bond coat of 50 µm thickness was deposited from a separate source 
onto the Inconel 718 substrate. The deposition rates for the bond coat and FGC were 
~25 µm and ~10 µm respectively. The FGC coating had a thickness of 150 µm with 
a top layer of ZrO2–7%Y2O3, a transition gradient zone consisting of Al, Al2O3, and 
ZrO2, and the NiCrAlY bond coat. Microstructure analysis showed smooth transition 
in composition from the bond coat to the transition gradient zone with no structural 
imperfections. The microhardness measurements measured from the bond coat to 
the transition gradient zone showed values varying from 508 VHN to 729 VHN. 
In another work, Meng et al. [41] reported functionally graded Ni–YSZ anode coat-
ings with gradient dispersion of NiO. EB–PVD equipment with a deposition rate 
of 0.6 µm/min was used to evaporate two ingots of NiO and YSZ respectively. The 
SUS430 steel was used as the substrate material but prior to deposition the substrate 
was cleaned using supersonic waves in ethanol. The other parameters were as fol-
lows: distance between ingot and substrate of 300 mm, substrate temperature of 
650°C, and pressure of deposition chamber maintained at 1 × 10–2 Pa. The final 
Ni–YSZ coating was obtained by subjecting NiO–YSZ to reduction under hydrogen 
atmosphere maintained at 800°C. Unlike in other EB–PVD coatings here no colum-
nar structure was formed and a high porosity level of 33% was achieved. Such FGC 
suits well for applications like anode coating material for solid oxide fuel cells owing 
to its low manufacturing cost, good catalytic activity, and long-term stability.

4.3.2.2 � Pulsed Laser Deposition (PLD)
This an important process of PVD for thin film deposition using a high-power laser 
beam focused on the target material. Due to the laser beam the surface of the target 
material is vaporized and condensed vapors are deposited onto the surface of the 
substrate. The PLD set-up consists of a vacuum chamber, pulsed laser, and rotating 
target holder. The electrical field generated is strong enough to eject the electrons 
from the substrate surface and this occurs within 10 picoseconds of a nanosecond 
laser pulse. The PLD process can be modified into plasma-assisted PLD by enhanc-
ing the interaction between vapors and ambient gas by using plasma. If an auxiliary 
ion beam is used to irradiate the substrate surface then such process is known as ion 
beam-assisted PLD [42].

Tanaskovic et al. [43] reported the development of bioactive glass-apatite FGC on 
titanium substrate using PLD. Sintered hydroxyapatite and bioglasses with 57 SiO2 
content were selected as targets and UV KrF excimer laser source was used for the 
ablation of targets. The deposition was carried out when the substrate was main-
tained at a temperature of 400°C and the laser beam was targeted at 45°. In order 
to improve morphology and avoid piercing of the deposited coating the targets were 
rotated continuously. It was ensured that the glass layer came first into contact with 
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the Ti substrate due to the similar thermal expansion coefficients of both materi-
als. Microscopy analysis showed that the deposited layer films consisted of spheri-
cal droplets due to laser ablation of the brittle natured targets. Despite the presence 
of defects, the FGC showed good adherence to the titanium substrate as revealed 
by scotch and scratch tests. Such composition and mechanical stability ensures a 
suitable environment for the development of cell culture. The PLD process was 
employed for the development of yttria-stabilized zirconia FGC for thermal barrier 
applications [44]. A 355 nm, 6 W picosecond laser (Make: Coherent Talisker 355-
4) as energy source, SUS 316L and 8% YSZ as target materials, and two molecular 
pumps capable of maintaining ~10–5 Torr pressure inside the vacuum chamber were 
used for coating deposition. X-ray photoelectron spectroscopy (XPS) depth profile 
measurements showed that the intensity peak for Fe(2p) decreased gradually from 
substrate/coating to outer layer of coating while that of Zr(3d) showed the reverse 
trend which is quite clearly shown in Figure 4.7. The adhesion strength measurement 
conducted using the Rockwell indentation cracking method showed good mechani-
cal stability and adhesion strength. A further thermal conductivity test was con-
ducted for which a 1070 nm multi-mode fiber laser (Make: IPG YLS-2000) and 
power of 100 W were used as heat source. The thermal conductivity results showed 
a higher value of 16.01 W/mK for the pure steel sample, 4.86 W/mK for FGC, and a 
very low value of 1.14 W/mK for YSZ. So it is quite clear that most of the ceramics 
having low thermal conductivity values are the most promising candidate materials 
for thermal barrier applications.

4.3.3 � Chemical Vapor Deposition

In this process the substrate maintained at higher temperatures is exposed to the 
volatile precursors which either decompose or react with the substrate to form the 
desired thin film on its surface. The main point to be noted is here that the chemical 
reactions occur only near and on the surfaces which are maintained at elevated tem-
peratures. The growth rate of mullite FGC with respect to the deposition temperature 

FIGURE 4.7  XPS measurements on graded coatings depicting (a) Fe(2p) shown in red lines 
and (b) Zr(3d) shown in blue lines are the intensity peaks right from the substrate/coating 
interface to the outermost layer [44].
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and total pressure can be seen in Figure 4.8 [45]. It is observed that at low metal 
chloride partial pressures the amorphous aluminosilicates grow very fast and a fur-
ther increase in pressure leads to the formation of crystalline mullite as shown in 
Figure 4.8a and b. Further increases in temperature and metal chloride partial pres-
sure lead to increases in grain size and further increases in these parameters resulted 
in a cauliflower-like structure as seen in Figure 4.8c and d. One can deposit a wide 
variety of materials including metals, ceramics, oxides, nitrides, carbides, and inter-
metallic compounds. The distinct advantage of CVD over PVD is that it can cover 
the complete surface of the substrate to be coated including the restricted surfaces 
as well whereas PVD needs line-in-sight between source and surface to be coated. 
Further, there is no need for high vacuum like the PVD process, and one can achieve 
high deposition rates. This process is capable of changing various attributes like the 
mechanical, optical, and electrical properties of the substrate material. Because of 
this many industries use CVD coatings to provide protection against erosion, corro-
sion, and high temperatures. There are different types of CVD process and based on 
the chemical reactions initiated they can be differentiated from one another. If classi-
fication is done from an operating pressure point of view then derivatives of CVD are 
atmospheric pressure CVD, low-pressure CVD, and ultrahigh vacuum CVD. Let’s 
see a few important derivates of the CVD process, plasma-assisted/enhanced CVD 
and metal-organic CVD used in the development of FGC. Most of these processes 
are targeted for wear-resistant and biomedical applications using combinations of 
new materials.

FIGURE 4.8  Schematic showing the growth rate of mullite coatings with increasing deposi-
tion temperature and pressure [45].
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4.3.3.1 � Plasma-Enhanced/Assisted CVD
This process is used to develop thin films and is accepted widely because it can 
operate at low temperatures unlike other CVD processes which are thermally driven. 
The process includes the ignition of plasma consisting of ionized gas and electrons, 
inelastic collision of gas molecules and electrons, formation of reactive species like 
free radicals, and deposition of thin films with the aid of reactive species. Abedi 
et al. [46] reported the development of compositionally graded TiSiCN coatings on 
a substrate made up of H13 hot-working tool steel using the plasma-enhanced CVD 
process. To start with the titanium was coated by introducing argon, hydrogen, and 
TiCl4 vapors into the vacuum chamber. The nitrogen and methane were injected 
into the vacuum chamber at constant flow rates of 30 and 10 standard cubic centi-
meters per minute. The process of deposition continued for about 3 hours with the 
temperature of the substrate maintained at 500°C. The hardness and elastic modulus 
were found to be 41 GPa and 341 GPa respectively. The wear test conducted using 
a pin-on-disc tribometer revealed that the normal force required in case of FGC for 
initiation of crack and delamination was 117% and 40% higher than that of a single 
layer of similar coating. Such highly wear-resistant materials are usually utilized in 
the cutting tool industry. In another work Damerchi et al. [47] reported the develop-
ment of nanostructured TiCN FGC using plasma-assisted CVD process on plasma 
nitrided H13 steel towards punching tool applications. Prior to coating deposition the 
steel was austenitized at 1050°C for 45 minutes followed by oil quenching to ambient 
temperature. Deposition was carried out using the PACVD system (make: Plasma 
Fanavar Amin (PFA) Co.) having an 800 W DC power supply. TiCN FGC was depos-
ited at three different temperatures, 450, 475, and 500°C, with hydrogen, argon, and 
nitrogen flow rates of 200, 100, and 40 standard cubic centimeters per minute. A 
deposition temperature of 475°C resulted in a high hardness value of 30 GPa and the 
lowest wear volume of 7.4 × 106 µm3. The wear profile of FGC deposited at 475°C 
showed a lower depth of abrasion marks when compared to other coatings.

4.3.3.2 � Metal-Organic CVD
This CVD process employs organo-metallic precursors for the depositing of high-
purity crystalline micro- and nanometer thin films. The precursors are usually 
transported to the substrate surface with the help of carrier gases like argon and 
nitrogen. Initially this method was employed for the deposition of epitaxial layers 
of semiconductor materials. High deposition rates of 100 nm/min can be achieved 
with controllable coating stoichiometry. The advantages of this process include the 
deposition of conformable coatings, deposition on large areas, proven capability to 
produce multilayers, and even composition graded layers. Due to its high flexibility, 
the desired composition on suitable substrate material can be deposited at lower cost. 
Sato et  al. [48] developed the Ca–Ti–O/Ca–P–O functionally graded films using 
the metal-organic CVD process for possible application in medical implants. The 
precursors, Ca(dpm)2, Ti(O–i–Pr)2(dpm)2, and (C6H5O)3PO, were heated and carried 
into CVD reactors using inert gas like argon. The substrate temperature varied from 
600 to 800°C, and the precursor vapors mixed with oxygen were deposited onto 
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the substrate. An immersion test into Hank’s solution was conducted on Ca–Ti–O/
Ca–P–O films to study the apatite layer formation. The deposition rate relationship 
with substrate temperature was obtained in Arrhenius format and found that the 
increase in substrate temperature led to an increase in deposition rate. The apatite 
formation rate showed dependency on the surface morphology of the calcium titanate 
film. Further apatite was formed on the surface after hours of immersion and tended 
to increase with the increase in immersion period. Shiraishi et al. [49] reported the 
development of calcium titanate functionally graded films on commercial-grade tita-
nium substrate. The CVD pressure was kept at 0.8 kPa, and the substrate temperature 
was maintained at 800°C. The level of osseointegration was evaluated using push-in 
tests where harvested femurs consisting of implants were incorporated into autopo-
lymerizing resin. In general, a loading rate of 1 mm/min is chosen for push-in tests 
and the values obtained from the test define the breakpoint load at the tissue/implant 
interface. The push-in value of CTO 800 obtained after 2 weeks was significantly 
higher than titanium indicating the capability of calcium titanate FGC in promoting 
apatite nucleation and accelerating the process of osseointegration. These results 
supported the use of calcium titanate as a potential biomaterial for medical devices.

4.4 � COMPUTATIONAL MODELING AND ANALYSIS

Realistic predictions of the mechanical and thermal behavior of FGC need consti-
tutive relations along with corresponding physical and mechanical property data. 
Most importantly the property data largely depend upon the properties of individual 
phases and other details like volume fraction, orientation, and spatial distribution. 
Due to the cost and time factor involved in experimentation, various approaches 
like rules of mixture, variational principles of thermo-mechanics, a micromechan-
ics approach, an empirical approach, and fuzzy logic techniques are employed. 
However, in present days, material design and analysis using computers and robust 
software have become very important tools which are not only informative but also 
save time and decrease cost. Commercial players always value saving time and 
cost which is spent on experimentation and testing. Many approaches have already 
been proposed to study the effect of mechanical and thermal loads on FGM. These 
approaches help a design engineer to arrive at an appropriate compositional gradi-
ent, improve the mechanical and thermal behavior, and most importantly improve 
the lifetime of components made up of FGM. Take the example of thermal barrier 
coatings which are commonly developed using the thermal spray process. On cool-
ing, due to the difference in the coefficient of thermal expansion of the substrate 
and coating, thermal residual stresses develop. These residual stresses lead to pre-
mature failure of the coating which eventually affects the component life. Instead 
of conventional thermal barrier coatings, if FGC are used in place, then it is very 
important to estimate the thermal stresses and their distribution in the coatings. 
However one should understand that for simple geometries and material properties 
the analytical solutions can be used but in case of complex geometries numerical 
solutions like the finite element method can be used. In a nutshell the computational 



68 ﻿Functionally Graded Materials (FGMs)

modeling and analysis of FGC are quite different from conventional coatings and 
thin films in terms of equilibrium equations, boundary conditions, constitutive rela-
tions, and homogenization.

Measuring the mechanical properties of each coating layer in FGC using a con-
ventional mechanical test like the tension test is quite impossible until the thickness 
is around several hundred microns. In such cases nanoindentation can be used to 
measure the hardness and elastic modulus of FGC. Taking a cue from this, Kang 
et al. [50] reported the application of elastic-plastic finite element analysis to deter-
mine the stress distribution and deformation under different loading conditions. The 
yield strength of FGC was determined by combining nanoindentation and the finite 
element analysis model. The nanoindentation experiments were carried out on Ti1–

xCx/DLC FGC deposited on 440C steel using a hybrid combination of pulsed laser 
deposition and magnetron sputtering. Based on measured nanoindentation data, the 
yield strength of FGC was calculated from the finite element model developed for 
nanoindentation simulation. The von Mises stress profile (δ = 200 nm and µ = 0.0) 
obtained inside the coating system revealed moderate stress variation across the 
thickness for Ti/TiC/DLC FGC when compared to that of monolayered diamond-
like carbon coating (DLC). This was attributed to gradual change in mechanical 
properties for Ti/TiC/DLC FGC across the thickness. In a similar note another 
interesting work was reported by Joshi and Ng [51] on optimizing the composition 
of nickel–zirconia FGC to obtain low and uniform stress field when subjected to 
thermal loading. The stress resulting from thermal loading and its distribution in 
FGC were analyzed using finite element software named LUSAS (version 13). The 
nodal temperature of the top surface of the FGC was maintained at 500 K while 
the substrate bottom was kept at 300 K. The effective properties were described 
by polynomial functions against the volume percentage of ZrO2 content, and using 
effective properties different FGC distribution profiles were attempted. Among var-
ious distribution profiles obtained for thermal stress, the quadratic profile showed 
the largest drop in thermal stress. In addition to this the configuration where the 
profile of FGC follows the concave power law showed lower peak stress, especially 
von Mises stress, at interfaces and the substrate was lowest. When stiff coatings 
are deposited on the softer substrate then delamination of coatings takes place due 
to buckling instabilities. In general two mechanisms that cause coating failure or 
interface delamination are wrinkles and buckling. Keeping this in mind, Reinoso 
et al. [52] reported investigation of the delamination phenomenon in FGC from the 
elastic substrates. For detailed literature review, the authors finalized on the idea 
to combine nonlinear fracture mechanics and solid shell finite element model for 
thin film to develop a 3D nonlinear computational framework. The analysis started 
with an introduction of mechanical models for cohesive interface and function-
ally graded thin film. Interface element formulation with large displacement was 
proposed to simulate nonlinear fracture at the interface between the metallic bond 
coat and the ceramic top coat. The results obtained from the computations were 
compared with benchmarked 2D results available in the literature and found to 
be accurate. Most of these studies were able to predict the stress distribution and 
optimal composition gradient that were capable of affecting the coating quality, 
integrity, and performance of FGC.
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4.5 � APPLICATIONS

Recent development in technologies like gas turbines, orthopedic implants, cut-
ting tools, energy production, punching tools, nuclear fusion, and ceramic engines 
are dictating the need for novel and multifunctional materials which are capable of 
meeting the needs of the above applications. Each industry has its own criteria which 
have to be met by the FGC to be used in appropriate application. For instance, reli-
ability and durability are key issues for space vehicle components and nuclear fusion 
applications while the cost factor doesn’t have much significance. On the other hand 
the key issue for engine components and cutting tools is the ratio of cost by per-
formance. Using the FGM approach, functionally graded coatings were developed 
for various applications like thermal barrier coating, biologic coatings for bone and 
dental implants, and corrosion-, wear-, cavitation-, and erosion-resistant coatings. 
Many research works have resulted in positive outcomes on the laboratory scale 
while some of them are in practical use already. In this section the present and possi-
ble applications of FGCs in different disciplines of engineering are provided in brief.

4.5.1 �F unctionally Graded Thermal Barrier Coatings

A large number of functionally graded coatings have been suggested as thermal 
barrier coatings for internal combustion engines, and commercial and military gas 
turbine applications. Figure 4.9 shows a cross-section of an industrial gas turbine 

FIGURE 4.9  Various components of gas turbine engine and potential locations where con-
ventional coatings are used and can be replaced by FGC [53].
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engine and various components where conventional thermal barrier coatings are 
employed [53]. The conventional coatings can be replaced by FGC in these com-
ponents for better performance and improved life. By providing thermal insulation 
to metallic components from combustion gas stream one can minimize or elimi-
nate thermal fatigue, hot corrosion, wear, and erosion, thereby extending the life 
of components [54, 55]. Strictly from a material combination point of view, YSZ is 
used at different locations as top coat, as bottom layer, and as intermediate layer in 
different FGC due to its low thermal conductivity and coefficient of thermal expan-
sion. The oxides like ZrO2, Al2O3, and TiO2 are added as one of the constituents in 
FGC for pistons in internal combustion engine applications. The components where 
FGC can find potential application as a thermal barrier are cylinder heads, valves, 
piston crowns, and rings. Complex oxides, perovskites, and hexa-aluminates which 
are compatible with YSZ demonstrated good thermal insulation properties and a 
long thermal cycling lifetime which are usually preferred for burner rig applica-
tions and engine components like exhaust manifold and pistons [53, 56, 57]. FGC 
is a potential candidate material for extreme conditions like space shuttle applica-
tions because the temperature difference between inside and outside is over 1000°C 
and appropriate compositional design can serve this purpose. Conventional coatings 
tried for plasma-facing components suffer from premature failure due to stress at the 
interface and high temperatures that cross the tolerable level due to high reactor load. 
In such applications suitable composition gradient thermal barrier coatings based on 
tungsten and steel can be tried.

4.5.2 �F unctionally Graded Biomedical/Bioactive Coatings

Biologic coatings on bone and dental implants need to have multifunctional proper-
ties and for this many FGCs have been suggested. In this regard hydroxyapatite-based 
FGCs are usually preferred to promote osseointegration owing to their crystallo-
graphic similarities with the inorganic constituents of bone. Hydroxyapatite or cal-
cium phosphate-based FGC are tried in the field of dentistry and bone regeneration. 
Although calcium phosphate was used potentially for bone grafts or bone substitute 
in the early 1920s in the form of cements and paste, the momentum of development 
of FGC using calcium phosphate has gained pace recently. This is mainly because 
of the latest developments in the field of gaseous phase deposition techniques, and 
the compositional gradient in these coatings provides good mechanical strength and 
gradient in bioactivity. Such biologic FGCs are produced using plasma spraying, 
suspension plasma spraying, DC magnetron sputtering, RF magnetron sputtering, 
and pulsed-laser deposition. Further titanium is used as an implant material due to 
its load-bearing capability but from a compatibility point of view it is rejected by 
the human body leading to the release of toxic metallic ions. Due to this, adverse 
medical conditions can occur and lead to allergy and inflammation in the human 
body. In such cases functionally graded coatings of bioactive ceramics based on 
calcium phosphate have been proposed. Different ceramics like Al2O3, YSZ, TiO2, 
and bioactive glass are other constituents of FGC used along with hydroxyapatite for 
mechanical stability and crack prevention.
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4.5.3 �F unctionally Graded Coatings for Cutting Tools

Although the optimization of cutting parameters can improve the machining effi-
ciency, improvement might not be significant enough. Modern cutting tools need to 
have high wear resistance, high fracture toughness, and crack-resistant properties. If 
cutting tool doesn’t have such multifunctional properties than they can be achieved 
by applying FGC on their surface. Functionally graded coating and substrate mate-
rials such as TiCN/Al2O3–TiN and WC–Ti(C,N)–(Ta,Nb)C–Co were proposed to 
replace conventional tool materials. Functionally graded cemented carbide coating 
is used for making Tiebar-cut punch tools which are generally used for cutting lead 
frame. CVD processed TiN–HT–Ti(C,N)-κ-Al2O3–TiN functionally graded outer 
layers were used to improve the wear performance of cutting tool inserts [58, 59].

4.6 � CONCLUSIONS

The evolution of functionally graded materials started with the application in the 
area of thermal barrier to reduce thermal stress when exposed to high temperatures. 
Due to the gradient in composition and structure the functionally graded mate-
rials can exhibit incompatible functions like wear, erosion, cavitation, corrosion, 
heat, and oxidation resistance. Conventional gaseous phase deposition techniques 
are used to deposit the functionally graded coatings without much modification 
in the deposition setup. The properties of the functionally graded coating can be 
tailored to the needs of application right from heat shield to biomaterials. This 
chapter provides a basic introduction and research studies conducted by various 
researchers on various gaseous phase processing techniques of functionally graded 
materials. Further, it will save time for academicians and researchers in research-
ing gaseous phase deposition techniques and the latest developments in functionally 
graded coatings.
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5 Fabrication of FGMs by 
Additive Manufacturing 
Techniques

Agnivesh Kumar Sinha, Rityuj Singh Parihar, 
Raj Kumar Sahu, and Srinivasu Gangi Setti

5.1 � INTRODUCTION

Additive manufacturing (AM) implies a process of manufacturing in which mate-
rial is added in a controlled manner so as to achieve the desired shape and size of 
the product. AM follows a bottom-up approach unlike subtractive manufacturing 
techniques which follow a top-down approach in which material is removed in order 
to develop a product. Fundamentally, AM and subtractive manufacturing techniques 
are opposite and different from each other. But both techniques are often used simul-
taneously. Computer numerical control machining, water jet cutting, electrical dis-
charge machining, and laser cutting are a few examples of subtractive manufacturing 
techniques.
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AM involves building products (parts) by the addition of successive layers of 
materials one by one until the desired dimensions of the product are achieved. 
Generally, 3D computer-aided design (CAD) models are developed to create parts 
through various AM techniques. Therefore, AM technique is also termed 3D print-
ing. In its early days, AM was mostly used for the purpose of rapid prototypes which 
gave it another name, “rapid prototyping”. Previously, it was only used to reduce the 
cost of testing and analysis (by reducing materials, time, and resources) of intricate 
products by using prototypes developed through 3D printing due to the limitations 
of AM like type of materials used, infrastructure for large-sized products (design 
constraints), and wastage due to interruption in process.

From the last decade, AM has been a popular choice of manufacturing technique 
among materialists and researchers due to its advantages over other conventional 
manufacturing techniques. AM techniques, unlike conventional subtractive tech-
niques, can handle the development of intricately shaped products in shorter time, 
being more cost-efficient. Moreover, it also eradicates the use of custom jigs and 
fixtures which are often used in conventional manufacturing techniques.

AM techniques are now also used in the development of metallic components 
or products besides plastics. Composites along with functionally graded materials 
(FGMs) are also being fabricated using various AM techniques. AM in the fabri-
cation of FGMs has made it possible to provide desired material gradations more 
accurately when compared to conventional manufacturing techniques such as spark 
plasma sintering which is often used for the fabrication of FGMs. AM is also capa-
ble of fabricating symmetrical as well as complex unsymmetrically shaped FGMs 
unlike spark plasma sintering which is generally used for the fabrication of sym-
metrical shaped FGMs. These advantages of AM over conventional manufacturing 
techniques would be beneficial for the exploration and development of various FGMs 
with different compositions and gradations at a lesser cost in a shorter time with 
lower wastage of materials resources.

Therefore, this chapter deals with AM and its classifications from the perspective 
of FGMs where the design and modeling of AM for FGMs are discussed compre-
hensively. State-of-art material systems used in AM of FGMs are also elucidated. 
Moreover, the challenges and future scope of AM in the fabrication of FGMs are 
also briefly discussed which would be beneficial for paving a path for the upcoming 
researchers and scientists for advancement in this pertinent field.

5.2 � DESIGN AND MODELING FOR AM OF FGMs

FGMs include dispersed material properties having gradual variation in chemi-
cal compositions, microstructures, and geometry. The AM process methodology 
involves geometrical modeling, slicing of model, transition in standard tessellation 
language (STL) form, support creation, and manufacturing. Numerous commercial 
software packages are available for the 3D printing of multi-material FGMs, such 
as Autodesk Monolith, voxel-based systems, and Grab CAD. These packages are 
not capable of fulfilling the industrial demand for desired graded properties due to 
the existing challenges such as inadequate understanding of multi-material systems, 
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absence of reliable technique, inability to estimate final material properties, and 
higher costs. The FGM design is a crucial parameter for successful materials prepa-
ration, wherein the assignment and description of material characteristics and the 
nature of voxel (a small unit of 3D volume) are the most significant parameters. 
This section describes design principles with a focus on geometrical, material, and 
microstructure attributes.

Geometrical attributes representation is a primary step to the physical visualiza-
tion of FGMs by lattice design. Mainly four geometrical representation approaches 
are available in the CAD package, which includes function representation, spatial 
decomposition, constructive solid geometry, and B-rep [1]. However, in F-rep and 
B-rep, essential information about material composition and internal structure 
cannot be defined accurately. Thus modern and flexible geometry representation 
approaches such as topology optimization, reverse imaging modeling, and voxel 
basis methods have emerged. Topology optimization (TO) is enforced with math-
ematical algorithms (solid isotropic materials, homogenization, bidirectional evo-
lutionary structural optimization, and level-set techniques) to achieve the optimum 
composition gradient using constraints and boundary conditions to get the desired 
FGMs. A voxel (volumetric pixel) is the smallest elementary unit of volume identical 
to a pixel in a 2D image. The voxel-design approach is very effective for designing 
geometrical coordinates and material compositions separately for tailoring material 
properties. Wherein the geometrical data interpreted in the raster form and used by 
voxel printer for development of FGMs. In reverse image modeling, CT or MRI data 
are interpreted in the form of 3D structure and further utilized in the creation of a 
3D voxel density pattern by means of algorithms (such as a filtered back projection 
algorithm). The use of MRI and CT technologies has effectively reduced the time 
as well as cost incurred in the design and manufacturing of FGMS using AM [2]. In 
general it involves four steps: image acquisition, data post-processing, virtual con-
structs design by CAD, and fabrication.

Materials attributes are another important factor in the design of FGMs for AM 
processes. As FGMs contain multiple materials, thus composition changes gradu-
ally and there is an absence of separate boundaries, which restricts the tendency of 
cracking and/or delamination. In general, designers are focused on the geometri-
cal features of complex shaped products and skip the important material attributes 
(composition distribution, compatibility, and stability). Hence a fabrication informa-
tion modeling (FIM) technique was applied to present the geometrical and material 
attributes together over desired geometry. One of the CAD packages, 3D Euclidean 
space E3, is capable of geometry modeling with homogeneous material. In this soft-
ware system heterogeneous composition distribution can also be incorporated by 
using a unit vector. Numerous research works are available to define material distri-
bution in FGMs for AM. Researchers have stored material information in the form 
of multi-material trees and information regarding heterogeneous material systems 
extracted directly for fabrication via AM [3]. Also, material distribution is presented 
in the form of evaluated as well as unevaluated models. Evaluated models repre-
sented distribution in discrete and inexact form using voxel models, whereas uneval-
uated models do not depend upon the intensive spatial, subdivision, decomposition, 
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or discretization [4]. Material distribution can also be defined in three ways: by mod-
ifying the conventional geometrical approach for FGMs, by considering composi-
tion variation independent from geometry, and by using material primitives, such as 
points, straight lines, splines, and planes [5].

A microstructural attribute can be achieved by experimental examinations or 
numerical simulations of microstructure evolution. Microstructure meshing can be 
developed using backscatter electron diffraction data with DREAM3D code, and 
statistically comparable demonstration of a microstructure volume element can 
be created. Also by modeling phase diagrams can be predicted and used to esti-
mate microstructure phase gradient. The phase diagram can be estimated using the 
CALPHAD software package, wherein thermodynamic computations were assigned 
to the gradient path model and forecast microstructure phase distribution.

Computer-aided engineering (CAE) and simulation play a crucial role in the 
optimizing and modeling of AM design processes by estimating properties, perfor-
mance, and desired geometry of the final product. Simulation can be used to accu-
rately predict the effect of AM process variables on the properties of prepared FGMs 
and the need for experimentation is avoided. Nowadays finite element (FE) sup-
ported CAE techniques are often employed for the simulation of thermo-mechanical 
processing of AM components [6].

5.3 � METHODS FOR AM OF FGMs

5.3.1 �D irected Energy Deposition

As the name suggests directed energy deposition (DED) is a type of AM technique 
which produces parts (3D products) directly from a three-dimensional CAD model 
via energy. In this technique energy is utilized to form a pool of melt on the substrate. 
Electron beams and lasers are the most common forms of energy used for the deposi-
tion of melt on the substrate. This AM technique can be used to produce or fabricate 
FGMs, alloys, composites, etc. Laser is the most often used energy form in the DED 
technique for the fabrication of FGM parts by researchers.

DED to create or produce metal components directly from a 3D CAD model by 
injecting metal powder via a focused high-power laser beam into a molten pool is 
known as the laser engineered net shaped (LENS) method of AM. A high-powered 
laser beam is utilized to melt the metal powder which is placed co-axially to the 
directed laser beam. And the laser beam is focused by one or more lens to a spot to 
help in the layer-by-layer melting process. There are nine major process parameters 
in LENS which play a vital role in deciding the properties of FGM parts produced 
which are the wavelength of the laser, laser power density, metal particle properties, 
powder delivery rate, powder temperature, overlap deposition, layer thickness, and 
melt pool temperature. A smaller wavelength of laser helps in avoiding reflectivity 
issues. Layer thickness decides the power density of the laser. As the thickness of 
layer increases, the laser gets defocused due to inadequate laser power density to 
melt powder which leads to flaws like porosity. Thus, laser power is directly related 
to the surface finish of the part. A high powder delivery rate at high temperature 
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results in large-grain micro-structured parts whereas the particle size of the powder 
plays a key role in deciding the surface finish of the part. Also, a powder tempera-
ture colder than required could result in inadequate fusion whereas too high pow-
der temperature forms plasma. Therefore, it is suggested to maintain the optimum 
temperature of powder. Overlap deposition may lead to porosity due to the trapped 
air which affects the surface finish of the parts adversely. Also, a higher melt pool 
temperature can cause defects, thermal distortion, and higher residual stresses which 
on cooling lead to cracking. And layer thickness also plays a role in deciding the 
surface finish of the part. Layers that are too thick may lead to a poor surface finish 
due laser defocus.

Researchers have prepared Ti-6Al-4V/Inconel 718 FGM by the DED technique 
utilizing a laser beam as the energy source for the deposition of metal [7]. Figure 5.1 
presents the schematic diagram of the DED technique used for the fabrication of 
FGM in the research. FGMs like Ti–Nb [8] and Ti6Al4V-Mo [9, 10] were fabricated 
also using the DED technique where it was confirmed that this AM technique is 
capable of maintaining the required homogeneity. Zirconia coating FGM stabilized 
with yttria was also successfully fabricated using LENS with a fine microstructure 
which possessed hardness ranging from 1700 HV to 2000 HV [11]. Functionally 

FIGURE 5.1  Schematic diagram of the DED technique used for the fabrication of FGM [7].



82 ﻿Functionally Graded Materials (FGMs)

graded layers of SS316 L and Ni–Cr–B–Si were developed using 500 W and 1000 W 
laser power levels so as to deposit the metal powders over the substrate (SS316 L) [12]. 
An FGM disc of SS316 L/IN625 having a diameter of 80 mm was also fabricated 
in a study using the LENS technique where laser power was varied from 250 W to 
1000 W [13]. However, it was noteworthy that laser power greater than 350 W caused 
material splashes. 316 L/Inconel718 FGMs with varying gradations were deposited 
on 304 L in a study using 2000 W laser power to lay a layer of about 0.4 mm [14]. The 
study manifested that the deposition of a large number of layers caused coarsening of 
the grains due to large localized heat generation. Similarly, researchers have chosen 
this AM technique to develop Ti-6Al-4V/TiC FGMs without segregation using sepa-
rate hoppers where it was found that the flow rate of gas was the least influencing 
process parameter among four parameters, namely gas flow rate, scanning speed, 
laser power, and powder flow rate [15]. Researchers also addressed common issues 
such as deformation and cracking during the fabrication of Fe3Al/SS316L graded 
thin wall tubes via the LENS technique [16].

5.3.2 �P owder Bed Fusion

5.3.2.1 � Selective Laser Melting and Selective Laser Sintering
Selective laser melting (SLM) and selective laser sintering (SLS) are the types of 
laser power bed fusion AM technique in which powder particles are fused together 
by laser beam. However, it must be noted that unlike conventional sintering and 
melting processes all powders are not sintered or melted at the same time in SLS and 
SLM respectively. SLS generates a layer of predefined geometry of the part by fusing 
powders with the help of a focused laser beam, whereas SLM refers to the complete 
melting of metal powders by laser beam. However, it is noteworthy that the process 
of SLM is referred as SLS in case of polymer materials because completely melted 
polymers are porous in nature.

Input raw material for the SLS/SLM process is supplied in the form of powder 
which is fused together using a laser (such as a carbon dioxide laser beam) to create 
a part of the final product. The complete process of SLM/SLS occurs inside a closed 
chamber filled with nitrogen gas (N2) so as to avoid the issues related to the oxidation 
of powders which might lead to degradation of the material. The process commences 
with a standard. STL CAD file format which is compatible with most of the 3D CAD 
model software. This file contains the layered structure of the part. Further, heat-
fusible powders in regions corresponding to the 3D CAD geometry model of a single 
layer are sintered by a moving laser beam to build a part. This focused laser beam 
is directed towards the powder bed so as to fuse particles of powder together for the 
selected layer thickness of the part. Layer thickness is approximately 0.1 mm. After 
the completion of one layer, another layer of loose powders is spread on the surface. 
In a layer-wise manner, the laser beam fuses the powder particles together to form a 
solid mass which forms the desired 3D geometry. Un-fused powder particles act as 
support for the fused region of the part. On the completion of the process, un-fused 
powders (un-sintered powder) are poured out completely so as to remove the remain-
ing loose powders from the part. During the process, it is required to maintain the 
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temperature of the building platform just lower than the melting temperature (glass 
transition temperature) of the powder materials for which infrared heaters are often 
utilized.

The part bed temperature, thickness of layers, laser focus, energy density, and 
grain shape of the powder are the five important parameters of SLS which play 
significant roles in deciding the properties of a part. The part bed temperature must 
be just lower than the melting point of the powder used. The part bed temperature 
controls the energy required by the laser during the process for the bonding of pow-
der particles. A higher part bed temperature reduces the required incident energy for 
the fusion of powder during the SLS process. Layer thickness is the depth by which 
the part piston (building platform) is lowered after the laser scanning of each layer. 
The incident energy depends on the thickness of the layer to be scanned in the SLS 
process. A more thick layer will require higher incident energy for fusing the powder 
particles. However, it is noteworthy that high thickness of layers will generally yield 
a poor surface finish of the part due to stair stepping (layering defect). Similarly, 
laser focus is also decided by the thickness of the layer. A longer dwell time of the 
laser results in a larger melt pool diameter and deeper fusion depth of the layer 
(thickness of layer). Typically, the layer thickness ranges from 0.1 mm to 0.15 mm. 
Energy density is the amount of input energy per unit area. It depends on three 
factors, namely the beam scan speed, laser power, and scan spacing. And all these 
three factors must be optimized so as to reduce the input energy required to fuse the 
powder particles together. Powder grain shape largely influences the properties and 
surface finish of the part during the SLS process. SLS could be used for developing 
materials like plastics (powdered), metals, and ceramics for their applications in the 
aerospace, military, electronic, and healthcare industries.

This AM process could be used for the development of intricately shaped 3D 
parts without trapping the material inside. This is a very fast AM process which is 
fully self-supporting in nature. In other words, SLS does not require any support for 
the part during development. The parts fabricated by SLS possess high stiffness and 
strength. Researchers have successfully fabricated titanium/hydroxyapatite (HA) 
FGM [17] with the help of SLM having different compositions of HA varying from 
0 wt.% to 5 wt.% in FGM with a gradation of 1 wt.% as shown in Figure 5.2. Nano-
hardness and micro-hardness values of FGM were found to vary from 5.11 GPa to 
8.36 GPa and 3.42 GPa to 5.67 GPa respectively, whereas Young’s modulus of Ti/HA 
FGM increased from 134.24 GPa to 156.26 GPa with an increase in HA content. Also, 
FGM with a 2% HA ratio showed fracture toughness of 3.41 MPa–m0.5. This study 
showed that SLM could be used for the fabrication of Ti/HA FGM bone implants. 
However, SLM comes along with its inherent disadvantage of porous surface finish 
of the fabricated part [18]. Functionally graded Nylon-11/silica nano-composites [19] 
were also prepared by SLS having 2–10% silica nano-particles. Process parameters 
were optimized for the fabrication of FGMs. Results showed that with an increase 
in the volume fraction of silica nano-particles, the modulus increases with decrease 
in strain, that is, in other words, the addition of nano-particles to FGMs makes them 
stiffer and brittle in nature. Researchers have also found ways to control the poros-
ity in parts fabricated using SLS [20]. Functionally graded 1D Nylon-11 composites 
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with glass beads were also prepared using SLS in a study which showed that SLS-
prepared FGM became stiffer and brittle [21]. Likewise SLM was also employed for 
the fabrication of W–Cu FGM with a layer thickness of 20 µm, which showed that 
an inter-diffusion region of about 80 µm was formed [22].

5.3.2.2 � Electron Beam Melting (EBM)
EBM involves the melting of material with the help of an electron beam (as the pri-
mary source of thermal energy). This AM technique was developed by Acram AB 
(Swedish-based company) in 1997. The main components of EBM are a grid cup, 
filament, anode, deflection coil, focus coil, powder container, electron beam, and 
building table. This process starts with the generation of the electron beam (through 
filament). The focusing coil present in the EBM setup is utilized to correct the diam-
eter of the beam. The focus coil and deflection coil are unique to EBM. The deflec-
tion coil helps in deflecting the electron beam to the powdered material which is to 
be melted. The fabrication chamber containing the powder container, building table, 
and focused electron beam is maintained at high temperature and high vacuum. The 
focused electron beam, targeted by the deflection coil, melts the powder particles 
present on the building table in small volume within the desired layer thickness 
which results in the depositing of a layer of metal powder on the building table. 
Further, the building table is lowered so as to deposit another layer of metal powder 
on the top of the previously deposited lamina. Finally, numbers of layers are depos-
ited in order to complete the part. And the completed part or component is removed 
from the fabrication chamber and un-melted excess powder is removed and recycled. 
Figure 5.3 illustrates a schematic diagram of EBM.

Unlike most of the other AM techniques, EBM printing takes place in a vacuum 
chamber because some of the metals are highly reactive during the change of their 

FIGURE 5.2  Schematic diagram of SLM with fabricated FGM [17].
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phases. It also avoids the infiltration of dust particles and atmospheric moisture. 
EBM is generally used for the fabrication of metallic components as the operating 
temperature range is very high. The temperature in the chamber itself rises higher 
than 1000°C. But, due to the use of a vacuum chamber in this process, there is no 
energy loss or in other words the vacuum helps in maintaining the high efficiency 
of the process that is almost all of the energy of the generated electron beam is 
transferred to the material. Energy transfer is five to ten times higher in EBM than 
the other laser-based AM techniques. EBM is used for the fabrication of biomedical 
(FGMs based on Ti) and aerospace components.

The properties of parts built using the EBM technique depend on six process 
parameters, namely beam-focusing time, power density, scanning speed, pow-
der layer deposition, powder properties, and melting temperature. Beam-focusing 
time is the crucial factor for the change of phase of the powder. If the beam-
focusing time is lower than the stipulated time then powder will not be melted 
properly, whereas, a higher beam-focusing time will make the process slower. 
Power density determines the amount of energy which will be delivered by the 
electron beam to the powder. Thus high power density might affect the sub-layer 
and melt it partially whereas lower power density than the optimal value would 
cause improper melting which would lead to porosity. Scanning speed is con-
trolled by deflection coils. Higher scanning time leads to improper phase change 
and lower scanning time might cause defects in sub-layers due to high melting. 
Powder layer deposition is the thickness of the layer deposited by the electron 
beam. Higher thickness may lead to lesser beam penetration and if the thickness 
is too low then the beam might hit the bottom layers, causing defects. Powder 
should also have capability to absorb the thermal energy for which it is required 
to pre-heat the powder up to a pre-defined temperature to ensure fast melting. 

FIGURE 5.3  Schematic diagram of EBM [23].
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However, the pre-defined temperature must be optimized because too high a pre-
defined temperature could result in longer time of solidification or cooling (lower 
rate of cooling) which also increases the printing time of EBM. The melting tem-
perature will decide the time required to melt the material. A higher melting 
temperature causes internal thermal distortion (improper solidification) whereas 
lower values of melting temperature might lead to the ineffective transfer of heat 
from beam to powder (improper melting).

In the EBM process, component size or size of the part produced is restricted 
based on the specification of the deflection coil. It must be noted that EBM uses an 
optical scanning system which is faster and effective in phase change due to a lack of 
mechanical movements. Moreover, the resolution of EBM is also higher than SLS. 
Thus, more intricately shaped components are fabricated using EBM. But the fabri-
cation of FGMs with EBM is much more costly than SLS. Due to the absorption of 
negatively charged electrons, powder becomes negatively charged which may result 
in powder particle expulsion from the powder bed, forming a cloud of powder which 
is not desirable. Moreover, there might be a chance of repelling the incoming elec-
tron beam by the negatively charged powder particles, resulting in a more diffused 
beam. Thus, the powder particles must be conductive enough to avoid becoming 
negatively charged. Also, scan strategies should be employed to reduce or eliminate 
the charging of particles.

Researchers have found that the use of EBM has resulted in reduction of wast-
age by the recycling of powder [24]. Moreover, a heat source micro-scale model 
was proposed by researchers [25] for the EBM technique based on the properties 
of the material, electron beam, and its incident angle. A meso-scale model was also 
suggested in this research in order to predict the melting process of FGM powder 
particles during EBM. Simulation of EBM showed no sign of powder scattering 
phenomenon at 120 W power. Further, a macro-scale fabrication model was devel-
oped with the help of effective thermal conductivity which was derived from the 
meso-scale model. Researchers [26] have also used a new electron beam power 
bed fusion (EBPBF) approach known as selective evaporation for the fabrication 
of FGMs. In this approach, light elements could be selectively evaporated using 
an electron beam from desired regions of the material so as to fabricate FGM 
from a single material. In other words, the selective evaporation of light mate-
rial from a single material could result in the creation of desired gradations in 
order to fabricate FGM. This approach results in achieving a natural transition of 
interfaces because material is not formed in a layered fashion. This study dealt 
with the fabrication of a Ti47Al2Cr2Nb-based FGM containing (α+β) Ti alloy 
embedded in (α2+ɣ) TiAl alloy. Results also showed that (α+β) Ti alloy exhibited 
tensile strength of 1104 MPa along with 8% elongation. The selective evaporation 
approach in EBM was also used to fabricate FGM having horizontal gradation 
[27] which is a cumbersome task. 1D FGM was fabricated from a single mate-
rial powder (Ti47Al2Cr2Nb) containing (α2+ɣ) TiAl alloy and (α+β) Ti alloy. This 
study showed that the ultimate tensile strength of FGM decreased on increasing 
the overlap scan distance.
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5.3.3 �M aterial Extrusion Based

Material extrusion is an AM technique in which a metal or plastic wire is unwound 
from a coil so as to deposit layers through an extrusion nozzle to complete a part. 
This extrusion nozzle is heated to melt the plastic/metal. The nozzle is also equipped 
with a mechanism through which the flow of melt material can be controlled. The 
extrusion nozzle is mounted on a stage which is movable. The stage can move both in 
horizontal as well as vertical directions. This makes the movement of the extrusion 
nozzle easier and hence, the nozzle can be traversed on the table as desirable (as per 
the geometry of the part) which helps in the deposition of a thin bead of extruded 
melt to form each layer of the part. Material which is to be extruded through the 
nozzle must be in semi-solid condition while coming out from the extrusion nozzle. 
Further, the melt hardens and bonds to the consecutive layer below. The entire pro-
cess occurs inside a closed chamber held at a temperature just lower than the melting 
temperature of the material. Once a layer is laid completely, the printing machine 
will have to move the part downwards or index upwards in order to lay another 
layer so as to complete the part layer by layer. This metal extrusion process is also 
popularly known as fused deposition modeling (FDM) as the extruded materials 
fuse with the already deposited layer so as to form the part completely. A schematic 
representation of FDM is illustrated in Figure 5.4.

There are two primary approaches to the extrusion technique. The most often 
followed one is to utilize temperature to control the state of the material. In this 
approach, the material is melted in a reservoir such that it must be able to flow out 
through the nozzle and get fused together with the adjoining layer of material prior 
to its solidification. And another approach is to use a chemical change to start the 
solidification process. In this approach, a curing agent, residual solvent, drying of 
wet material, or reaction with air is employed to fuse or bond the materials together. 
Therefore, a part must be cured or dried completely so as to attain stability. This 
approach might be more suitable for the fabrication of biochemical parts where 
materials are required to exhibit biocompatibility with living tissues/cells and hence, 
the alternatives for material are less or limited. The liquefier temperature, stand-off 

FIGURE 5.4  Schematic representation of FDM [28].
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distance, chamber temperature, filament feed rate, deposition speed, nozzle diam-
eter, and type of materials used are the main process parameters in the FDM pro-
cess. The accuracy of FDM greatly depends on the minimum distance the extrusion 
nozzle can travel vertically. A dimensional accuracy of about 0.127 mm could be 
achieved with the help of the FDM process. However, it must be noted that higher 
accuracy comes at the expense of processing time or printing time. This AM pro-
cess is usually employed in the aerospace, automotive, manufacturing, medical and 
health care, architecture, consumer goods, fashion, education, and research indus-
tries, etc. FDM is used for the development of prototypes, complex-shaped jigs, and 
fixtures, intricate molds and tools, etc.

FGM was developed in a study [29] by varying the density of pores in a cellular 
structure to maintain the desired gradation in FGM. For this purpose, it is neces-
sary to have accurate and precise control over the dimension and geometry of pores 
in FGM because the size and shape of pores define the density. And the impact 
strength of a material depends on the relative density. The FDM technique enabled 
the researchers to have control over the shape and size of pores in the cellular struc-
ture so as to develop functionally graded cellular structures. Further, the effects of 
square, cylindrical, hexagonal, and triangular pore shapes were evaluated accord-
ing to the energy absorption characteristics and compression strength of FGM. The 
results showed that hexagonal-shaped pores performed the best among other FGMs 
with different shaped pores. FGM with hexagonal pores exhibited a compressive 
strength of 58.2 N/mm2 and absorbed 27.62 J of energy. This type of functionally 
graded cellular structure could be used for automobile prototypes, sports, and aero-
industries, etc.

Researchers have also employed FDM for functionally grading Al/Al2O3 compos-
ite patterns in the investment casting process [30]. In another study [31] FDM was 
used to bond aluminum nitride (AlN) powder with 30 µm particle size and boron 
nitride powder with 10 µm and 30 µm particle sizes. For this purpose, modified 
polycaprolactone (PCL) was used as the polymer matrix for bonding the metallic 
powder together by FDM. Likewise, low-density polyethylene (LDPE)-based FGMs 
reinforced with SiC and Al2O3 particles were also developed [32] where the feed 
stock filament of FGMs was fabricated by the FDM process. Researchers have also 
successfully proposed the use of CAD modeling and ANSYS software for the FDM 
process so as to reduce deformation under transverse loading conditions [33].

5.3.4 �S tereolithography

Stereolithography (SL) is now popularly referred to as SLA which refers to the ste-
reolithography apparatus. This AM process converts photosensitive liquid into a 
3D solid part in a layer-by-layer manner utilizing a high-power laser which convert 
monomers into cross-linked polymers by means of the polymerization process. In 
general SLA comprises a tank containing liquid photosensitive monomers, an ultra-
violet laser, a movable platform immersed in the tank, and a computer interface 
which controls the movement of the platform and laser throughout the process of 
fabrication of the part. Figure 5.5 shows a schematic representation of SLA.
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Like every other AM process, the SLA process begins with the generation of a 3D 
model using CAD software which is the digital representation of the desired part or 
component. The CAD file is then transformed into a standard tessellation language 
or standard triangle language (STL) file which is the native and compatible file for-
mat for SLA. The laser lays the first layer of the part in a photosensitive polymer 
resin. The incident laser beam solidifies the liquid resin. The laser is directed and 
controlled by computer-controlled mirrors. After laying first layer, the platform is 
raised as per the required thickness of the layer and the additional resin is allowed 
to flow down below to the printed layer part. Again the laser is used to solidify the 
upcoming layers of the part to complete the desired part. The fabricated part is cured 
in an oven for strengthening. The free surface method and fixed surface method are 
two modes (modalities) of SLA for the purpose of solidification of monomers. As the 
name suggests, the surface is exposed to air in the free surface method and the solid-
ification occurs at the air/resin interfaces. In this type of mode, precaution measures 
should be taken in order to minimize waves in the liquid monomer surface as wave 
formation in the liquid could result in compromising the final dimensional resolu-
tion. In this mode, the part is fabricated from the top down. Whereas in the case of 
fixed surface mode, the resin is stored in a container with a window plate which is 
transparent for exposure, and solidification takes place at the stable resin/window 
interfaces. Also, the part is built from the bottom up in the fixed surface mode.

There are two fundamental process variations of SLA, namely, scanning stereo-
lithography and projection stereolithography. In scanning stereolithography, the laser 
beam moves on the surface and part building occurs in a line-by-line and point-by-
point manner with the help of an STL file. However, this variation of SLA may cause 
a curling effect in parts which results in deviation from the desired dimensions of 
the part. Thus, to avoid this curling effect in parts, the projection stereolithography 

FIGURE 5.5  Schematic representation of SLA [34].
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variation of SLA came into existence. In projection stereolithography, a digital pro-
jector screen is used in place of a laser for flashing a single image of each and every 
layer of part across the platform such that each layer will be composed of square 
pixels. This variation is also known as digital light processing (DLP). In DLP, the 
resolution of the printer corresponds to pixel size whereas in the case of scanning 
stereolithography, spot size corresponds to the resolution of the printer. SLA is pre-
ferred over other AM techniques because it results in a smooth printing surface, high 
dimensional accuracy of parts, and it is also capable of building high-volume parts of 
the order of about 50 × 50 × 50 cm3 without compromising on precision. However, 
the printing time and cost are higher in SLA. Moreover, steep slopes and overhangs 
need support in SLA. Unlike other AM techniques, SLA does not offer wide range 
of material and color alternatives.

There are four vital process parameters in SLA which play vital role in deciding 
the properties of the printed part which are laser–resin interaction, irradiance and 
exposure, photo speed, and time scale. Irradiance is the input radiant power of laser 
per unit area for the conversion of monomers into cross-linked polymers. Exposure 
is defined as energy per unit area (time of exposure). Laser–resin interaction depends 
on the line width (thickness of the beam) which is proportional to the spot size of 
the beam. Cure depth is also controlled by the line width. The depth of the beam is 
parabolic in nature but for simplicity it is assumed to be a straight line and equal to 
the thickness of the layer. Photo speed or scanning speed is the scanning velocity 
which controls the cure depth. The higher the scanning velocity, the greater will be 
the curing depth due to greater exposure time. The time taken by a laser photon to 
travel to a photosensitive polymer is in the order of a picosecond (10–12 sec). Thus, 
SLA is a very sensitive process compared to other AM processes as a small deviation 
in one of these process parameters could result in large deviations in the dimensions 
of the resulting part due to the liquid state of the polymer.

An Al2O3–Si3N4 FGM ceramic part/component was fabricated using the ste-
reolithography technique where the [35] Si3N4 gradient was set to 20% by volume 
to achieve six gradations of Si3N4 in the Al2O3–Si3N4 FGM. For the fabrication of 
FGM, the stereolithography process parameters, namely laser power and scanning 
speed, were optimized. A study also established the mathematical expression for the 
viscosity of gradations in FGM in terms of minimum voidage and content of Si3N4 
in the FGM plate. Prepared gradient combinations showed no sign of delamination 
or warpage which indicated good bonding between layers. Another study [36] on 
stereolithography confirmed that SLA is a better AM technique than FDM for the 
fabrication of FGMs. Due to issues pertinent to filament trajectory, optimal design 
could not be achieved in the case of FDM. In the SLA technique, CAD models were 
directly used in topology optimization to achieve optimal design. This approach 
enables us to tailor FGMs to achieve the desired mechanical strength. However, this 
approach is not advised for printing resolutions higher than a millimeter scale for 
printing unit size. Researchers have also used SLA for the fabrication of FGM using 
the digital light processing (DLP) variation of SLA [37] in one single step for which 
Fe3O4 particles with 300 nm diameter were embedded in FGM mixed with diluted 
photocurable polymer resin. In this approach magnetic field assistance was needed 
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for which three configurations of magnet were integrated in a magnet holder above 
the printing bed region. This helped in controlling the distribution of Fe3O4 par-
ticles in the FGM. The study also showed that the density or distribution of Fe3O4 
particles depends on magnet strength and the distance between the print part and 
magnets. However, in the fabrication of FGM by SLA, multi-vat systems were used 
by researchers which make the process of printing slower due to the inclusion of an 
additional cleaning step in between the process of changing the material system dur-
ing part printing.

5.3.5 �M aterial Jetting

Material jetting is one of the AM techniques which is very similar to 2D inkjet print-
ers in operation. As the name suggests, material is sprayed in droplet form so as to 
deposit layers one by one to form the complete part in material jetting whereas in 
inkjet printing, only a single layer of ink droplets is sprayed. In the material jetting 
process, a print head capable of moving horizontally is used to dispense photosensi-
tive material in the form of droplets which tend to solidify under ultraviolet rays. 
Likewise, the part is completed in a layer-by-layer fashion. In general, thermoset 
photopolymers (acrylics) are used as photosensitive material in the material jetting 
process. Sometimes it is also called the “drop on demand” method which is exclu-
sively used for the fabrication of investment casting patterns.

Initially, liquid resin is heated up to the range of 30°C to 60°C to obtain opti-
mal viscosity for printing. Then, photopolymers are jetted/sprayed in the form of 
small droplets on the desired region by the print head which travels over the built 
platform. Further, deposited droplets of photopolymer are cured with the help of 
an ultraviolet light source which is attached to the print head. Ultraviolet light 
helps in the solidification of the photosensitive polymer which in turn forms a 
layer of the part. On completion of a layer, the build platform moves downwards 
(along the z-axis) by a height equal to the thickness of the layer so as to lay the 
adjacent layer. In this way the desired number of layers is laid in order to complete 
the whole part.

Unlike SLA, material jetted parts do not need additional post-curing to achieve 
optimal properties due to the very small height of parts. Moreover, it also results in a 
smooth surface of parts with low wastage of materials. It possesses high accuracy of 
deposition of droplets which majorly depends on the accuracy of the x- and y-axes of 
the print head. This process also allows multiple materials and colors under one pro-
cess. Parts printed by material jetting exhibit homogeneous thermal and mechanical 
properties. However, it is noteworthy that parts produced by material jetting have 
poor mechanical properties and are brittle in nature. Thus, parts produced by mate-
rial jetting are not suitable for load-bearing components. And, since parts are made 
of photosensitive materials, their mechanical properties deteriorate over time. The 
material jetting process is costly due to its equipment and materials. Materials are 
limited to polymers, wax, and plastics which is one of the major disadvantages of 
material jetting. Moreover, it also requires support structures. Parts are also suscep-
tible to warping due to elevated temperature.
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There are eight important process parameters, namely diameter of the nozzle, dis-
tance between the nozzle and substrate, pressure (to overcome nozzle wall friction), 
density of material, dynamic viscosity, material velocity, surface tension, and the 
position accuracy of the x, y, and z motion stage, which govern the properties of the 
part produced. The material jetting process is generally used for producing parts for 
dentistry, the medical industry, and jewelry due to the high dimensional accuracy of 
the process. It also allows the printing of large-volume parts without compromising 
on dimensional accuracy. It is also one of the fastest AM techniques.

This AM technique also has the capability to fabricate multi-material compo-
nents (FGMs). Researchers have evaluated the fatigue properties of FGMs fabricated 
using the material jetting process where it was observed that the material jetted 
FGM part [38] exhibited poor properties at the interfaces. The study also manifested 
the influence of material gradient patterns (stepwise or continuous) and the material 
transition region on the fatigue life of FGMs. Results also showed that the stepwise 
gradient in FGM components exhibited higher fatigue life and failure through the 
interface regions. Moreover, it was also observed that FGMs with a shorter material 
gradient transition length tended to have better fatigue properties than the FGMs 
with a longer material gradient transition region. Researchers have also successfully 
fabricated meso-scale (1 mm) digital material using material jetting [39] by regulat-
ing the pattern of deposition of polymer at voxel-scale (90 µm). And, with the help 
of digital material, functionally graded material components or structures could be 
developed at macro-scale (10 µm). Another study [40] on FGM produced by material 
jetting analyzed its mechanical behavior which was further validated and verified 
with the help of finite element analysis and tensile test experimentation carried out 
for the material jetted FGM specimens. The study claimed that the accuracy of a 
material jetting printer depends on the size of droplets, structure of the product, size 
of the product, and shrinkage [41].

5.3.6 �H ybrid AM

The challenges of AM techniques for the fabrication of FGMs have led to the evolu-
tion of hybrid AM techniques. An objective of the deployment of hybrid AM tech-
niques could be the minimization of print time and cost [42]. In hybrid AM, the 
combination of several fabrication techniques is used to reduce the number of steps 
in the process of development of FGMs. This is also beneficial for the customiza-
tion of properties of FGMs. However, the flow or the sequence of steps must be 
carefully decided in order to achieve the desired properties of FGMs. Researchers 
have conveniently used the AM technique along with picoject deposition and micro-
extrusion to fabricate FGMs [43] in which an “on the fly” in-situ laser system (laser 
curing) was employed. Figure 5.6 illustrates the experimental setup for a hybrid AM 
technique used for the fabrication of FGMs. The study showed that the increase in 
laser passes tends to transform the microstructure into a densely packed one. The 
curing of deposited material was done using a laser system which offered fast cur-
ing time, less than 1 min, whereas the furnace curing of material took more than 
2 hours. Further, sintering parameters were also optimized and were found to be 
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18 W of power with four laser passes. Moreover, FGM was fabricated using the SLS 
AM technique. It was shown in this research that FGMs could be fabricated using 
the hybrid AM technique. The use of hybrid AM also made it possible to control the 
microstructure and hence the properties of FGMs.

Another study [44] on hybrid AM of FGMs involved two techniques, namely cold 
spraying and SLM. The main objective of the research was to fabricate FGM by the 
deposition of Al+Al2O3 and Al over Ti6Al4V. Results showed that the Al/Ti6Al4V 
FGM fabricated using the hybrid AM technique displayed no sign of intermetallic 
phases at the interfaces (multi-material interfaces). However, it was observed that the 
Ti6Al4V part fabricated by SLM exhibited defects like large pores whereas the part 
prepared using the cold spraying technique resulted in the formation of small pores. 
Figure 5.7 shows the microstructures of the SLM and cold sprayed parts.

5.4 � STATE-OF-THE-ART MATERIAL SYSTEMS

AM is a revolutionary manufacturing process and completely changes the scope 
of FGMs because of the ability to prepare complex shapes with desired composi-
tion variation. Therefore, an abundance of research was performed by researchers 
to fully utilize the AM process for a variety of material combinations according 
to the area of application. Most of the works available on the Ti alloy, steel, invar 
FGM used direct energy deposition technique. The titanium alloys have material 

FIGURE 5.6  Experimental setup for hybrid AM [43].
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properties such as high strength, superior corrosion resistance, and low density, mak-
ing titanium alloys the most suitable candidates for applications in aerospace. Thus 
numerous researchers have tried to prepare FGMs using the AM process. Ti6Al4V/
TiC FGMs (with TiC weight fraction variation) were developed by the laser melt-
ing deposition process and reported improvements in hardness, tensile strength, and 
wear resistance. Ti6Al4V/stainless steel joints are very essential in the nuclear and 
aerospace industries; thus FGMs are prepared by laser-powered AM techniques. 
Ti6Al4V/invar FGMs are also prepared by laser-powered AM to mitigate the issue of 
interfacial cracks. Functionally graded Ti6Al4V/Mo without any cracks or observ-
able defects was developed by direct energy deposition. Ti6Al4V/Al2O3 FGMs were 
fabricated by laser-engineered net shaping to achieve defect-free composition gra-
dients. SS 316L FGM was manufactured by selective laser melting, which contains 
regions with diverse local functionalities. SS316L/Stellite12 FGMs were prepared by 
powder injection to achieve high corrosion and wear resistance. In order to use tita-
nium for orthopedic implants it is necessary to reduce stiffness and stress shielding 
effect. Thus the concept of FGMs was merged with lattice scaffold design, and the 
designed product was developed by the selective laser melting technique. Invar is an 
ideal material for processing by AM; therefore it is prepared in the form of an FGM 
with Invar36/V as well as Inver36/TiC to get a high-strength product. W/Cu is very 
useful for applications as plasma facing, so it is prepared as FGMs by selective laser 
melting to reduce interfacial cracks and defects [6].

5.5 � CHALLENGES IN AM OF FGMs

AM techniques require the pairing and compatibility of software with hardware 
in order to work accurately and efficiently. As the first step of AM is the design 
and modeling of geometry with the help of software, it requires skilled operators or 
designers so as to understand the given or specified engineering designs of FGMs 
to create its digital replicas. This hurdle could be overcome by providing suitable 
training and education to the designers. The types of materials used in each of the 
AM techniques are different. And all the AM techniques are not compatible with all 
kinds of materials like metals, polymers, ceramics, and alloys. Thus, one should have 
a clear understanding of the various types of materials that could be used in specific 

FIGURE 5.7  Microstructure of (a) SLM and (b) cold spraying part with pores [44].
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AM techniques. This issue limits the applications of AM techniques. Moreover, size 
constraint is another hurdle for the application of AM techniques in the fabrication 
of FGMs. Each and every AM technique has its corresponding size constraints for 
the fabrication of parts.

AM techniques are known for their accurate and precise parts. However, there are 
some AM techniques which have low resolution and thus result in inaccurate dimen-
sions of built parts in spite of being more expensive than the conventional fabrication 
techniques. And dimensional accuracy or compositional accuracy plays a key role in 
deciding the mechanical properties of FGM. An improper gradient might lead to the 
catastrophic failure of FGMs.

As all the AM techniques produce parts in a layer-by-layer fashion, it introduces 
anisotropy in the mechanical properties of the parts produced. Hence, two adja-
cent layers will exhibit anisotropy. Moreover, a slight deviation in the input process 
parameters of the AM technique could result in a relatively larger deviation in the 
output geometry and properties of FGMs due to the introduction of heterogeneity 
(defects). However, surface defects like staircase error might occur due to issues in 
curve approximation in the STL file. And sometimes STL files are relatively larger 
than their corresponding CAD files. Moreover, STL files do not have the ability to 
capture larger curvatures accurately which results in the degeneration of facets.

There are also problems related to gradient distribution and definition of length 
transition phases in FGMs. It is noteworthy that there is only handful of software pack-
ages which are commercially available which have the ability to produce gradients in 
FGMs (multi-material 3D printing). Moreover, it is also required for the designers to 
possess complete knowledge of materials behavior so as to fabricate FGMs using AM 
techniques. Also, it is observed in the literature that the fabrication of FGMs is limited 
to two-material systems only due to the hardware constraints of AM techniques.

5.6 � FUTURE POTENTIAL AND PROSPECTS

There are huge possibilities of advancements in the field of AM of FGMs. But there 
are some fundamental issues which have resulted in limiting the applications of AM 
in the fabrication of FGMs. Due to high uncertainty, there are always probabilities 
of parts being deformed from the desired properties. Thus, it is required to simulate 
the AM processes to avoid the wastage of resources and to understand the insights 
pertinent to the uncertainties of the process. Therefore, more simulation tools must 
be developed.

Another vital hurdle in the fabrication of FGMs using AM techniques is the 
limited use of materials. For advancement in the field of FGMs, a huge number 
of compositional combinations of materials must be explored in order to attain the 
remarkable properties of FGMs. Thus, a materials catalog update would be benefi-
cial. Also, tool paths must be optimized to control the deposition of materials and 
part geometry which would be beneficial for the minimization of part distortion or 
deformation. Moreover, real-time process monitoring systems could be employed for 
the fabrication of FGMs which will further reduce the errors pertinent to processes 
and hence will result in enhanced productivity.
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5.7 � CONCLUSIONS

This chapter shows that there are a number of AM techniques available as 
alternatives for the fabrication of FGMs. Each of the techniques has its own 
advantages and limitations. However, most of the AM techniques are capable of 
producing intricate and complex FGM parts. It also shows that the utilization of 
AM techniques for the fabrication of FGMs is still in progress and has a long 
way ahead. Also, there is a need to understand the insights pertinent to AM tech-
niques to address the challenges related to the fabrication of FGMs with desired 
gradations.

This study is an attempt to understand the various types of AM techniques used 
for the fabrication of FGMs. It also brings out the important process parameters of 
AM techniques along with their effects on the FGM parts produced. Researchers 
have also employed unconventional hybrid AM techniques to fabricate FGMs with 
desired properties (by eradication of errors during fabrication) which has also led to 
the evolution of AM techniques. However, there is a huge number of barriers apart 
from those discussed in this study pertinent to material, design, skill, production 
standard, and non-reliable part production. Various material systems which were 
developed using different AM techniques were also elucidated. Moreover, it is also 
observed that most of the AM techniques are flexible and thus preferred over con-
ventional FGM fabrication techniques. Flexibility also helps in achieving the desired 
intricacy in parts in a precise manner. However, most of the AM techniques are 
expensive due to their expensive equipment when compared to conventional fabrica-
tion techniques. And despite many issues which still remain unaddressed, AM has 
emerged as an alternative for the fabrication of FGMs which offers limitless poten-
tial to be explored.
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6 Design and Fabrication 
of a Functionally Graded 
Model of Bone Using 
the Fused Filament 
Fabrication Process

Ankit Nayak, Vivek Kumar Gupta, 
and Prashant K. Jain

6.1 � INTRODUCTION

The terms rapid prototyping (RP) and additive manufacturing (AM) can be used 
interchangeably but there is an exception, i.e. RP is used to produce a prototype of 
a new component whereas AM provides opportunities for both prototypes and final 
components [1]. AM opens a world of design opportunities for new and complicated 
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objects which cannot be fabricated using subtractive manufacturing technics, due to 
their limitations. AM is a technology that produces an object with minimum waste 
and is very efficient for object-specific low-volume manufacturing. AM is able to 
process a wide range of materials for part fabrication, and it can be categorized by 
the form of material used for fabrication. This method can be categorized in three 
categories: solid-based, liquid-based, and powder-based AM [2].

The AM process can be divided into three parts, i.e. pre-processing (data prepara-
tion), processing (part fabrication), and post-processing (part finishing). In AM, the 
first step is to create the CAD model of the part. The CAD model can be fabricated 
in various solid modeling packages or by processing point cloud data obtained from 
various sources like 3D scans or CT scans [3]. This model must be converted into 
an STL file followed by slicing in multiple layers to generate the path for material 
deposition. The material deposition rate and the pattern can be controlled in AM. 
The ability of guided material deposition of AM makes it suitable for functionally 
graded part fabrication.

Functionally graded material (FGM) has varying properties along its dimensions. 
Such a component with variation in material density can be fabricated using AM 
by changing the parameters associated with material deposition and energy density 
which are required to form a bond in two consecutive layers of material [4]. This 
property of AM can be used to fabricate objects with heterogeneous build properties 
and parts with FGM. FGM is suitable for the fabrication of implants. Such implants 
can be classified as fabricated bone, dental implants, etc. The material properties of 
such implants are slightly different from the surrounding body parts. The implants in 
orthopedics are used mostly as structurally enforced artificial bone which is inserted 
inside the corpus. The current dental implants, composed of a single material, some-
times with a coating layer, are, however, essentially uniform in composition and 
structure in the longitudinal direction. The conception of FGM may be suitable to 
apply for an implant.

There are various bones inside the human body which may need to be replaced 
or repaired at an old age or under certain conditions like injury. But the fabrication 
of bone with varying porosity and material properties is a complicated task. On the 
other hand AM is capable of fabricating such a model by supplying the tool path 
along with varying print parameters. In this chapter, a method for the fabrication 
of customized parts with heterogeneous material density, using patient-specific CT 
scan data, is presented.

6.1.1 �A dditive Manufacturing for Functionally Graded Material

In AM, parts are fabricated by the deposition of material in a layered manner. The 
material deposition rate and other printing parameters influence the quality and 
structural behavior of the printed part [4]. The material deposition rate and part 
printing parameters can easily be changed according to the requirements of the fab-
ricated part. Moreover, the use of functionally graded material in areas like biomedi-
cal engineering and tissue engineering is highly appreciated [3]. The fabrication of 
patient-specific parts with heterogeneous material density is a challenging task. Now 
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it becomes easy with improvements in AM technologies, a wide range of material, 
and specifically advancements in the nozzle path planning methodology suggested 
by Jain et al. (2010) [4]. The suggested methodology was able to fabricate parts of 
varying material properties. Moreover, the presented method is the extended and 
advanced form of tailoring of material properties suggested by Jain et al. (2010) [4] 
for the modeling and fabrication of biomedical parts using patient-specific CT scan 
data. These CT scans are processed to segment out the intended body part in order 
to make the solid model followed by tool path preparation for AM.

6.1.2 � Biomedical Imaging

Different techniques like CT scanning and MRI scanning are used for biomedical 
imaging to analyze the internal anatomy of the human body. CT scanning is based 
on the principle of X-ray imaging, and the reconstruction of a 3D model from several 
images (radiographs). A rotary X-ray projector transmit rays throughout the intended 
body part; these X-rays get attenuated corresponding to the X-ray attenuation coef-
ficient of the body part; when these attenuated rays come in contact with the sensor, 
it generates an image of the internal anatomy on the basis of the X-ray attenuation 
coefficient as shown in Figure 6.1 and Figure 6.2.

FIGURE 6.1  Formation of an image from attenuated X-rays [5].
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6.1.3 �S egmentation of the Intended Body Part

Segmentation of the intended part is the next step towards CAD model preparation 
of the intended body part. Different organs of the human body have different densi-
ties so they attenuate X-rays in relative proportions. It can be observed in Figure 6.3 
that the X-rays were significantly attenuated by the bone, hence it is represented with 
a dark shade, while the attenuation coefficient of the flesh is lower so it disappears in 
the radiograph. Moreover from Figure 6.3 it can be observed that on the basis of the 
grayscale value of the pixels, the bone can be segmented out. Different region grow-
ing methods are used for the segmentation of the intended body parts. According to 

FIGURE 6.2  Reconstruction from multiple signals [5].

FIGURE 6.3  (a) Hand deformity and (b) same hand seen using radiography.
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the grayscale value which is directly proportional to the X-ray attenuation coefficient 
the mask for different slices is created. The segmented mask contains the pixels of 
the specified grayscale value. The masks for an entire stack of the CT scan slices 
form a point cloud which can be processed to make a solid model of the part.

6.1.4 �M edical Modeling for Additive Manufacturing

In medical science, information related to the anatomy and the architecture of organs 
can be gathered using various methods, but the fundamental way is radiography. The 
varying contrast of a radiograph represents the material density of the corresponding 
body part (organ). In a digital radiograph, the grayscale value of the pixel is corre-
lated with the Hounsfield value (X-ray attenuation coefficient) of the corresponding 
body part. On the basis of the grayscale value, the material density of the part can 
be calculated. The density of the corresponding part will help to prepare the printing 
parameters and so toolpath. Different slices of a CT scan were analyzed in a custom-
ized MATLAB program to calculate the variation in material density of the framer’s 
bone. According to the material density represented in the CT scan, the infill pattern 
of different layers is decided. To change the part quality and material properties print 
parameters like nozzle temperature and feed rate are changed. The simultaneous 
variation in the print density and printing parameters changes the printing density 
of the fabricated part.

6.2 � PROCESS OF FABRICATING FUNCTIONALLY 
GRADED MATERIAL

The process of part fabrication includes designing the functionally graded part using 
anatomical data, tool path preparation with varying printing parameters, and fab-
rication (3D printing). Computer-aided designing of a human body part is called 
biomedical modeling, and it depends on the anatomical data, acquired from different 
biomedical image techniques.

6.2.1 � Biomedical Data Acquisition

Biomedical data acquisition is the primary step in designing and fabricating a func-
tionally graded part. Biomedical data involve the architecture and anatomical data 
of the body part. Anatomical data can be gathered from X-ray imaging methods like 
CT scans, CBCT scans, or MRI. CT and MRIs are used to capture images within the 
body at the cross-section. The difference is that MRI uses radio waves and CT uses 
X-rays to scan the body. The rotating X-ray projector and sensors are used to obtain 
the complete cross-sectional images in X-ray, which can generate single or multiple 
layers of slices, whereas MRIs provide extra details on each part with respect to 
X-ray images; it is used to locate the soft tissues, blood vessels, and bones in various 
parts of the body. CT scans are frequently used to examine and identify tumors, bone 
fractures, and cancer development. Whereas MRI scans have been used to identify 
things such as ankles, brain, joints, wrists, and blood vessels.
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CT and MRI imaging uses various formats for transferring files so that there 
is no loss of data; the images are acquired in a special digital format, the DICOM 
format (dcm). DICOM format ensures that the high quality of the images is 
retained. Each CT or MRI scan contains single or multiple images in the DICOM 
format.

Digital Imaging and Communications in Medicine (DICOM) is a standard format 
that was created under a non-profit protocol so that it can be used by anyone; it is 
used for data exchange, the format and structure of images. It was developed by the 
National Electrical Manufacturers Association (NEMA) for the sharing and visual-
ization of medical images.

DICOM is an international standard for communicating and managing data 
related to medical images. Its mission is to ensure the safe and secure process of 
transmission of data. It is used for storing, exchanging, and transmitting medical 
images all over the globe with its technique of integration of devices for medical 
imaging from different manufacturers. DICOM images are widely represented as 
grayscale images and can be represented from pixel value 0 to 255 corresponding 
to the Hounsfield value of the object which has been scanned under the biomedical 
imaging system. These images can be processed to acquire data for virtual model 
reconstruction and additive manufacturing [6, 7].

6.2.2 �M edical Image Processing and Data 
Extraction from DICOM Images

Medical image processing is a significant technique which has been used for the 
reconstruction of bone. This application can be used for the solid modeling of body 
parts, designing of implants, scaffold generation, and demonstration purposes as 
well. Various techniques have been developed to create artificial bone, directly from 
STL files or using medical data. In medical diagnostics, computerized tomography 
(CT) scanning plays an important and essential role in obtaining useful anatomi-
cal information. CT scanning gives information about the shape, orientation, and 
density variation of the bone. Detecting the density variation at the cross-sectional 
area of the bone is a principal step in modeling heterogeneous parts from CT scan 
images.

The DICOM file (which is in DCM format) will give the information about the 
bone density in the form of grayscale. The value of the grayscale will vary from 0 
to 255; the darker regions represent less density while the whitest regions represent 
high density corresponding to the X-ray attenuation coefficient.

A DICOM file contains the sliced image of bone, i.e. the cross-sectional area of 
femoral bone as shown in Figure 6.4. The white area shows the bone region which 
has a higher grayscale value as well as high density. The outer region of the bone are 
muscles and tissues and inner region from the white area is the bone marrow. The 
white region in the bone is the collection of high pixel values; these pixel values vary 
from inside to outside which means there is variation in the density of the bone. A 
different contrast level will help in the segmentation of different parts according to 
their density and respective Hounsfield values.
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6.2.3 �S egmentation

Two methods have been developed to find the threshold value for segmenting the 
multiple regions at the boundary point, i.e.

	 (a)	 The Analytical Method
	 The analytical method of segmentation is based on the grayscale value of 

the boundary pixel having significant contrast value. The maximum differ-
ence in neighbor pixels represents the highest contrast value of the image. 
This value can be used to fix the threshold value for image segmentation 
by calculating the difference of grayscale value of two consecutive pixels. 
Several statistical methods or scanning methods can be used to calculate 
the optimum grayscale value for segmentation. However, in the case of CT 
scanning it can be calculated on the basis of the Hounsfield value or X-ray 
attenuation coefficient of the object. The Hounsfield value and correspond-
ing grayscale value of the X-ray image represent the density of the object, 
and this can be understood from Figure 6.5. The density variation from 
maximum to minimum is red, blue, green, and yellow respectively. The 
threshold value of grayscale for the region is 110 to 130 for crayon, 130 to 
200 for yellow, 200 to 235 for green, 235 to 238 for blue, and 238 to 255 for 
red. This variation can be used to segment out the different regions of the 
density to fabricate a heterogeneous model using AM. 

	 (b)	 The Graphical Method
	 The segmented grayscale values obtained on the basis of the graph 

(Figure 6.6) are 112, 195, 235, 239, and 255.
	 1.	 First find out the seed value from which the bone region is separated 

from muscle and bone marrow. The seed value is obtained using the 
maximum difference method, and its value is 112.

FIGURE 6.4  An image of a random slice of the femur bone.
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	 2.	 Take all the grayscale values of each pixel in this region, arrange them 
in increasing order, and put them on the y-axis and on the x-axis; the 
values are arranged according to their order relative to the y-axis.

	 3.	 Now the segmented value can be found as:
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		  θ – difference in angle of two consecutive points
		  q1 - slope of first line
		  q2 - slope of second line
		  A1, B1 – coordinates of first point
		  A2, B2 – coordinates of second point
		  A3, B3 – coordinates of third point

	 The maximum value of q at each fluctuation of the curve after the seed 
value is taken as the threshold value for segmentation. 

FIGURE 6.5  Segmentation of region using analytical method.
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A DICOM image represents various parts such as bone, muscle, tissue, and bone mar-
row; however, bone is the region where the largest variety of grayscale is observed 
due to variation in density. To obtain the region of bone, a segmentation technique is 
used to get the region of interest. The boundary-value of this region is obtained using 
the maximum difference method.

The segmentation is performed in three regions, i.e. the blue, green, and red. The 
red region is denser with a threshold value for boundary separation of 238 to 260, 
whereas the blue region which is the least dense among these has a threshold value 
for the boundary of 115 to 200, and the green region has the remaining part. This 
segmentation value is obtained from the average difference method.

In the outer region, the red and the blue regions are mixed as shown in Figure 6.7. 
To separate this region a data separation technique is used.

This boundary generation is done by converting all the regions into one and then 
taking its outer boundary; by removing the segmented region in a sequential manner, 
the outer shell of the region is obtained.

One slice is taken at a time, applying the segmentation technique based on the 
threshold value, using the boundary separation technique, and to get a larger local-
ized region there is the further separation of coordinates. The region with high den-
sity has a smaller raster gap which means the material will be denser. The raster 
angle can be 30° and 60° in the anticlockwise direction. After rastering (Figure 6.11), 
an optimized toolpath is generated. This model shows that,grayscale based bound-
ary separation and raster gap represents heterogeneity in the bone. The density of 

FIGURE 6.6  Graphical analysis.
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bone is increasing from the outside to the inside; however, this heterogeneous model 
explains the relative density with respect to the actual bone.

6.2.4 �R egion Formation

After image segmentation the bone is divided in different groups according to the 
range of grayscale values. Whenever there are data values representing the same 
group or there is a similarity, these values need to be separated from the others. A 
method has been used which collects the coordinates of those values which can be 
represented in a certain range. These values store coordinates of each point which 
comes within a certain range. In Figure 6.7, blue, green, red, yellow, and crayon 
together represent the bone region. These values are separated from the whole region 
by using the intensity of each pixel. The range of this segmentation is based on gray-
scale and the values are 110 to 255.

In Figure 6.7, the number of segmented regions is five, i.e. crayon, yellow, green, 
blue, and red, whose ranges of values are 110 to 130, 130 to 200, 200 to 235, 235 to 
238, and 238 to 255 respectively. Segmented regions such as yellow and green are 
very small and form a thin line, which will become irrelevant during fabrication due 
to the lower accuracy of the FFF machine. However, model can be printed using a 
high-resolution machine according to its applicability, but in this case it has not been 
considered. To overcome this, the optimization of data is used, and hence the smaller 
crayon region gets merged with the yellow region, and the crayon region shown here 
is for the bone marrow which will be used for boundary generation.

FIGURE 6.7  Segmentation of multi-region.
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6.2.5 � Contour Formation

A closed contour has been developed from the point set of designated pixel values 
in order to generate the tool path. In the proposed method the minimum distance of 
two consecutive points has been measured to form a closed contour. It is the simplest 
method to obtain a contour, yet it become very difficult when a larger number of 
points are available and it becomes difficult to choose the next point. A few points 
may be left behind and a loop will connect in random order to complete the loop. A 
limiting value of distance should be given to that next point is to include far points in 
the loop which may be left behind, as stated in previously. The obtained contour will 
be in the form of a group of connected line segments. The start and end points of the 
loop were joined to form a closed loop as shown in Figure 6.8.

In Figure 6.8, there is the sequencing of points. These points are randomly dis-
tributed. To arrange the points in an order, the nearest neighbor was selected to form 
a closed loop. Now after finding this line segment, use the head-to-tail method; in 
this method heads are connected to tails and again the minimum distance method 
is used to create a closed loop (contour) Similarly, this method has been used for 
multiple contours as shown in Figure 6.9.

6.3 � TOOLPATH FORMATION

Closed contours of different regions represent the boundaries of different seg-
ments of the bone with varying density. The density variation can be reflected on 

FIGURE 6.8  Sequencing of coordinate points to generate contour.
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the fabricated part by using different printing parameters like raster gap and raster 
angle. These variations of the print parameters have been included in the toolpath of 
the FFF-based AM process.

A standard FDM printing parameter is divided into the few categories. Each 
parameter has been altered to obtain the optimize design for part fabrication. Here 
in this model, a single layer of wall boundary is used so that it shouldn’t overlap 
with the infill region. The thickness of each layer is uniform, and each layer has a 
thickness of 0.4 mm. Each of the DICOM layers which are used here have a gap of 
3 mm but the FFF machine, i.e. autoAdobe Duper XL 400, which is used here for 
part fabrication has a maximum layer thickness of 0.4 mm so for the fabrication 
process the maximum limiting value of layer thickness is used here. The raster angle 
used here is 30, 60, 30, and 60 degrees from outside to inside respectively as shown 
in Figure 6.12. However this raster angle is based on user input, which can be easily 
changed based on requirements; similarly the raster gap also used, i.e. 0.7, 1.1, 0.5, 
and 1.5 from outside to inside, can be changed based on the minimum difference in 
relative density of the model from the original object.

Raster gaps of 0.3, 0.5, 0.3, and 0.7 are designated for a, b, c, and d regions respec-
tively as shown in Figure 6.10. The difference in raster gap shows the variation den-
sity in each region. 

The toolpath is used to give direction of movement to the extruder head in the car-
tesian coordinate system. Any toolpath can be generated by connecting all the raster 
lines which is shown in Figure 6.12. An efficient toolpath should have less extruder 
movement to reduce the build time. This can be achieved by optimizing the toolpath 

FIGURE 6.9  Contour of multiple regions.
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FIGURE 6.10  Separate toolpath of each segmented region.

FIGURE 6.11  Rastering using line pattern.
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in such a manner that it will move to the nearest raster. By considering this condition 
a toolpath for the FFF process has been generated as shown in Figure 6.13.

The toolpath has been generated for each layer of the part by following the same 
algorithm as described earlier. The tool path of different layers was arranged accord-
ing to the layer height to form a 3D model as shown in Figure 6.13.

This model has been designed to fabricate heterogeneous objects such as bone. 
There are various bones inside the human body which need to be replaced in old 
age or under certain conditions. These bones are the hip joint and knee joint. This 
model has the capability to fabricate not only these bones, but any type of bone in 

FIGURE 6.12  Toolpath of a single layer.

FIGURE 6.13  Toolpath for entire part.
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heterogeneous form. Here, in this case a femur bone is used as it has sufficient thick-
ness to observe the heterogeneity within the bone.

6.4 � SOFTWARE AND HARDWARE INTEGRATION

An FFF machine has three stepper motors to control the three-dimensional motion 
of the extruder along the designated path and one motor to control the feed of 
filament wire to the extruder. These motors are controlled by a dedicated control-
ler which ensures precise motion according to the given commands. In an FFF 
machine, a nozzle-extruder head is used to deposit material on the build platform. 
The dedicated controller of the FFF machine is capable of reading the G&M codes. 
Such codes contain information regarding the motion of different stepper motors. 
G&M codes are decoded by the controller and pulse trains are supplied to the des-
ignated motor according to the G code. The E variable of machine code controls 
the amount of extrusion according to the layer height and print speed while the X, 
Y, and Z codes control the position of the extruder. A variable T is designated to 
control the temperature of the extruder and build platform. These codes include 
the coordinates of the extruder position and are supplied to the machine for part 
fabrication. 

The code which contains toolpath information plays a major role in the part 
fabrication. The operating device traces all the coordinates from the toolpath and 
gives instruction to the nozzle. After that, the nozzle of the FFF machine shown 
in Figure 6.14 moves through every single point of the toolpath including the idle 
motions and deposits material on the platform. After the deposition of a single layer, 

FIGURE 6.14  FFF machine.
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the build platform moves down up to a layer thickness value. The process is repeated 
until the complete physical model finished.

6.5 � APPLICATION

The capability of the proposed approaches has been demonstrated by considering a 
heterogeneous model for a femur bone used in real-world applications as described 
below. This model is capable of producing any heterogeneous object whose DICOM 
image is available.

There are various applications for which the heterogeneous model can be used 
such as:

	 1.	Hip joint replacement
	 2.	Knee replacement
	 3.	Demonstration purposes

Figure 6.15 shows the fabrication of different numbers of layers for different scale 
values. This shows that this model can be generalized for single and multiple layers 
for the fabrication of any heterogeneous objects.

FIGURE 6.15  (A) Single layer at 2.5 scaling, (B) two layers at a scaling value of 2, (C) five 
layers at 2.5 scaling, (D) three layers at a scaling value of 2.5.
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Figure 6.16 shows the heterogeneous model for multi-slices of a DICOM image. A 
different orientation of the model is used to compare the similarity between the mod-
eled image and the fabricated image. This fabrication is done on an FFF machine; the 
machine used is autoAdobe Duper XL 400. Fabricated model shown in Figure 6.17. 
The working volume of this machine is 200 × 200 × 200 (in mm). The toolpath gen-
erated above is used to fabricate this femur bone as shown in Figure 6.16. G and M 
codes have been implemented on the coordinates of the toolpath.

6.6 � CONCLUSIONS

The FFF process is commonly used in the AM process. The software used for 
density variation through the FFF process and its limitations revealed that local-
ized variation in a part is not possible with available toolpath planning algorithms. 
Thus, a path planning tool has been developed for providing different set of process 
parameters in each layer according to the density variation of the part. A detailed 
explanation of segmentation, infill parameters, and toolpath generation along with 
its algorithm is presented. Various infill parameters can be implemented on a seg-
mented region to obtain similar variation in density as in the grayscale values of a 
DICOM image. The feasibility of the proposed path planning tool shows that it can 
be further improved for advanced material processing AM machines for the fabrica-
tion of medical implants. 

FIGURE 6.16  Different orientation of heterogeneous model.
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7 Recent Advancements 
in Analysis of FGM 
Structures and 
Future Scope

H. D. Chalak and Aman Garg

7.1 � INTRODUCTION

Due to the issues possessed by the classical composite laminates and laminated struc-
tures with sandwich configuration such as delamination [1–4], matrix-fiber debond-
ing [5, 6], stress concentration/stress channeling effects [7–9], etc., a new class of 
materials called functionally graded materials (FGM) was invented by Japanese 
scientists in 1984. Instead of occurring in the form of layers as in classical lami-
nates, FGMs show a smooth gradation of material property in the desired direction. 
In the past decade, multi-directional FGM structures have also been developed in 
which the material property varies regularly in more than one direction [10]. Various 
structural elements, such as plates, beams, slabs, and shells, constitute a structure. 
Therefore, the analysis of all these structural elements must be carried out so as to 
know the complete behavior until failure.

FGMs are manufactured usually using two materials: metals and ceramics. The 
most widely used metals for FGMs are aluminum, zinc, copper, nickel, titanium, 
etc. For ceramics, oxides of various metals such as aluminum, zirconium; carbides 
of various elements like silicon, boron; nitrides such as silicon nitride, etc., are used. 
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The metal constituent provides toughness and mechanical strength, and the ceramic 
constituent of the material provides high-temperature resistance due to its low ther-
mal conductivity. Details on the manufacturing of FGMs are available in the work 
reported by Jha et al. [11]. Among the different processes, powder metallurgy is the 
most widely used process for manufacturing FGMs.

Various laws are reported by the researchers for defining the properties of FGMs 
at different points within the structural element. The following are the two widely 
used schemes available in the literature for determining effective material proper-
ties: Voigt’s rule of mixture, and the Mori–Tanaka scheme. The power law, expo-
nential law, and sigmoidal laws are the most widely used laws [10–16]. These laws 
are also modified to develop sandwich FGM structures. A sandwich FGM element is 
supposed to be made up of three layers in which the top or bottom face is made up of 
ceramic and the core layer is made up of FGM phase and vice versa.

Homogenization laws for FGMs:

	 1.	Mori–Tanaka scheme: the scheme is mainly used for the discontinuous par-
ticulate phase of graded composites. The effective Young’s modulus (E), 
bulk modulus (K), shear modulus (G), and Poisson’s ratio n( ) can be calcu-
lated as:
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	 2.	Voigt model: the scheme is based on a simple rule-of-mixture. This scheme 
is much simpler than the Mori–Tanaka scheme and is the most widely used. 
The material property of FGM is a function of material property and vol-
ume fraction of its constituents, which is defined as:
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i fi=
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	 (7.2)

	 where Pi and Vfi are the material property and volume fraction respectively 
of the constituents of FGMs.

	 P P P V Pf= -( ) +1 2 2	 (7.3)

	 Using the above relation (Equation 7.3), the effective properties can be 
calculated. However, in the literature, it is recommended that for porous 
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FGM plates, instead of Voigt’s scheme, Mori–Tanaka scheme should be 
used [10, 16].

		  Chi and Chung [17, 18] carried out a comparative study between the 
FGM plates made up of three homogenization rules: power-law graded 
(P-FGM), exponential law graded (E-FGM), and sigmoidal FGM (S-FGM). 
The following are the three most commonly used gradation laws:
•	 P-FGM: this law is the most widely used by researchers. The material 

property variations as per this law for one-directional FGM, two-direc-
tional FGM, and sandwich FGM (Equations 7.7 and 7.8) are:

	 For 1D and 2D FGMs, the effective material property at any point can 
be determined as:

	 P P P V Pz t b f b= -( ) + 	 (7.4)

	 The volume fraction Vf for 1D (Equation 7.5) and 2D FGM (Equation 
7.6) can be written as:
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	 where n is the power-law exponent
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	 where nz and nx are the power-law exponents in the z- and x-directions 
respectively.

		  Figure 7.1 shows the gradation of material property across the thick-
ness for 1D, 2D, and sandwich FGM structures.

FIGURE 7.1  Material property gradation across the thickness of the FGM structural 
element.
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		  For sandwich P-FGM structures, Equation 7.4 is used for determin-
ing the effective property within the element. Sandwich FGM struc-
tures are made up of three layers (Figure 7.1). The volume fraction can 
be determined as:
–	 Type A: the sandwich FGM construction is considered to have top 

and bottom faces of the FGM phase, and the core is ceramic.
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–	 Type B: in this type of construction, the core is made up of FGM 
phase while the top and bottom faces are ceramic and metal, 
respectively.
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•	 E-FGM: this law is used mostly in fracture mechanics [10]. The mate-
rial property variation as per this law is:
–	 1D FGM:
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–	 2D FGM:
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	 where, α(x) and β(z) are gradation index along the x- and z-directions
		  Sandwich E-FGM: the top and bottom faces are considered to be 

of FGM phase, while the core is ceramic.
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•	 S-FGM: this law is the combination of two power laws. The 2D form of 
this law is not available in the literature.

	 1D FGM:
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	 Sandwich S-FGM: the top and bottom faces are made up of FGM and 
the core of ceramic.
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Figure 7.2 shows a graphical representation of a volume fraction of ceramic across 
the thickness of the sandwich FGM structure.

FGMs are most widely used in constructing various structures/structural ele-
ments in aerospace and aeronautics; automobiles; defense armaments, e.g. tanks, 
missiles; structural elements in buildings/bridges; optoelectronic devices; the 
medical field; sports equipment, etc. (Figure 7.3). Due to the wider applicability 
of FGMs, it is necessary to study their linear and nonlinear behavior. In special 
cases such as the defense industry, impact and blast behaviors are of the utmost 
interest as well as the dynamic behavior. Thus, to accurately predict FGM struc-
tures’ behavior, several theories are reported in the literature. This chapter sum-
marizes the studies based on the static, vibration, and buckling behavior of FGM 
structures.
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Various theories are considered for the analysis of FGM structures under vari-
ous loading cases in the literature. The earliest available theory is called classical 
laminated theory. However, this theory neglects transverse deformation effects and 
hence can predict the behavior of thin structures effectively. First-order shear defor-
mation theory (FSDT) assumes a constant transverse displacement field across the 
structure’s thickness. The models based on this theory predict constant transverse 
shear stresses across the thickness. But actually, the transverse shear stresses are 
parabolic in nature. To define the transverse stresses accurately, a shear correction 
factor is required. This shear correction factor depends upon various factors such as 
end conditions, material properties, thickness scheme, etc. [19–22]. In higher-order 
shear deformation theories (HSDT), the in-plane displacement field is expanded as a 
higher-order variation concerning the thickness coordinate. Highlighting the defects 
associated with HSDTs, Garg and Chalak [2] reported,

These theories predicted the continuous transverse shear strain variation across the 
thickness at interfaces with a discontinuity in the transverse shear stresses. Also, 

FIGURE 7.2  Variation of the volume fraction of ceramic across the thickness of different 
types of sandwich FGM structures (1D sandwich FGM).
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additional dependent unknowns are introduced in HSDT with each new adding power 
of thickness coordinate. Even these theories do not satisfy the stress-free condition at 
the top and the bottom face of the laminated structure.

The limitations posed by HSDT are taken care of by layer-wise theories (LWT) 
in which each layer is analyzed separately. Two different LWTs are widely used, 
namely discrete LWT and refined LWT (also called zigzag theories). In the 
case of discrete LWT, each layer is analyzed separately, and then the results are 
integrated for all layers. But this theory is computationally costly as with the 
increase in layers, the number of unknowns increases. Zigzag theories (ZZT) 
write unknowns at each layer concerning the reference layer and are computa-
tionally efficient. The most exact theory for the analysis of FGM and sandwich 
FGM structures is the elasticity theory. But this theory is computationally very 
costly. A brief summary of the theories can be found in the work reported by the 
authors [2, 9, 11, 23, 24].

In the present work, the authors have tried to provide an insight into the work car-
ried out to date for the analysis of sandwich FGM structures (plate, beam, and shells) 
under various loading conditions.

FIGURE 7.3  Applications of FGMs.
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7.2 � ANALYSIS OF FGM STRUCTURE

In this section, a review of recent literature is summarized. The study is classified 
based on static/bending, vibration, and buckling analysis of FG and sandwich FG 
plates, beams, and shells.

7.2.1 � Bending Studies

Zhang and Zhou [25] carried out bending analysis of FGM plates using the neutral 
surface method. Dai et al. [26] employed the weak form meshfree Galerkin method 
and the least square error method using FSDT for thermo-mechanical analysis of 
FGM plates. Thermo-mechanical-based bending analysis of FG plates resting upon 
nonlinear foundations has been carried out by Yu et al. [27] and also who proposed 
reported isogeometric-based FSDT for the nonlinear analysis of FG plates. Nguyen 
et  al. [28] reported the analysis of FG and sandwich FGM beams using FSDT. 
Sepahi et al. [29] reported differential quadrature method-based FSDT. Tornabene 
and Reddy [30] proposed generalized differential quadrature-based FSDT for the 
static analysis of FGM shells. Doubly curved FGM shells resting upon elastic foun-
dations were analyzed by Kiani et al. [31] using Navier’s solution based on FSDT 
and Sander’s shell theory. Zidi et al. [32] employed a four-variable-based theory for 
hygro-thermo-mechanical-based bending analysis of FGM plates.

Using sinusoidal shear deformation theory, Zenkour [33] carried out bending 
analysis of FG plates and sandwich FG plates. Later, Zenkour and Alghamdi [34] 
carried out thermal-based bending analysis of FG plates and sandwich FG plates 
using the same theory considering the transverse displacement field [33] and also 
considering the constant transverse displacement field [35, 36]. With the help of the 
energy concept, Khabbaz et al. [37] carried out an analysis of FGM plates in the 
nonlinear range. Ben-Oumrane et al. [38] carried out a comparative study between 
various shear deformation theories for the bending analysis of sigmoidal FGM 
beams. Nguyen and Nguyen [39] proposed analytical solutions for the bending of FG 
beams and sandwich FG beams using inverse hyperbolic shear deformation theory. 
Galerkin-based solutions were proposed by Apetre et al. [40] for sandwich FG beams 
under bending conditions. Taj et al. [41] reported bending analysis of skew sandwich 
FG plates and non-skew FG plates [42] using HSDT-based finite element analysis. 
Taj and Chakrabarti [43] also analyzed the bending behavior of FG shells using the 
HSDT accounting transverse displacement field.

Talha and Singh [44] used FE-based HSDT for the bending behavior of FGM 
plates. Several works have been published by Tornabene and his co-authors [45–47] 
on the free vibration analysis of FGM shells with different geometries. Using stress 
equilibrium equations, Li et al. [48] carried out analysis of sandwich FGM beams 
using mixed finite element analysis. Zenkour [49] carried out bending analysis of 
FG plates and sandwich FGM plates with porosities using HSDT. Koutoati et  al. 
[50] carried out bending analysis of FGM beams and sandwich FGM beams using 
finite element-based HSDT. Benbakhti et al. [51] proposed Navier’s solution-based 
HSDT (containing five variables) for thermo-mechanical-based bending analysis of 
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FG plates. Golmakani and Kadkhodayan [52] carried out bending analysis of annu-
lar FGM plates using the dynamic relaxation method in nonlinear range with HSDT 
and FSDT. Later, the methodology was extended for the thermo-mechanical-based 
bending analysis of FGM plates [53]. Kumar et al. [54] proposed Wendland radial 
basic function (RBF) meshfree method-based HSDT for the bending analysis of 
FGM plates under patch load. Singh and Harsha [55] carried out bending analysis of 
S-FGM plates using Galerkin Vlasov’s method and HSDT.

Neves et al. [56–58] carried out a bending study on power-law-based sandwich 
FGM plates using hyperbolic zigzag theory. Fares et al. [59] carried out the analysis 
of FG shells using LWT. The analysis of sandwich FGM plates has been reported by 
Pandey and Pradyumna [60, 61] using finite element-based LWT. Iurlaro et al. [62] 
carried out bending analysis of FGM and sandwich FGM plates using HOZT. Garg 
et al. [12] carried out a bending-based comparative study on sandwich FGM beams 
made up of different kinds of material homogenization rules. Garg et al. [63] carried 
out finite element-based bending analysis of power-law and exponential sandwich 
FGM plates using HOZT.

Filippi et  al. [64] employed finite element-based Carrera’s unified formulation 
for the bending analysis of FGM beams. The authors also carried out a comparative 
study of the efficiency of various theories in predicting the behavior of FGM beams.

Sankar and his co-authors carried out elasticity-based bending analysis of FGM 
beams and sandwich FGM beams [65–67]. Kashtalyan and Menshykova [68] pro-
posed elasticity-based bending solutions for exponential FG and sandwich FG plates. 
Liu et al. [69] published 3D elasticity solutions for the bending analysis of circular 
FGM plates.

7.2.2 � Vibration Studies

Yin et al. [70] carried out a free vibration analysis of thin FG plates using classical 
plate theory and physical neutral surface. Asanjarani et al. [71] analyzed 2D FGM 
conical shells resting on elastic foundations using FSDT. Nguyen et al. [28] carried 
out a vibration analysis of FG and sandwich FGM beams using FSDT. Bourada et al. 
[72] carried out stability analysis of symmetric FGM plates using four-variables-
based SDT, which does not require a shear correction factor. Civalek and Baltacıoglu 
[73] reported a free vibration study of the annular sector and sector plates using 
FSDT and Love’s conical shell theory. The authors used the method of harmonic 
differential quadrature (HDQ) and discrete singular convolution (DSC). Katili et al. 
[74] carried out a free vibration analysis of FGM beams using the Timoshenko beam 
theory. Tabatabaei and Fattahi [75] carried out finite element-based modal analysis 
of FGM plates with different boundary conditions.

Zenkour [76] carried out free vibration analysis of FG and sandwich FG plates 
using sinusoidal shear deformation theory. Murin et al. [77] worked out exact solu-
tions for free vibration problems of FG beams. Neves et al. [78] carried out a radial 
basis function-based HSDT for the free vibration analysis of sandwich FGM plates. 
Tran et al. [79] studied the free vibration behavior of cracked FGM plates using an 
extended isogeometric approach based on HSDT. Nguyen et  al. [80] proposed an 
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analytical solution-based HSDT for the vibration analysis of FGM beams. Several 
works are reported by Tornabene and his co-authors [81–84] for free vibration analy-
sis of FGM shells having different geometries. Osofero et al. [85] carried out a free 
vibration analysis of FG and sandwich FGM beams using exponential, sinusoidal, 
and hyperbolic shear deformation theories. Using inverse hyperbolic shear deforma-
tion theory, Nguyen and Nguyen [39] proposed analytical solutions for free vibration 
analysis of FG and sandwich FG beams. Shen et al. [86] carried out a free vibration 
analysis of doubly curved FGM shells under thermal conditions. Do and Lee [87] 
carried out a free vibration analysis of FGM plates with cut-outs using the isogeo-
metric method applied in the framework of HSDT. Lal and Saini [88–91] carried out 
a thermal-based vibration analysis of FGM plates using a generalized differential 
quadrature method. Koutoati et al. [50] carried out free vibration analysis of FGM 
beams and sandwich FGM beams using finite element-based HSDT. Van et al. [92, 
93] carried out the transient analysis of FGM plates under mechanical and hygro-
thermo-mechanical loadings. Baghlani et al. [94] carried out free vibration analysis 
of FGM cylindrical shells resting upon an elastic foundation under a thermal envi-
ronment. The study also included the effects of stiffeners, fluid load, etc. Aris and 
Ahmadi [95] carried out the nonlinear vibration analysis of cylindrical FGM shells. 
Using an isogeometric B-spline finite strip method, Shahmohammadi et  al. [96] 
reported a free vibration study of sandwich FGM shells. Babaei et al. [97] proposed 
closed-form solutions based on large vibration analysis of shallow FGM arches rest-
ing upon elastic foundations.

7.2.3 � Buckling Studies

Khoa and Tung [98] carried out a buckling analysis of sandwich FGM spherical shal-
low shells under a thermal environment. Hajlaoui et al. [99, 100] reported buckling 
behavior of FGM plates and shells using shear correction factor-based FSDT along 
with the finite element method. Akbari and Asanjarani [101] carried out mechanical 
and thermal buckling analysis of 2D-FG circular plates. Chan and his co-authors 
[102–105] carried out buckling analysis of stiffened sandwich FGM conical shells 
resting upon an elastic foundation using FSDT. Earlier, a similar methodology was 
used by Cong and Duc [106] for thermal-based buckling analysis of stiffened sigmoi-
dal FGM plates. Trabelsi et al. [107] proposed a modified form of finite element-based 
FSDT for buckling analysis of FGM plates and cylindrical shells. Using Euler–
Bernoulli beam theory, Kiss [108] carried out a stability analysis of FGM arches.

Zenkour [76] carried out a buckling analysis of FG and sandwich FG plates 
using sinusoidal shear deformation theory. Zenkour and Sobhy [109] extended the 
same theory [76] for buckling FGM plates’ analysis under thermal loadings. Taj 
and Chakrabarti [110] carried out buckling analysis of skew FG plates using finite 
element-based HSDT. Nguyen et al. [80] proposed an analytical solution based on 
HSDT for buckling analysis of FGM beams. Osofero et al. [85] carried out a buck-
ling analysis of FG and sandwich FGM beams using exponential, sinusoidal, and 
hyperbolic shear deformation theories. Nguyen and Nguyen [39] proposed analyti-
cal solutions for buckling analysis of FG and sandwich FG beams using inverse 
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hyperbolic shear deformation theory. Yang et al. [111] carried out a buckling analysis 
of FGM plates with internal defects and cut-outs using extended isogeometric analy-
sis based on PHT-splines and finite cell method-based HSDT. Zghal et al. [112] car-
ried out a buckling analysis of FGM plates and shells. Zaoui et al. [113] carried out 
the dynamic analysis of FGM plates using analytical solution-based HSDT contain-
ing fewer variables than the conventional HSDTs. Do et al. [114] carried out a nonlin-
ear buckling analysis of FGM plates considering different thermal conditions. Neves 
et al. [115] carried out a buckling analysis of sandwich FGM plates using HOZT.

7.3 � DISCUSSION

Garg et al. [12, 63], in their work, have shown that the inclusion of zigzag effects 
in the transverse displacement field helps in predicting the transverse stresses effi-
ciently. The inclusion of zigzag effects is alone not sufficient for describing the 
behavior of FGM structures efficiently. Transverse normal strains or transverse dis-
placement fields must be included during formulation [116]. The sandwich FGM 
structural element’s behavior with symmetric thickness scheme is different from the 
structural element having an unsymmetric thickness scheme [12].

Burlayenko and Sadowski [117] reported that stresses have a nonlinear pattern 
across sandwich FGM plate thickness. Authors also reported that

The volume fraction of ceramic on the top surface is an important factor for dynamic 
design of FGM sandwich plates. Less is the ceramic concentration on the top surface, 
the less sensitive are the frequencies to increasing the metallic phase in the sandwich 
core.

The nonlinear variation increases with an increase in the metallic phase in the plate 
for plates made with the power law.

The use of post-processing techniques such as equilibrium conditions and least-
square error methods adds to the computational efforts, which are mainly used to 
describe the transverse shear stress-free condition at the top and bottom surfaces of 
the FG structural element along with the continuity condition at the interfaces. When 
face-to-core stiffness thickness is not high, FSDT and HSDT can predict sandwich 
FGM structures’ behavior with good accuracy. But, as the ratio increases, both the-
ories are unable to give good results. Thickness-stretching and extensional domi-
nant deformations were also observed in mode shapes along with flexural dominant 
deformations for thick FG and sandwich FGM plates.

7.4 � CONCLUSION AND FUTURE SCOPE

The following are the important points noted down during the literature survey of 
the recent work carried out on the bending, vibration, and buckling analysis of FG 
and sandwich FG beams, plates, and shells:

	 1.	The power-law is the most widely used law for the analysis of FG and sand-
wich FG structural elements.
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	 2.	Navier’s solution is the most widely used analytic method for predicting the 
behavior of FG structures, followed by the finite element method.

	 3.	Some new methods, such as the radial point interpolation method, Galerkin 
Vlasov’s method, peridynamic differential operator, etc., are successfully 
applied for predicting the behavior of FG structures.

	 4.	The behavior of sandwich FG structures is different from that of FG struc-
tures. Symmetric sandwich FG structures give symmetric stress distribu-
tion across the thickness.

	 5.	The application of HOZT for the analysis of FG beams and sandwich FG 
beams and shells is not fully explored.

	 6.	Analysis of sandwich FG shells with complex configurations has not been 
explored fully.

	 7.	Limited studies are reported in the literature on the comparative studies on 
sandwich FG structural elements under different loading conditions.
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8 Modeling and Analysis 
of Smart Functionally 
Graded Structures

Dr. Saroj Kumar Sarangi

8.1 � INTRODUCTION

8.1.1 �F unctionally Graded Materials and Structures

In modern technology, material science has gained quick development, and the 
research is leading to the invention of new materials. In this process, functionally 
graded (FG) materials are considered novel materials which are basically composite 
materials with microscopic inhomogeneous characteristics. The gradually changing 
volume fraction of the ingredients of composite gives smoothly varying or graded 
properties along desired directions. This develops a tendency to reduce the resid-
ual and thermal stress in the overall composite system. This also reduces the stress 
concentrations which are found in the adjoining layers in conventional composite 
materials [1–3].
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With functionally graded composite material (FGCM), two types of graded struc-
tures can be made which may be continuous graded structures and step-wise or 
layered structures. In continuous graded structures, the material composition and 
microstructure change continuously with respect to the position, whereas in a step-
wise or layered structure, the microstructure and material composition change in a 
step-wise manner, resulting a multilayered structure with an interface lying between 
discrete layers. Figure 8.1 shows a schematic representation of these two types of FG 
structures [4].

One variety of these FG materials is fabricated by combining metal and ceram-
ics to suit particular applications where the ceramic material gives the property of 
high thermal resistance and the metal part gives strength as well as toughness to the 
structure.

FG plates and shells are essential structural elements frequently used in leading 
civil as well as aerospace structures. These FG structures play a vital role when the 
overall system is subjected to an elevated temperature environment. The surfaces of 
these structures are made metal/ceramic rich and the properties of materials across 
the thickness are continuously varying so that the structures can better resist tem-
perature variation, maintaining the structural strength as well as toughness. The 
surface rich in ceramic, having low thermal conductivity, is exposed to high tem-
peratures, giving better thermal resistance. The metallic constituent of the composite 
provides toughness to the plate structure. Thin-walled plate and shell structures used 
in turbines, rocket heat shields, heat exchanger tubes, heat-engine components, etc., 
may fail from buckling and large deflections induced by thermo-mechanical loading. 
Such thin-walled structures can be designed by tailoring the laminated composites 
generally by changing the ply material, its thickness, and the stacking sequence. The 
abrupt property variations of adjacent layers result in higher shear stresses which 
may initiate imperfections like de-lamination. Such harmful effects can be reduced 
by continuous change of properties along the thickness of the structure.

In the recent past, there has been increasing research on the FG materials and 
structures due to their high performance and multifunctional role, and they are used 
in spacecraft, nuclear reactor components, and chemical plants [5–8]. Different 
applications of FG materials are available in the literature, and the material prop-
erties are mostly designed graded along the thickness of the structure. These 

FIGURE 8.1  Representation of gradation in FG composite material.
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material properties are generally found using one of the property distribution laws 
as explained below.

8.1.2 �P ower Law

The power law is very commonly used in designing functionally graded materials 
and is explained as [9]
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in which PZ denotes the properties such as modulus of elasticity, density, etc., for FG 
material. PU and PL denote material properties of FG structures respectively at the 
top-most and bottom-most surfaces, h represents the total thickness of the structure, 
and k represents the non-negative power-law index or material grading index which 
depends upon the design requirements.

8.1.3 �E xponential Law

For FG material modeling in fracture mechanics, this particular law is more pre-
ferred and is given by [10]
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, and PZ is the classic material property at a point situated at 

distance z measured from reference.

8.1.4 �S igmoid Function

The volume fraction of FG structures in this sigmoid function consists of two func-
tions and can be written as [11]
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where h and k are the FG layer thickness and material parameter respectively.
Works devoted to the study of functionally graded structures have great impor-

tance in recent decades because of their wide areas of application and are available 
in the literature [12–21].
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8.2 � SMART COMPOSITE MATERIALS

In the recent past, piezoelectric materials have been effectively used in sensors as 
well as actuators in smart composite structures. These monolithic materials have 
low control capability, the reason being the low values of their piezoelectric coef-
ficients. Again monolithic piezoelectric materials are not compatible with curved 
surfaces as they are brittle in nature. It has been shown that the brittle piezoelectric 
fibers can be efficiently used for making polymer composites with better properties, 
good enough for structural applications, and perhaps, this has inspired research-
ers to develop piezoelectric composites. Piezoelectric composites (PZCs) are mostly 
prepared by reinforcing the piezoceramic fibers with conventional epoxy matrix; 
PZT, PZT5H, etc., are the commonly used piezoceramics. The effective material 
properties offered by these PZCs are better than those of the monolithic piezoelectric 
materials [22–24]. These piezoelectric composites possess good compatibility and 
strength characteristics and also they have the capability to cause anisotropic actua-
tions. The piezoelectric composites are considered advanced smart materials which 
can be best suited for structural applications because of their tailor-made properties. 
In addition to strain and force compatibility, the actuators made of the piezoelectric 
composites have improved damage tolerance ability.

Initially the research work on piezoelectric composites was focused on predict-
ing their effective properties [25–31]. Different micromechanics models have been 
developed to calculate the properties of the constituent materials of piezoelectric 
composites. Another model was developed by Chan and Unsworth [32] following a 
micromechanics approach to analyze piezo ceramic/polymer 1-3 composites, while 
Mallik and Ray [26] proposed horizontally reinforced piezoelectric composites 
using a strength of material approach. Smith and Auld [33] developed the properties 
of 1-3 piezoelectric composites for vertical reinforcement, and subsequently, Ray and 
Pradhan [34] developed a micromechanics model for these piezoelectric composites 
having vertical reinforcements.

Bent and Hagood [35] developed the active fiber composite (AFC) material to 
achieve in-plane actuation by the piezoelectric composites. A diagrammatic repre-
sentation of active fiber composite is shown in Figure 8.2.

AFC is made of piezoceramic fibers aligned horizontally so that the fibers are 
length-wise poled and are enclosed in epoxy matrix and then kept between two inter-
digitated electrode (IDE) fingers as illustrated (Figure 8.2). These finger electrodes 
are lookalikes of each other, and each pattern is composed of positive as well as 
negative electrode fingers which are alternatively aligned. These fingers are placed 
transversal to the fibers and subsequently, an electric field is developed along the 
fibers’ length. The distance (dp) between a positive electrode and a negative electrode 
controls the measure of the electric field. This arrangement of electrodes in AFC 
renders high actuation authority in the plane along the fiber direction. AFC is one of 
the piezoelectric composite materials which is commercially available. An analyti-
cal model of AFC was developed by Kar-Gupta and Venkatesh [36] to analyze the 
electromechanical response of AFCs, while Ivanov [37] carried out finite element 
analysis and modeling of AFCs including damages. Recently Tripathy et  al. [38] 
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studied smart FG beams incorporated with active fiber composite as actuator mate-
rial. Applications of such active fiber composites are geared towards the defense 
industry. This beneficial AFC finds its use in helicopter rotor blades which are nor-
mally noisy and may vibrate largely in flight due to high aerodynamic loading. These 
blades are embedded with AFC materials and become active rotor blades, enhancing 
their performance as well as that of the helicopters.

8.3 � SMART FUNCTIONALLY GRADED STRUCTURES

Smart structures are structures which have self-monitoring and self-controlling 
capabilities. A smart structure normally consists of a passive load-bearing part such 
as a beam, plate, or shell which is the host structure along with an active part that 
may act as a sensor or actuator. These smart structures possess the ability to modify 
themselves in response to modified operating conditions. Piezoelectric materials and 
composites are utilized for active control of the smart structures. The host structure 
can be integrated with the smart materials without disturbing the passive stiffness 
characteristics of the original host structure. The smart structures having their host 
structures made with graded properties are conventionally known to be smart FG 
structures. Figure 8.3 shows a diagrammatic representation of a smart FG structure.

Highly performing smart FG structures can be designed by making the base struc-
ture of functionally graded material to satisfy multi-functional roles like increased 
fracture toughness, improved strength, decreased stress intensity factors, etc. These 
smart FG structures may be subjected to large deflections which may lead to the 
failure of these structures. Therefore, control of large deflections for these structures 
becomes necessary.

Praveen and Reddy [39] studied thermoelastic characteristics of the FG 
plates to ascertain the response of nonlinear stress and deflection of plates under 

FIGURE 8.2  Diagrammatic representation of active fiber composites.
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thermo-mechanical loading conditions. Nonlinear vibration as well as dynamic anal-
ysis of FG plate in temperature environment was studied by Huang et al. [40]. Higher 
order plate theory was made use of for the analysis along with the von Karman 
equation considering thermal effects. Panda and Ray [41] studied the nonlinear 
static behavior of smart FG plates utilizing piezoelectric fiber reinforced composite 
(PFRC) as actuator and checked the performance of this actuator against the active 
deformation control of functionally graded plates. Investigation was also done to see 
the effects of change of fiber orientation on large deflections of FG plates. For using 
the FG structures under thermal environment, Behjat et  al. [42] developed an FE 
model to study the static as well as dynamic characteristics of FGPM plates under 
both mechanical as well as electrical loading having material property gradation 
along the thickness of plate. Following first-order shear deformation theory includ-
ing thermal and piezoelectric effects, results are obtained for studying the effects 
of different material compositions (PZT-4H, PZT-5H) and boundary conditions for 
static deformation, free vibration, and dynamic response.

8.4 � ACTIVE CONSTRAINED LAYER DAMPING TREATMENT

The conventional piezoelectric materials as well as the developed piezoelectric com-
posites (PZCs) are utilized as actuators in smart structures. For satisfactory control 
of nonlinear vibrations, the control capacity of the smart materials is low which 
needs to be improved. These piezoelectric materials could be utilized in the active 
constrained layer damping treatment for smart control of composite structures. 
This constrained layer damping (CLD) treatment (Figure 8.4) comprises a layer of 
viscoelastic material between the host structure and the piezoelectric constraining 
layer [43]. As the host structure experiences vibrations, the active constraining layer 
prevents the viscoelastic layer from going through transverse shear deformations 
and controls the transversal shear deformations, thereby promoting better damping 
properties of the FG structures compared to that in passive damping. When no con-
trol voltage is applied to the constraining layer, the treatment becomes the conven-
tional passive constrained layer damping. Also, it may be noted here that vibration 

FIGURE 8.3  Diagrammatic representation of a smart FG structure.
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damping is achieved through shear strains developed in the damping material in the 
case of CLD, making it more effective compared to that in extensional damping [44].

For vibration control, the use of ACLD treatment in smart structures plays an 
important role and has been an attraction for investigation by researchers. A theoreti-
cal and experimental investigation was carried out by Baz and Ro [43] for computing 
the performance characteristics of active CLD treatment.

Baz [45] studied the damping of vibration of beams with ACLD treatment by 
developing a stable and global boundary control rule, and a study of the effectiveness 
of ACLD treatment on the vibration control of beams was carried out. Subsequently, 
ACLD analysis of a beam was carried out by Crassidis et al. [46]. A finite element 
(FE) analysis for the rods integrated fully with ACLD treatment was carried out by 
Baz [47] to control the wave propagation of rods. A model was developed [48] to 
enhance the damping behavior of viscoelastic material by attaching a constrained 
layer adopting the GHM method. Park and Baz [49] used classical and layer-wise 
laminated theories for FE analysis of ACLD. A theoretical and experimental analy-
sis was done by Ray et  al. [50] for linear vibration control of shells with ACLD 
treatment. Ro and Baz [51] studied control of vibration of plate structures using a 
self-sensing ACLD network and modal strain energy approach. Hau and Fung [52] 
analyzed the effect of various configurations of ACLD on the damping character-
istics of flexible beams. Gao and Liao [53] compared the effectiveness of enhanced 
ACLD and self-sensing ACLD.

Kumar and Sharma [54] presented a theoretical and experimental study for active 
control of vibration in beams utilizing combined pre-compressed layer damping and 
ACLD. The performance of ACLD treatment on vibration control of FG beams by 
finite element method has been studied [55] and active fiber composites are used as 
a constraining layer material for the active CLD treatment. Maruani et al. [56] ana-
lyzed the vibration control of FG piezoelectric beams by the finite element method in 
which piezoelectric material (sensor and actuator) and functionally graded material 
were substituted by a single FGPM structure.

So far, limited research works are available in the literature regarding the sup-
pression of large deformations and vibrations of FG plates utilizing the commer-
cially available AFC material. Here first a finite element model is made for smart 
FG plates combined with AFC materials. Simulation models for the smart FG plates 
are developed using ANSYS software including the temperature-related material 

FIGURE 8.4  Constrained layer damping arrangement.
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properties. The working of AFC material for suppressing nonlinear deflections of 
smart FG plates is examined. The best location for placing the AFC patches in the 
smart FG plates is suggested based on the efficient working of the active fiber com-
posite for suppressing the large deflections of FG plates for different boundary con-
ditions. Again, the AFC material is utilized for the constraining layer of smart FG 
plates for active CLD treatment and the working of AFC material to suppress the 
nonlinear vibrations of FG plates is examined. Few results are presented for sup-
pressing nonlinear vibrations of FG plates for different boundary conditions.

8.5 � FUNCTIONALLY GRADED MATERIAL PROPERTIES

Figure 8.5 represents a functionally graded plate whose material properties vary con-
tinuously and smoothly along its thickness (z) following the power-law as explained 
in Equation 8.1.

Here h represents the thickness of plate and k represents the non-negative power-
law index or material grading index which depends upon the design requirements 
and the desired change of material profile along the thickness of the plate. The 
extreme lower and upper surfaces of the plate are considered to be rich respectively 
in metal and ceramic, and steel and alumina are taken as the constituents for the FG 
plate. The material parameters of these constituents considered here are explained 
in Table 8.1 [57].

FIGURE 8.5  Schematic representation of a functionally graded plate.

TABLE 8.1
Properties of Constituent Materials for FG Plate [57]

Constituents Young’s Modulus Density Poisson’s Ratio 

Steel (SUS304) 201.04 GPa 8166 kg/m3 0.32

Alumina (Al2O3) 349.55 GPa 3800 kg/m3 0.26
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The varying density (ρ) and Young’s modulus (E) along the FG plate thickness are 
computed and are shown in Figure 8.6 for various power-law indexes. Note that the 
desired variation of properties for the FG plate can be obtained using specific values 
of the power-law index.

8.5.1 �M aterial Parameters under Thermal Environment

Functionally graded materials are very frequently used for applications involving 
elevated temperature conditions. Therefore, in this analysis, properties of the constit-
uent materials of the FG plate are designed for elevated temperatures. For the plate, 
the properties of the constituent materials like density (ρ), Young’s modulus (E), 
Poisson’s ratio (υ), and thermal expansion coefficient (α), etc., are considered both 
temperature as well as position dependent. These material parameters are decided to 
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FIGURE 8.6  Variation of (a) density (b) Young’s modulus along plate thickness for different 
power-law index (k).
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change along the plate’s thickness according to a modified power-law equation and 
temperature function as explained below [57]:

	 P P T P T
z

h
P Tu L

k

L= ( ) - ( )( ) +æ
è
ç

ö
ø
÷ + ( )1

2
	

	 P P P T P T P T P T= + + + +( )-
-

0 1
1

1 2
2

3
31 	 (8.4)

The temperature coefficients (P0, P–1, P1, P2, and P3) for the constituents are described 
in Tables 8.2 and 8.3. These coefficients along with the properties of constituent 
materials as explained in Table 8.1 are used for computing the temperature- and 
position-dependent properties of materials for the FG plate.

8.6 � ANSYS MODEL DEVELOPMENT

A functionally graded plate having dimensions “a” and “b” and combined with AFC 
patches of thickness “hp” on its top surface is shown in Figure 8.7.

For this smart functionally graded plate, a model for simulation is developed in an 
ANSYS (APDL) environment. Shell 281 (8 node) element is chosen for the discreti-
zation of the model as this element is most suited to analyze thin to moderately thick 
structures with lay-up options and possesses the ability to model composite as well 
as functionally graded structures with layered applications to perform linear as well 

TABLE 8.2
Temperature Coefficients for Steel [57]

Parameters P0 P−1 P1 P2 P3

α (1/K) 12.33 × 10–6 0 8.086 × 10–4 0 0

E (Pa) 201.04 × 109 0 3.079 × 10–4 –6.534 × 10–7 0

υ 0.326 0 –2.002 × 10–4 3.797 × 10–7 0

ρ (kg/m3) 8166 0 0 0 0

TABLE 8.3
Temperature Coefficients for Alumina [57]

Parameters P0 P−1 P1 P2 P3

α (1/K) 6.8269 × 10–6 0 1.838 × 10–4 0 0

E (Pa) 349.55 × 109 0 –3.853 × 10–4 4.027 × 10–7 –1.673 × 10–10

υ 0.26 0 0 0 0

ρ (kg/m3) 3800 0 0 0 0
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as nonlinear analysis. This element also has the capability to accurately model lay-
ers with different material properties. The functionally graded plate considered here 
for analysis is made up of steel (metal) and alumina (ceramic), where the metal-rich 
surface is considered at the bottom while the top is ceramic rich. Material param-
eters of the constituents of the FG plate are mentioned in Table 8.1. Accordingly, the 
varying Young’s modulus and density along the FG plate thickness for negligible 
temperature variation are computed and are as illustrated in Figure 8.6 for various 
power-law indexes.

The ANSYS simulation model for the smart FG plate is developed considering 
various layers for the substrate FG plate. For this a convergence analysis has been 
carried out to optimize the number of layers essential to represent the substrate FG 
plate. Table 8.4 describes this convergence study for clamped as well as simply 
supported boundary conditions for the ANSYS simulation model. It can clearly be 
seen from this table that ten layers can be considered for developing the model and 

FIGURE 8.7  Representation of smart functionally graded plate combined with AFC 
patches.

TABLE 8.4
Convergence Analysis for Optimizing Number of Layers

No. of Layers

Maximum Nonlinear Non-Dimensional Deflection w
w
h

´
=æ

è
ç

ö
ø
÷

Clamped-Clamped Simply Supported

5 0.516 0.215

10 0.562 0.223

15 0.562 0.223

20 0.562 0.223



150 ﻿Functionally Graded Materials (FGMs)

henceforward a ten-layered configuration is considered for developing the models for 
the substrate plate. The material parameters for the various layers for the FG struc-
ture considered are calculated following the procedure as outlined earlier in Section 
8.2 incorporating both the temperature and position variation along the thickness. 
Next, discretization of the model is carried out, and Figure 8.8 illustrates the dis-
cretized model for the FG plate using shell 281 elements. Also an optimum mesh 
size is decided based on the convergence study, and for the sake of brevity the details 
are not presented here.

8.7 � MATHEMATICAL MODEL OF THE SMART 
FUNCTIONALLY GRADED PLATE

Figure 8.9 represents a smart FG plate combined with constrained layer patches on 
the top surface. The constraining and constrained layers of the CLD patches are 
made of AFC and a viscoelastic material respectively. The plate dimensions are a, 
b, and h, and hp and hv denote the thicknesses of the AFC and viscoelastic layers 
respectively. The kinematics of deformation are considered as per FSDT.

Taking θx, Φx, and γx as rotations of mid-plane normals of base FG plate, the 
viscoelastic and AFC layers, respectively, about the y-axis, θy, Φy, and γy are the 
rotations of the normals about the x-axis, displacements u, v, and w of a point in 
plate are

FIGURE 8.8  ANSYS simulation model for the FG plate.
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in which the appropriate singularity functions are defined by the brackets, so that 
the displacement continuity is fulfilled between the base FG structure and the con-
strained layer or between the constrained layer and the AFC layer.

Displacements are arranged as a group of translation {dt} and rotation {dr} vari-
ables and are written as

	 d u v w dt
T

r x y z x y z x{ } = éë ùû { } =0 0 0 and q q q gF F F gg gy z
T

éë ùû 	 (8.6)

To eliminate the shear locking problem, the selective integration rule is implemented.

FIGURE 8.9  Functionally graded plate combined with CLD patches.
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In the plate, the strains at a point are indicated by vectors eeb{ } and ees{ } as follows:

	 e e e e e e e eb x y xy z
T

s xz yz
T{ } = éë ùû { } = éë ùûand 	 (8.7)

where εx, εy, and εz denote normal strains; εxy denotes in-plane shear strain; and εxz 
and εyz denote transverse shear strains.

Utilizing the Von Kármán equations in association with Equation 8.4 along with 
the displacement field explained by Equation 8.5, strains corresponding to a point in 
FG plate system are written.

To maintain consistency with the representation of strains, constitutive equations 
for the base FG plate are written as

	 s e s eb b b s s sC T C{ } = éë ùû { } - µ{ }( ) { } = éë ùû{ }D , 	 (8.8)

and those for the PZC are

	 s e s e e eb b b b z s s s z b
T

b zC e E C D e E{ } = éë ùû{ } -{ } { } = éë ùû{ } = { } { } + 33 	 (8.9)

The stresses at a point in the total FG plate are written as

	 s s s s s s s sb x y xy z
T

s xz yz
T{ } = éë ùû { } = éë ùûand 	 (8.10)

where σx, σy, and σz denote normal stresses; σxy is in-plane shear stress; and σxz and σyz 
are transverse shear stresses.

The elastic coefficient matrices for the FG plate and PZC material are written as

	 C

C

C

C

C

C

C

C

C

C

C

C

C

C
b
k

k

k

k

k

k

k

k

k

k

k

k

k

éë ùû =

11

12

12

22

16

26

13

23

16

13

26

23

666

36

36

33

55 45

45 44
k

k

k

k

s
k

k k

k k

C

C

C

C
C C

C C

é

ë

ê
ê
ê
ê
ê

ù

û

ú
ú
ú
ú
ú

éë ùû =
é

ë
ê,

ùù

û
ú { } = éë ùû, e e e e eb

T
31 32 36 33 	

and the piezoelectric coefficient matrices ( eb{ } and es{ }) are expressed as

	 e e e e e e e e
T T

b sand k N a{ } = éë ùû { } = éë ùû = ¼31 32 36 33 35 34 1 2 3; , , , , nnd N + 2 	 (8.11)

in which the elastic co-efficient matrices for the FG plate are expressed as functions 
of z.

Next, the electric field is explained as E V hz p= - /  where V is voltage difference 
in the AFC constraining layer.

Discretization of the FG plate is done using eight noded isoparametric elements, 
and elemental displacement variables at a point are written as

	 d N dt t t
e{ } = éë ùû{ } and d N dr r r

e{ } = éë ùû{ }	
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in which the vectors dt
e{ }, dr

e{ }, [Nt], and [Nr] are expressed as follows:
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Strain vectors {εbt}, {εbr}, {εbnr}, {εst}, and {εsr} at a point in the element can be writ-
ten as

	 e e ebt tb t
e

br rb r
e

bnrB d B d B B{ } = éë ùû{ } { } = éë ùû{ } { } = éë ùû éë ù, ,
1
2

1 2 ûû{ }dt
e 	

	 e est ts t
e

sr rs r
eB d B d{ } = éë ùû{ } { } = éë ùû{ }, 	 (8.13)

Where matrices [Btb], [Brb], [Bts], [Brs], [B1], and [B2] are the nodal strain displacement 
matrices.

Linear and isotropic material properties are considered for the viscoelastic layer 
and the stress vector {σs} is represented by

	 s t
e

ts v

t
s vG t dt{ } = -( )

¶{ }
¶ò 0

	 (8.14)

The transverse shear deflection for the viscoelastic layer is given credit to CLD for 
the base structure. Moreover, the extensional stiffness for the constrained visco-
elastic layer becomes several orders less than that for the FG plate as well as the 
constraining layer. The virtual work principle applied to the FG plate is written as
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Now, for any arbitrary virtual displacement the governing equations for elements 
combined with the ACLD patch are written as
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In the above equations, it is noted that the matrices Ftp
e{ }, Ftpn

e{ }, and Frp
e{ } become 

null matrices when the element is not combined with ACLD treatment. The equa-
tions for the element are then mapped to get the equations of motion for the entire 
structure which are obtained as
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in which [M] is the mass matrix; [Ktt], [Ktr], [Krt], [Krr], [Ktsv], [Ktrsv], and [Krrsv] are 
stiffness matrices; {Ftp}, {Ftpn}, and {Frp} are coupling vectors; {Xt} and {Xr} are dis-
placement vectors, and {Ft} and {Fr} are mechanical force vectors globally. Finally, 
the time domain open loop equations for FG plates combined with ACLD patches 
are written as

	 M X C X K X F F Vp
*

¤
* * * *éë ùû

ì
í
î

ü
ý
þ

+ éë ùû{ } + éë ùû{ } = { } +{ }� 	 (8.20)

To activate the ACLD patches, a straightforward velocity feedback control rule is 
applied. Accordingly, the voltage requirement for each patch is written by derivatives 
of translational degrees of freedom which is expressed as

	 V K w K U Xj
d
j

d
j j= - = - éë ùû{ }� � 	 (8.21)

where Kd
j  is the gain of a particular jth patch and [Uj] is the row vector describing 

location of point of sensing velocity which is backfed to the patch. Now substituting 
Equation 8.23 into 8.21, the closed loop governing equations for the FG plate are 
derived as

	 M X C X K X Fd
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+ éë ùû{ } + éë ùû{ } = { }� 	 (8.22)
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where the developed damping matrix Cd
*éë ùû is written as

	 C C K F Ud
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j

p
j* * *éë ùû = éë ùû + { }éë ùû

=
å

1

	 (8.23)

8.8 � RESULTS DISCUSSION

Here, a few results are discussed considering the models made in the previous sec-
tions. The Material properties calculated as described in Section 8.2 are used to find 
the results. Active fiber composite is used as the piezoelectric composite material 
and its effective properties considered here are [58]

C11 = 138.1 GPa, C12 = 75.15 GPa, C22 = 148.9 GPa, C66 = 39.14 GPa, e31 = 
−5.2 C/m2, e33 = 15.1 C/m2, e15 = 12.7 C/m2. The density of the AFC material is con-
sidered as 6400 kg/m3.

8.8.1 � Bending Analysis

First the models developed in the past sections are validated and for this appropriate 
boundary conditions are employed in ANSYS. Nonlinear center deflections are cal-
culated for the functionally graded plate under uniform loading conditions and the 
deflections computed by the ANSYS simulation model are correlated with the pub-
lished results [14] for various values of power index. For this comparison, the dimen-
sions of the FG plate and the material parameters for the ANSYS simulation model 
are taken according to those mentioned in the literature [14]. Table 8.5 explains the 
comparison and verifies the present ANSYS simulation model. The maximum val-
ues of dimensionless transverse deformation for the FG plate for different power 
index values and boundary conditions are computed and are described in Table 8.6. 
It may be noticed that the deflection value increases with higher power-law index 
values for both clamped (CC) as well as simply supported (SS) boundary conditions.

TABLE 8.5

Center Deflection �w w
h

=æ
è
ç

ö
ø
÷ for the FG Plate for Different 

Mesh Size and Various Power-Law Index (k) (a/h = 5)

k Mesh Size Ref. [14] ANSYS Model

0.5 2 × 2 0.0357 0.0364

4 × 4 0.0336 0.0339

1 2 × 2 0.0394 0.0402

4 × 4 0.0373 0.0392

2 2 × 2 0.0430 0.0441

4 × 4 0.0409 0.0415
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The linear and nonlinear transverse deformations (w/h) for the FG plate are cal-
culated considering clamped (CC) and simply supported (SS) boundary conditions 
and explained in Figure 8.10. It can be noticed from Figure 8.10a that in the case 
of a clamped plate, the nonlinearity is significant when the deflection value (w/h) 
becomes greater than 0.3 and to deal with sufficient nonlinearity, deflection (w/h) 
can be considered as 0.6 or higher. Similarly, for the simply supported FG plate 
(Figure 8.10b), the value of deflection (w/h) indicating the involvement of sufficient 
nonlinearity decides that a vertical pressure load 18000 N/m2 may be used for the top 
surface of the plate for computing nonlinear deflections.

The model developed for the smart FG plate is established by matching the com-
puted results with the results available in the literature [41]. A nonlinear study is 
accomplished and the dimensions and material properties of smart FG plate for the 
comparison may be considered according to those in the literature [41] for the FE 
model and ANSYS simulation model. Figure 8.11 explains the nonlinear deflection 
characteristics for the smart FG plates for the inactivated (V = 0) and activated (V ≠ 0) 
AFC patches and subjected to mechanical loading. The comparison explained in 
Figure 8.11 indicates the agreed results, thereby validating the present methods of 
modeling the smart FG plates.

Analysis is performed taking the smart FG plate combined with AFC patches. The 
properties of the FG ingredients and AFC material considered here are as mentioned 

TABLE 8.6
Maximum Transverse Deflection (w/h) of FG Substrate Plate without AFC 
Patches for Various Power Exponent (k)

k 0 0.2 0.5 1 2 5 10

B.C. CC SS CC SS CC SS CC SS CC SS CC SS CC SS

w/h 0.59 0.21 0.62 0.23 0.64 0.24 0.67 0.25 0.69 0.26 0.71 0.27 0.73 0.28

FIGURE 8.10  Load-deformation diagram of FG plate (a) clamped (b) simply supported.
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earlier. To examine the performance of AFC patches used as actuators for suppress-
ing nonlinear deflections of the FG plates, results are obtained. For this purpose, FG 
plates combined with patches of active fiber composite material are considered in 
four different configurations taking the total size of AFC patches as the same in all 
cases. Figure 8.12 illustrates a square smart FG plate whose top surface is combined 
with four square AFC patches of equal size in different configurations.

When voltage is applied externally through the piezoelectric patches, the overall 
FG plate behaves as a smart functionally graded plate. The total length and width of 
AFC patches here (Figure 8.12) are taken 50% of the plate size while the thickness 
of the AFC patch is hp. For computation of results, the thickness of the substrate FG 
plate and AFC material are considered as 10 mm and 1.5 mm respectively, and the 
substrate plate is taken to be of square size of side 1 m.

Transverse deflections are obtained corresponding to different power-law index 
values using passive (V = 0) and active (V ≠ 0) AFC patches.

The non-dimensional parameters used here for displaying the results are as 
follows:

	 Q
Ps

E
w

w

hU

= =
4

and � 	

EU is the modulus of elasticity for the uppermost surface of the substrate FG plate. 
Simply supported and clamped boundary conditions are adopted to obtain the results.

The performance of AFC patches in the reduction of nonlinear deformation of 
FG plates is studied for all four different cases. For this, load-deflection curves are 
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FIGURE 8.11  Central deflection for the smart FG plate (a = b, k = 5).
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obtained in nonlinear range for the smart FG plate having AFC patches in four dif-
ferent configurations as described in Figure 8.12. It is noticed that when the patches 
are placed according to case 3 of Figure 8.12, the performance of the active AFC 
patches seems to be maximum in the control of nonlinear deformations of the FG 
plates.

Taking this best position for placing the AFC patches on the top surface of the FG 
plate, the performance of the patches for suppressing nonlinear deflections of the FG 
plates is studied for various control voltages for the FG plates (Figure 8.13).

The functionally graded plate is also modeled for thermal environment following 
the procedure explained in Section 8.2. The smart FG plate is modeled for a uniform 
temperature T = 500 K in which T = T0 + ΔT, T0 being the initial temperature and ΔT 
being the uniform increase of temperature. Material properties used in the develop-
ment of this model for thermal environment are also discussed in Section 8.2. The 
plate is loaded with a pressure load on its top. The maximum transverse deflections 
for the FG plate are obtained for various power-law indexes for the plate subjected 
to both temperature and mechanical loading. For an increase of power-law index 
values, increased deflection is observed, and by correlating these results with those 
presented in Table 8.6, it is noticed that the deformation of the FG plate is consider-
ably higher for applied thermo-mechanical loading than that obtained when the plate 
is subjected to mechanical load only. This indicates softening behavior of the plates 
in elevated temperature conditions.

The performances of AFC patches when placed in the best location (case 3 of 
Figure 8.12) of the FG plate for various values of power index in elevated temperature 

FIGURE 8.12  Various configurations of smart FG plates combined with AFC patches.
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conditions are investigated (Figure 8.14). The voltages used for the AFC patches are 
indicated in the figure, and it can be observed that the AFC patches largely contrib-
ute towards deflection control of the FG plates.

8.8.2 � Vibration Analysis

The simulation model developed in ANSYS software for the smart FG plate is ana-
lyzed considering negligibly thick patches. First the natural frequencies are calcu-
lated using the ANSYS simulation model and compared with available results [14]. 
These results are presented in Table 8.7 and for this comparison, the geometry and 
constituent properties for the FG plate are considered according to those considered 
in the reference [14]. It is noticed that the results excellently match each other.

Natural frequencies are obtained for the smart FG plates, using the simulation 
model for different boundary conditions as well as power indexes with negligible 
thicknesses of the CLD patches. These are presented in Table 8.8. Material proper-
ties considered here for the plate analysis are explained in Section 8.2. The natural 
frequencies for the FG plates are written in dimensionless form using the relation 

l w r= L
E

A

I
l

l

2 . Simply supported boundary conditions are adopted to obtain the 

results.
Figure 8.15 explains the mode shapes for the clamped and simply supported smart 

FG plates. The nonlinear transient vibrations for the FG plates are obtained consider-
ing the sinusoidal loading and are presented in Figure 8.16.

FIGURE 8.13  Center deflections of smart simply supported FG plate with applied mechani-
cal load (Q) for various control voltages.
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The smart functionally graded plate is considered with its top surface combined 
with patches of CLD treatment. The results are then computed for nonlinear dynamic 
responses of smart FG plates. In this analysis the voltage used is proportional (nega-
tive) to the velocity of a point on the FG plate analogous to the free length midpoint 
of patch. The control gain (Kd) is so selected as to suitably control the nonlinear 
vibrations. The transient responses (nonlinear) of a functionally graded plate (CC) 
combined with the CLD patches are presented in Figure 8.17 for passive (Kd = 0) as 
well as active (Kd ≠ 0) conditions of the patches.

The patches in active condition provide satisfactory control of the nonlinear 
vibrations thus enhancing the damping characteristics of the FG plate. Control 

FIGURE 8.14  Center deflection of smart FG plate subjected to thermo-mechanical 
loading (CC).

TABLE 8.7
Frequency Parameter for Different Volume 
Fraction Index for Square FG Plates

N Mode Ref. [14] Present Model

0.5 1 1.7566 1.7552

2 4.2631 4.2629

1 1 1.6853 1.6732

2 4.0609 4.0596
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voltage requirements corresponding to the gain are reasonable and are presented in 
Figure 8.18. The voltage applied to the patch corresponds to velocity and thus the 
applied voltage illustrated denotes decayed velocity of a point on the FG plate with 
time. The phase plot diagram for the clamped FG plate is shown in Figure 8.19, and 
this indicates the stability of the overall functionally graded structure.

Similarly, results are also obtained for studying the transient behavior for FG 
plates combined with CLD patches for simply supported boundary conditions. The 
transient responses, control voltage requirements, and the phase plot diagram of the 
simply supported FG plate combined with the patches are presented in Figure 8.20. It 

TABLE 8.8
Fundamental Frequency for FG Plates

Boundary Conditions Frequency k = 0.2 k = 1 k = 5

SS1 λ1 32.67 27.88 24.45

λ2 81.44 69.13 60.69

FIGURE 8.15  First and second mode shapes for (a) clamped-clamped and (b) simply sup-
ported smart functionally graded plate (k = 1).
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may be observed that the patches provide satisfactory control of the nonlinear vibra-
tions and thus enhance the damping characteristics of the FG plate.

8.9 � CONCLUSIONS

Smart FG plate analysis has been discussed in this chapter. Finite element models 
are developed for smart functionally graded plates considering the thermal envi-
ronment. First, the performance of AFC material for suppressing the nonlinear 
deformations of the FG plates is investigated. The AFC material is used as an 
actuator layer for the smart FG plates. Von Kármán nonlinear strain displacement 
equations are used along with FSDT for developing a model for the structure, and 
simulation models are developed using ANSYS software for the smart FG plates. 
Different boundary conditions and power-law indexes are used for evaluations of 
numerical results. The computed results indicate that the nonlinear deflections of 

FIGURE 8.16  Transient response of (a) clamped-clamped and (b) simply supported FG 
plate with negligibly thick ACLD patches.
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FIGURE 8.17  Transient responses of clamped functionally graded plate (active and passive).
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the smart FG plates are higher for the case of thermo-mechanical loading when 
compared to only mechanical loading for both clamped as well as simply sup-
ported boundary conditions and also demonstrate softening behavior of the plates 
in elevated temperature conditions. It is observed that the active AFC patches per-
form satisfactorily to control the nonlinear deformations of these smart FG plates. 
The optimum placement of AFC patches is obtained for getting the best control 
of deformation of the FG plates in nonlinear range for both clamped and simply 
supported boundary conditions. Next, a nonlinear vibration damping study for the 
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FIGURE 8.18  Voltage requirements for active CLD patch for transient vibrations of FG 
substrate plate (clamped).
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smart FG plates has been presented. An FE model is developed for the smart FG 
plates combined with CLD patches. For time domain analysis, the GHM technique 
is applied for modeling the viscoelastic layer of the CLD patches. For active damp-
ing, the velocity feedback control algorithm is used. Simulation models developed 
in ANSYS software for the smart FG plates with negligibly thick CLD patches are 
used to validate the defined FE model. Transient response results for the FG plates 
explain that the active CLD treatment undoubtedly enhances the damping behav-
ior of FG plates as compared to passive damping for controlling their nonlinear 
vibrations.
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9.1 � INTRODUCTION

Functionally graded material (FGM) is a passive smart material in which the proper-
ties of two materials are graded in one particular direction. The idea of FGM was 
substantially advanced in the early 1980s in Japan during a spaceplane project [1]. 
Since then, worldwide research efforts have been initiated by FGM principles and 
are applied to metals, ceramic production, and natural composites to create improved 
segments with unrivaled actual properties [2]. The variation in material properties is 
then accomplished by different approaches depending on the applications and work-
ing environment. There are various techniques of production; the most common are 
plasma vapor deposition and powder metallurgy for producing thin and bulk FGM, 
respectively.

Further, sandwich structures, due to low weight and high strength, found applica-
tions in aerospace, automobiles, defense, etc. Functionally graded sandwich plates are 
however one of the focused areas of research for various researchers. This is because 
the separation of face sheets that occurs as a result of working in harsh conditions 
in the conventional sandwich plate can be avoided by making use of functionally 
graded face sheets. This is due to the continuous variation of constituent materials at 
the interfaces in sandwich FGM plates. These sandwich FGMs, in addition to sepa-
ration, also relieve stresses at the interfaces and hence avoid stress concentration. 
The analysis of sandwich FGM plates by various researchers is focused on static and 
dynamic analysis under environmental factors affecting the plate behavior.

The static analysis of the sandwich FGM plate had been done to predict the flexural 
behavior viz. deflections and stresses. In this context, Zenkour [3–5] proposed theo-
ries for determining the exact solution for perfect and porous sandwich FGM plates. 
Tounsi et al. [6] performed thermo-elastic bending analysis of sandwich FGM plates 
using refined trigonometric shear deformation theory (TSDT). Taibi et al. [7] proposed 
a simple refined shear deformation for the bending response of a sandwich FGM plate 
resting on a two-parameter foundation. Bessaim et al. [8] did the bending analysis by 
proposing a new higher-order and normal shear deformation theory that takes into 
account the thickness stretching effect. Sciuva and Sorrenti [9, 10] proposed a refined 
zigzag theory for the analysis of sandwich and laminated plates. Additionally, static 
analysis is performed to study the effect of geometric parameters and environmental 
effects. In this context, a sandwich FGM plate subjected to uniformly distributed 
load was studied by Demirhan and Taskin [11]. Further, implementing the state-space 

9.8	 Results and Analysis...................................................................................... 198
9.8.1	 Effect of Span-to-Thickness Ratio..................................................... 199
9.8.2	 Effect of Aspect Ratio.......................................................................200
9.8.3	 Effect of Volume Fraction Exponent................................................. 201
9.8.4	 Effect of Elastic Foundation Parameters...........................................205
9.8.5	 Effect of Porosity Coefficient............................................................207

9.9	 Conclusions....................................................................................................209
References............................................................................................................... 211



171Dynamic Analysis of Sandwich FGM﻿

approach, bending and free vibration analysis was investigated by Demirhan et al. 
[12] for Levy’s FG porous plate. Sobhy [13] analyzed FGM plates supported with 
different boundary conditions and resting on elastic foundations in a thermal envi-
ronment. The temperature-dependent material properties of the plate were assumed 
to be graded according to a power-law distribution. Singh and Harsha [14] studied 
the porous sandwich FGM plate subjected to thermo-mechanical loading in order to 
predict the flexural and stress responses. Similarly, a lot of research was done on the 
sandwich FGM plate to assess the flexural behavior [15].

Further, as per dynamic analysis, primarily the research is focused on determin-
ing the inherent characteristics of the sandwich plate viz. the fundamental frequency 
through free vibration analysis. In this context, Zenkour [16] determined the funda-
mental frequency of the sandwich plate by considering various geometrical param-
eters. Kurpa and Shmatko [17] incorporated the Ritz method and the R-functions 
theory to calculate the fundamental frequency of FG sandwich plates and shells. 
Hadji et al. [18] obtained a closed-form solution for free vibration analysis of sandwich 
plate using Navier’s method. The Galerkin–Vlasov method is employed to determine 
the frequency for the sandwich S-FGM [19] and E- FGM [20, 21] plate resting on the 
Pasternak foundation. Further, Singh and Harsha [22] studied the effect of porosity 
on free vibration responses for sandwich S-FGM plates. The problem [19–22] was 
formulated using the variational principle, and the effect of different types of bound-
ary conditions was studied. Wattanasakulpong et  al. [23] implemented the Ritz 
method to investigate free vibration responses in a thermal environment. Meiche 
et al. [24] studied sandwich plate using the new proposed hyperbolic theory and used 
Navier’s method to obtain results. On the same track, Thai et al. and Nguyen et al. 
presented a new first-order [25] and inverse trigonometric [26] shear deformation 
theory. The results obtained from the new theories [24–26] were in good harmony 
with the previous results. Xiang et al. [27] demonstrated the accuracy and efficiency 
of the meshless global collocation method for the analysis of sandwich plates. Thus, 
the literature on free vibration analysis of a sandwich plate is available either on 
newly proposed theories [8, 24–26, 28, 29] or on new methods of formulating and 
solving [16, 27, 30, 31] the free vibration problem.

Furthermore, the free vibration analysis assists in predicting the forced vibra-
tion response of the sandwich structures under resonance conditions. The nonlin-
ear forced vibration response can be seen as a real-time response for any system 
when subjected to harmonic excitation with real-time environmental conditions. 
Although a lot of literature on the dynamic analysis of isotropic rectangular plates 
[32–35] is available, on FGMs, the available literature is scarce. In this framework, 
the well-known books by Amabili [36] and Duc [37] provide a piece of in-depth 
knowledge on the nonlinear vibration of plates and shells. Amabili [38–40] and his 
co-workers employed a multimodal energy approach to examine the time and fre-
quency responses. The AUTO pseudo-arc-length continuation and collocation tech-
nique were used for bifurcation analysis, whereas Duc [41, 42] and his co-workers 
implemented the airy stress function in conjunction with the Galerkin method in 
most of their research to derive governing nonlinear coupled ODEs. Then, a numeri-
cal integration scheme is used to analyze the nonlinear dynamic responses.
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Alijani et al. [43] examined a simply supported FGM plate with movable edges 
in a thermal environment. To classify and detect bifurcations and complex nonlin-
ear dynamics, Lyapunov exponents were obtained. Yang and Shen [44] analyzed the 
initially stressed FGM plates for free and forced vibration analysis. The differen-
tial quadrature method (DQM) was employed to obtain a solution. Huang and Shen 
[45] analyzed the nonlinear dynamic response and frequencies for FGM plates in the 
thermal environment using an improved perturbation technique. Praveen and Reddy 
[46] studied the effect of boundary conditions and other geometric parameters on the 
non-dimensional time responses for different combinations of materials in FGM. The 
plate was assumed to be subjected to suddenly applied uniform loading. Upadhyay 
and Shukla [47] presented a nonlinear vibration analysis for FGM skew plates sub-
jected to different types of loadings. Hao et  al. [48] analyzed nonlinear dynamic 
responses for an FGM rectangular plate. The plate was acted upon by the transverse 
and in-plane harmonic excitations. It was found that the periodicity of the plate is 
largely affected by the time-dependent temperature. Akbarzadeh et al. [49] analyzed 
the combined effect of thermal and mechanical load on an FGM rectangular plate. 
The analysis was performed using the hybrid Fourier Laplace transform method. Duc 
and Cong [50] analyzed the time responses and frequency–amplitude relations using 
a semi-analytical technique, viz. the Galerkin method with Airy’s stress function. 
They studied the effect of considering inertia forces due to rotations and concluded 
that the effect is negligible when performing nonlinear dynamic analysis. Jung et al. 
[51] studied the linear free and forced vibration analysis of a sigmoid FGM (S-FGM) 
plate resting on a Pasternak foundation and solved equations using Navier’s method. 
Insofar as sigmoid function-based sandwich FGM plates are concerned, recently, 
nonlinear dynamic analysis [52, 53] was performed on the plate. On the same track, 
they performed analysis in a thermal environment [54]. In addition, large-amplitude 
forced vibration of porous S-FGM plates with porosity effect was studied by Wang 
and Zu [55] in which even and uneven porosity distributions were considered.

From the above discussed literature, it is established that no work has been reported 
on studies of the thermal and porosity effect on nonlinear dynamic responses for 
sandwich FGM plates. This study is certainly vital to analyze the inherent charac-
teristics of sandwich FGM plates under the effects of design parameters. The present 
chapter, in a thermal environment, analyzed the dynamic characteristics of porous 
sandwich S-FGM plates considering geometric nonlinearity. This chapter is also 
new in its assessment of the plate behavior in terms of predicting the periodicity such 
as periodic, quasi-periodic, chaotic, etc., and analyzing the nonlinear frequency–
amplitude relation. The aforementioned prediction aids researchers in the active con-
trol of plates and shells under dynamic loading.

The chapter is prepared as follows: in Section 9.1, a general introduction to the 
sandwich FGM plates and available literature is discussed. In Section 9.2, porosity 
and temperature distribution are described. In Section 9.3, the material properties 
of sandwich FGM plates along with the thermo-mechanical constitutive relation are 
defined. The kinematic equations and governing differential equations are presented 
in Section 9.4. Then, a semi-analytical solution using the Galerkin method is dem-
onstrated in Section 9.5. In Section 9.6, governing equations for nonlinear free and 
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forced vibration analysis are presented. In Sections 9.7 and 9.8, validation, conver-
gence, and a parametric study are exhibited. Finally, concluding remarks are pro-
vided in Section 9.9. References are then provided.

9.2 � POROSITY AND TEMPERATURE DISTRIBUTION

9.2.1 �P orosity Models

The prevalence of pores at some stage in the fabrication procedure is modeled via 
different mathematical functions [56–59] which include transcendental functions, 
exponential functions, polynomial functions, etc. As depicted in Figure 9.1b and 
Figure 9.1c, homogenous and symmetric but uneven distribution is usually employed 
by various researchers in the analysis. But, in the present study, a new porosity dis-
tribution is proposed which will capture the realistic variation of the pores across 
the thickness of the plate as depicted in Figure 9.1d. Various porosity variations 
implemented in this study are:

•	 Homogenous/even distribution (P – 1): the micro-voids are distributed 
consistently in the thickness direction which will severely decrease the 
overall stiffness and density of the plate as shown in Figure 9.1b. The math-
ematical function for P – 1 porosity distribution is represented as follows:

	 P
2

- =1
e

	 (9.1)

•	 Uneven symmetric distribution (P – 2): the micro-voids are distributed 
according to the mode function in the thickness direction which will 
gradually reduce the overall stiffness and density of the plate as shown in 
Figure 9.1c. The mathematical function for P – 2 porosity distribution is 
represented as follows:

	 P
2

- = -æ
è
ç

ö
ø
÷2 1

2e z| |
�

	 (9.2)

•	 Uneven non-symmetric distribution (P – 3): the micro-voids are distrib-
uted consistently according to sigmoid function in the thickness direction 
which will smoothly and non-uniformly decrease the overall stiffness and 

FIGURE 9.1  Porosity distribution across the sandwich FGM plate (a) perfect, (b) P – 1, 
(c) P – 2, (d) P – 3.
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density of the plate as shown in Figure 9.1d. However, this proposed model 
will be one of the most realistic porosity distribution models that can be 
proved to be more accurate. The mathematical function for P – 3 porosity 
distribution is represented as follows [14, 22]:

	 p
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Where e is a small fraction representing the voids present in a plate, p is a number 
(≥0) representing the volume fraction exponent of constituent material, and � is the 
thickness of a plate.

9.2.2 �T emperature Distribution

The temperature typically varies according to some mathematical concepts in the 
transverse direction or is regulated by certain scientific principles. In the present 
study, two different types of temperature distribution are assumed:

9.2.2.1 � Uniform Temperature Distribution
In this case, the constant temperature is assumed to be distributed across the thick-
ness of the plate. Thus, at a certain thickness, the following mathematical function is 
implemented to represent uniform temperature distribution:

	 T z T T( ) = +0 D 	 (9.4)

9.2.2.2 � Nonlinear Temperature Distribution
In this case, the nonlinear temperature is assumed to be distributed across the thick-
ness of the plate in accordance with a one-dimensional steady state heat conduction 
equation. Thus, at a certain thickness, the following mathematical function is imple-
mented to represent nonlinear temperature distribution [14, 60–62]:
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Where k(z) is defined by Equation 9.19.
Nomenclature for temperatures is presented in Figure 9.2. Now, implementing 

the thermal boundary conditions and continuity condition at the interfaces shown in 
Table 9.1, the differential Equation 9.5 is solved, and we get for (Figure 9.3):

•	 S-FGM plate
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FIGURE 9.2  Thickness and temperature nomenclature [63].

TABLE 9.1
Boundary and Continuity Conditions

Condition

Equations 

S-FGM Plate Sandwich S-FGM Plate

Temperature at 
the boundaries 
and interfaces

T T T T� �2 23 1( ) = -( ) =and

T h T h Tb m t m( ) = ( ) = 2
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FIGURE 9.3  Temperature variation along the thickness (black: ΔT = 100 K, red: 
ΔT = 600 K) [63].
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•	 Sandwich S-FGM plate
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ck’s and ¢Àis  are the constants and given as,
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9.3 � MATERIAL PROPERTIES AND CONSTITUTIVE RELATION

The structures are subjected to dynamic load and require more strength and stiff-
ness that can be accomplished by implementing a sigmoid function-based FGM [22, 
52–54, 64] when working under the same conditions as other micromechanics mod-
els (E- and P-FGM). In addition, P- and E-FGM are encountered with enormous 
stress concentrations across the interfaces where an abrupt change in material takes 
place [65]. To avoid this, a two-power law-based function is proposed, also known as 
S-FGM, by Chung and Chi [66] and expressed as:
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By altering the sigmoid function, the volume fraction for a sandwich S-FGM plate 
is formulated in such a way that the continuousness of the material properties at the 
boundary is still preserved and is given as:

	 (a)	 Bottom layer:
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	 (b)	 Core:

	 V zt = £ £1 1 2for � � 	 (9.15)

	 (c)	 Top layer:
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The parameters � � � � � � �0 1 2 3 1 2, , , , , ,m m m  are defined in Figure 9.2. The various con-
figurations (symmetric and non-symmetric) for the sandwich plate are tabulated in 
Table 9.2.

TABLE 9.2
Plate Configurations

Configuration WW1
* WW2

* Description

1-1-1 6 6 All the layers are of equal thickness.

2-1-2 10 10 The core is half the thickness of the top and bottom layers.

2-2-1 10/3 10 The core is equal in thickness to the top layer and double the 
thickness of the bottom layer. 

2-1-1 4 ¥ The core is equal in thickness to the bottom layer and half the 
thickness of the top layer.

* � � � �1 1 2 2= - =W W, .
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The estimation of material properties at a certain thickness across the sandwich 
plate for the ith layer with porosity effect is expressed as:

	 Ã =Ã +Ã -( ) - Ã +Ã( ) ( ) ( )( ) ( )i
c t

i
m t

i
c mz V V P1 0	 (9.17)

The effective material properties of the constituent material (ceramic/metal) are a 
function of temperature by the following functional relationship [67]:

	 Ã = ( )+ + + +( ) -
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31( ) ( ) ( ) ( )    	 (9.18)

In addition, it is deduced from calculation and the available literature that consider-
ing the porosity effect on thermal conductivity in Equation 9.5 is computationally 
expensive; therefore, the effective material property independent of porosity effect 
for thermal conductivity is expressed as:

	 k z k V k Vi
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i
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i( ) ( ) ( )( ) = + -( )1 	 (9.19)

Where superscript i represents the corresponding layer of the sandwich plate. T(i) 
and ℳ are the temperature function across the thickness and the material constant 
(Table 9.3), respectively. Also, material properties at room temperature (300 K) are 
evaluated from Equation 9.18.

The reduction in volume fraction of the constituent materials is represented by 
P0 and equal to either P – 1 or P – 2 or P – 3 depending upon the type of porosity 
distribution assumed from Equations 9.1-9.3. Also, the degradation of material prop-
erties due to porosity and thermal effect using Equations 9.5.a and 9.5.b is presented 
in Figure 9.4.

The stress-strain thermo-mechanical constitutive relation can be expressed for an 
FGM plate as:
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	 (9.20)
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Where DT T z T= ( ) - 0 , and T(z) represents the temperature distribution across the 
thickness. E z T( , ) and a( , )z T  are the Young’s modulus and thermal expansion coef-
ficient, respectively. n is a Poisson’s ratio which remains constant. The reference 
temperature T0( ) is defined as temperature with no thermal strains.



180 ﻿Functionally Graded Materials (FGMs)

TA
B

LE
 9

.3
M

at
er

ia
l C

on
st

an
t 

as
 F

un
ct

io
n 

of
 T

em
pe

ra
tu

re
 [6

8]

M
at

er
ia

ls
Pr

op
er

ti
es

Te
m

pe
ra

tu
re

 D
ep

en
de

nt
 (

TD
)

Te
m

pe
ra

tu
re

 
In

de
pe

nd
en

t 
(T

ID
)

ℳ
 −

1
ℳ

 0
ℳ

 1
ℳ

 2
ℳ

 3
ℳ

 (3
00

K
)

Z
rO

2
E

 (
Pa

)
0

24
4.

27
 ×

 1
09

−
1.

37
1 

× 
10

−
3

1.
21

4 
× 

10
−

6
−

3.
68

1 
× 

10
–1

0
16

8.
06

3 
× 

10
9

α 
(1

/K
)

0
12

.7
66

 ×
 1

0−
6

−
1.

49
1 

× 
10

−
3

1.
00

6 
× 

10
−

5
−

6.
77

8 
× 

10
−

11
18

.5
91

 ×
 1

0−
6

k 
(W

/m
K

)
0

0
0

0
0

1.
77

ρ 
(k

g/
m

3 )
0

0
0

0
0

30
00

Si
3N

4
E

 (
Pa

)
0

34
8.

43
 ×

 1
09

−
3.

07
0 

× 
10

−
4

2.
16

0 
× 

10
−

7
−

8.
94

6 
× 

10
−

11
32

2.
27

15
 ×

 1
09

α 
(1

/K
)

0
5.

87
23

 ×
 1

0−
6

9.
09

5 
× 

10
−

4
0

0
7.

47
46

 ×
 1

0−
6

k 
(W

/m
K

)
0

0
0

0
0

8.
82

8

ρ 
(k

g/
m

3 )
0

0
0

0
0

23
70

SU
S3

04
E

 (
Pa

)
0

20
1.

04
 ×

 1
09

3.
07

9 
× 

10
−

4
−

6.
53

4 
× 

10
−

7
0

20
7.

78
77

 ×
 1

09

α 
(1

/K
)

0
12

.3
30

 ×
 1

0−
6

8.
08

6 
× 

10
−

4
0

0
15

.3
21

 ×
 1

0−
6

k 
(W

/m
K

)
0

0
0

0
0

12
.1

4

ρ 
(k

g/
m

3 )
0

0
0

0
0

81
66



181Dynamic Analysis of Sandwich FGM﻿

9.4 � THEORETICAL FORMULATION

The plate considered in the present study has dimensions of a × b × � in a rectan-
gular co-ordinate system. In addition, the stiffness of the plate has been increased 
by assuming the plate to be placed on a Pasternak foundation which will offer stiff-
ness both in the normal direction (Winkler spring) and shear effect (Pasternak) as 
depicted in Figure 9.5.

FIGURE 9.4  Variation of the modulus of elasticity in the thickness direction of the (1-1-1) 
porous sandwich plate at a temperature difference of (a) 0 K, (b) 300 K, (c) 600K.

FIGURE 9.5  Nomenclature for the displacement field.
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9.4.1 �K inematics

The displacement field (u, v, w) for the present formulation is expressed as [69]:
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Where � �( ) tanhz rz= ( )-1  and J = -( ) -r r� ( )1 42 , r = 0.088. The displacement 
of the mid-surface in the plane of the plate is u ,v  and out-of-the plane is w . The 
rotations of the mid-surface or the coefficients of the shear function are Φx and Φy.

The constitutive strain-displacement relation instigating the von Karman nonlin-
earity in a concise form can be expressed as:
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In expanded form, Equation 9.22 and Equation 9.23 can be expressed as:
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	 g g gs xz yz x y
0 0 0( ) = { } = { }( ) ( ), ,F F 	 (9.27)

9.4.2 �E nergy Equations

The variational form of the strain energy is expressed as,

	 d s de s de s de s de s deU dVxx xx yy yy xy xy yz yz zx zx= + + + +éë ùûòòò 2( ) 	 (9.28)
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In the form of stress resultants, the above equation is re-written by substituting 
Equation 9.20 and Equations 9.24–9.27 into Equation 9.28, and expressed as:
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Further, the stress resultants are expanded by substituting Equation 9.20 into 
Equations 9.30–9.31 and are expressed as:
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The plate stiffnesses are defined as,
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The variational form of work done due to load applied on the surface of the plate can 
be expressed as:

	 d dW q w dxdyz= -òò 	 (9.38)

The variational form of the kinetic energy is expressed as,
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Substituting Equation 9.21 into Equation 9.39
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The variational form of the strain energy of the Pasternak foundation is expressed as,

	 d dV N w dxdye= òò ˆ 	 (9.41)

where N̂ K K we w P= - Ñ( )2 , and Kw and Kp are the Winkler and Pasternak stiffness 
coefficients.

9.4.3 �G overning Equations

In the present study, Hamilton’s principle is employed to derive the governing dif-
ferential equations and is expressed as:
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To arrive at governing differential equations, Equations 9.29, 9.38, 9.40, and 9.41 are 
substituted into Equation 9.42. Further, applying integration by parts and collect-
ing the coefficients of in-plane displacements and rotations u v w x y, , , ,F F( ) term by 
term. This will result in the following equations:
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9.4.3.1 � Airy’s Function and Strain Compatibility Equation

Airy’s function f x y t, ,( ) is introduced to solve nonlinearity existent in the governing 
differential equations and given as [70–72]:
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The strain compatibility equation for the problem accounting for geometric nonlin-
earity can be expressed as:
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Consequently, linear strain from Equation 9.32, in terms of stress resultants and 
higher order strain, is expressed as:
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The higher order strains from Equations 9.24–9.27 are substituted into Equations 
9.50–9.52 and the resulting expression is substituted into Equation 9.49. The strain 
compatibility is then expressed as:
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9.4.3.2 � Equilibrium Equations
Equation 9.48 is now substituted into Equations 9.43 and 9.44 and the resulting 
expression is substituted back into Equations 9.45, 9.46, and 9.47. We get

	

¶
¶

+
¶

¶
+

¶
¶ ¶

+
æ

è
ç

ö

ø
÷

+ ¶
¶

¶
¶

+ ¶
¶

2

2

2

2

2

2
M

x

M

y

M

x y
q

x
N

w

x
N

w

b
xx

b
yy

b
xy

z

xx xy
yy

y
N

w

y
N

w

x
qyy xy z e

æ

è
ç

ö

ø
÷

+ ¶
¶

¶
¶

+ ¶
¶

æ

è
ç

ö

ø
÷ + -

ì

í

ï
ï
ï
ïï

î

ï
ï
ï
ï
ï

ü

ý

ï
ï
ï

N̂

ïïï

þ

ï
ï
ï
ï
ï

=

+ -
æ

è
ç

ö

ø
÷

¶
¶

+ ¶
¶

æ

è
ç

ö

ø
÷

+ -

I w
I

I
I

w

x

w

y

J
I

0
1
2

0
2

2

2

2

2

2

�� �� ��

11 1

0

J

I x y
x yæ

è
ç

ö

ø
÷

¶
¶

+
¶
¶

æ

è
ç

ö

ø
÷

ì

í

ï
ïï

î

ï
ï
ï

ü

ý

ï
ïï

þ

ï
ï
ï

�� ��F F
	 (9.54)

	

¶
¶

+ ¶
¶

+
¶

¶

+
¶

¶
- -

ì

í

ï
ï

î

ï
ï

ü

ý

ï
ï

þ

ï
ï

=

M

x

M

x

M

y

M

y
M Q

J

s
xx

b
xx

s
xy

b
xy q

xx x

D

D D

33
1
2

0

1 1

0
2-

æ

è
ç

ö

ø
÷

æ

è
ç

ö

ø
÷

¶
¶

+ -J

I

J I

I
J

w

x
x

�� ��
F 	 (9.55)

	

¶
¶

+
¶

¶
+

¶
¶

+
¶

¶
- -

ì

í

ï
ï

î

ï
ï

ü

ý

ï
ï

þ

ï
ï

=

M

y

M

y

M

x

M

x
M Q

J

s
yy

b
yy

s
yx

b
yx q

yy y

D

D D

33
1
2

0

1 1

0
2-

æ

è
ç

ö

ø
÷

æ

è
ç

ö

ø
÷

¶
¶

+ -J

I

J I

I
J

w

y
y

�� ��
F 	 (9.56)

The governing equation in terms of displacements is obtained by substituting 
Equations 9.24–9.27 into the stress resultant equation (Equations 9.32–9.34) and the 
resulting stress resultants are substituted into Equations 9.54–9.56; we get:
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where � ij  and �� are given as
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9.5 � SOLUTION PROCEDURE

Consider a simply supported sandwich rectangular plate with all edges immovable. 
The plate is assumed to be resting on a Pasternak foundation. The boundary condi-
tions for all edges simply supported can be expressed as:

Boundary conditions parallel to x-axis:

	 w v M N Nx y y y= = = = =F 0 0, 	

Boundary conditions parallel to y-axis:

	 w u M N Ny x x x= = = = =F 0 0, 	

Where Nx0  and Ny0  represent equivalent axial compressive loads along the x- and 
y-axes, respectively, and prevent the respective edges from moving.

9.5.1 �A ssumed Solutions and Transverse Load

The following approximate solutions satisfying the geometric boundary conditions 
in terms of time-dependent amplitudes Wmn x ymn mn, ,q q( ) are appropriate in the pres-
ent problem:
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	 (9.60)

Also, the solution is assumed for Airy’s function f( ) which will satisfy the edge 
boundary condition and compatibility equation and is expressed as [42, 71, 72]:
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	 (9.61)

The undetermined coefficients, v1mn t( ) and v2 mn t( ), are determined by satisfying a 
compatibility equation. Thus, by substituting Equation 9.61 into Equation 9.53, the 
following unknowns are obtained:
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2 2
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b2

2 2
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( )= 	 (9.63)

where a p b p= =m

a

n

b
,

The plate is harmonically excited with the mechanical and thermal load on the 
top surface for dynamic analysis, which is expressed as:
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9.5.2 �E quivalent Axial Loads

The conditions of immovable boundaries are fulfilled by assuming the in-plane 
deflections δx and δy zero in the average sense, as expressed in Equation 9.65, in 
order to calculate equivalent compressive axial loads.

	 d dx y
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x
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y
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0 0; ;	 (9.65)

Also, from Equations 9.24–9.27 and 9.50–9.52 and simplifying, we get:
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Thus, equivalent compressive axial loads are found by substituting Equation 9.66 
into Equation 9.65 and are expressed as:
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	 (9.67)

9.6 � EQUATION OF MOTION

The equation of motion for dynamic analysis of a sandwich S-FGM plate is obtained 
using the Galerkin method. Thus, in the governing differential equation, Equations 
9.57–9.59, the expressions for assumed approximate solutions (Equations 9.60–9.63) 
and transverse load (Equation 9.64) are substituted. In addition, for the Galerkin 
method to followed, the shape functions from Equation 9.60 are pre-multiplied by 
the corresponding equations in Equations 9.57–9.59 and integrated over the whole 
domain. This results in the following equation of motions:
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The nonlinear Equation 9.68 is a duffing equation consisting of cubic nonlinearity 
and provides hard spring characteristics to the plate.

9.6.1 �F orced Vibration Analysis

The second order nonlinear ordinary differential equation to analyze dynamic 
responses is obtained by substituting Equation 9.67 into Equation 9.68 which 
leads to the introduction of quadratic nonlinearity due to axial compressive 
loads resist in moving the edges in addition to cubic nonlinearity. The resulting 
equation obtained is solved using the Runge–Kutta fourth order method and is 
expressed as:
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where Q q tmn mn= Ñ ( ), Ñmn  is governed by applied load such that load can be applied 
uniformly, bi-sinusoidally, act at a point, or varying uniformly. q t Q ta( ) = ( )sin w  
expresses the applied loading intensity and type of variation of the load with time.

The expressions for stiffness and mass matrices are presented as:
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In the present formulation, uniformly distributed harmonic excitation is assumed, 

therefore, Ñ =mn mn16 2p .

	 Q
mn

Q tmn a= - ( )16
2p

wsin 	 (9.74)

9.6.2 �F ree Vibration Analysis

The eigenvalue problem is derived from Equations 9.71–9.73 after eliminating the 
nonlinearity and applied load. Thus, the equation of motion for computing natural 
frequency is expressed as:

	 Qmn = 0	

	 k wij ijM- =2 0	 (9.75)

9.6.3 �S tatic Analysis

The results for transverse displacement for static analysis are obtained using 
Equations 9.71–9.73 after eliminating the inertia element, in other words, the mass 
matrix. The equation is then expressed as:
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	 k k q k q21 22 23 2W t t t fmn x ymn mn mn( ) ( ) ( )+ + = 	 (9.77)

	 k k q k q31 32 33 3W t t t fmn x ymn mn mn( ) ( ) ( )+ + = 	 (9.78)

9.6.4 �R elation between Linear Frequency, Nonlinear 
Frequency, and Load Amplitude with Displacement

The dependency of frequency on the amplitude of displacement and load occurs as a 
result of nonlinearity. The relationship is derived using one of the simplest methods 
known as the harmonic balance method (HBM) for which the equation of motion 
for forced vibration analysis (Equations 9.71–9.73) is simplified by neglecting the 
rotary inertia and rearranging the terms. Thus, the resulting simplified equation can 
be written as:
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	 k k q k q21 22 23 0W t t tmn x ymn mn( ) ( ) ( )+ + = 	 (9.80)

	 k k q k q31 32 33 0W t t tmn x ymn mn( ) ( ) ( )+ + = 	 (9.81)

Obtaining q qx yt t( ) ( )and  from Equation 9.80 and Equation 9.81, respectively, and 
substituting back into Equation 9.79, we get:
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The time-dependent transverse displacement, W(t), in terms of maximum amplitude, 
wmax, of vibration can be written as:

	 W t w tnl( ) sinmax= ( )w 	 (9.83)



196 ﻿Functionally Graded Materials (FGMs)

An algebraic equation relating linear frequency wmn( ) , nonlinear frequency wnl( ), 
load Qa( ), and maximum displacement (wmax) is obtained using the Galerkin method. 
Thus, substituting Equation 9.74 and Equation 9.83 into Equation 9.82:

	 w w
p

k
nl mn

mn aw w

M

Q

w
2 2 2

1

2

1 11

1
8

3
3

4
= + +

æ

è
ç
ç

ö

ø
÷
÷

- Ñmax max

max

�
�

���

�
	 (9.84)

The relationship between load amplitude and linear to nonlinear frequency ratio is 
expressed as
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When no applied load is considered, i.e.Qmax = 0
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Where wmn
M

= - �1

11

Equation 9.86 shows that nonlinear frequency is displacement dependent since, 
for Duffing nonlinearities, it is a well-known form of behavior.

9.7 � VALIDATION AND CONVERGENCE STUDY

To formulate the governing equations for nonlinear dynamic analysis, a semi-ana-
lytical method is applied. Thus, it is important to validate the present mathematical 
formulation with the existing solution.

9.7.1 � Validation Study

To illustrate the preceding formulation, the solutions obtained here will be veri-
fied against the existing results of natural frequencies for FGM plates. No previous 
research on the nonlinear analysis of porous sandwich S-FGM plates has been per-
formed under thermal environment, as stated previously. Therefore, the nonlinear 
frequency ratio is validated for ambient and thermal environment.

Thus, square Si3N4/SUS304 plates with thickness ratios a � = 10 20and  are ana-
lyzed for computing nonlinear frequency ratio w wnl l( ). The present example dem-
onstrates the validity of the formulation for nonlinear response using Equation 9.86. 
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Table 9.4 contains the nonlinear frequency ratio of FGM plate for various values 
of wmax �( ). The material properties used in the present example are given as: 

Em m= ´ =207 7877 10 81669. ,N m Kg m2 3r  for 304 stainless steel (SUS304) and 

Ec c= ´ =322 2715 10 23709. ,N m Kg m2 3r  for silicon nitride (Si3N4), n = 0 28. . 
The present results are in good harmony with the existing results of Sundararajan 
et  al. [73]. In contrast to the semi-analytical solution obtained in the present for-
mulation for the nonlinear study of the FGM plate, they obtained a numerical solu-
tion. The discrepancy in results happens primarily because the current assessment 
is based on the HBM, while Sundararajan et al. [73] used the FEM in combination 
with the direct iteration technique. They also include rotary inertia which is ignored 
in the present case.

Afterward, the effect of the amplitude ratio wmax �( ) on the nonlinear frequency 
ratio w wnl l( ) is perceived. The present formulation is validated with the results of 
Huang et al. [45] for a square Si3N4/SUS304 S-FGM simply supported plate. The 
material properties of the constituent material are listed in Table 9.3. Poisson’s ratio 
is assumed to be constant and equal to 0.28. However, the results are in good har-
mony as shown in Table 9.5, but a small variance in the results may occur as a result 
of difference in techniques for obtaining the nonlinear frequency ratio, since, in the 
present study, the harmonic balance method is applied in contrast to the perturbation 
technique [45].

9.7.2 � Convergence Study

To determine the number of terms (m, n) that should be included to converge the solution 
for nonlinear transverse displacement, a convergence study is performed. An Al2O3 
homogeneous plate subjected to various magnitudes of uniform loading is considered. 
The present results obtained from a semi-analytical method for nonlinear transverse 
displacement are compared with the numerical solution of Azizian et al. [74]. The 

material properties used are given as: Em = ´70 109 N m2 , rm = 2707 Kg m3  for Al 

TABLE 9.4

Validation of Nonlinear Frequency Ratio ww wwnl l( ) for 
Different (a/ ) and (Wmax/ )of FGM Square Plate p =( )1

(wmax/h)

a/  = 10 a/  = 20

Ref. [73] Present Ref. [73] Present

0.2 1.0063 1.0294 1.0053 1.0293

0.4 1.0654 1.0975 1.0617 1.0953

0.6 1.1707 1.1972 1.1627 1.1919

0.8 1.3115 1.3212 1.2989 1.3123

1.0 1.4789 1.4635 1.4614 1.4507
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and Ec = ´380 10 N m2 , rc = 3800 Kg m3 for Al2O3, n = 0 28. . In calculation of the 
transverse displacement, the converged solution is achieved by including more m and 
n terms. In addition, m and n are always odd integers, as for even entities, the expres-
sion for uniformly distributed load is zero. Although including 12 terms will give the 
solution closest to the numerical solution, as shown in Table 9.6, for the assessment 
of plates in dynamic analysis, it is computationally more costly at the expense of 
average error. Nevertheless, including the first four terms provides sufficient accu-
racy with an average error less than 0.22% which is acceptable for any computation.

9.8 � RESULTS AND ANALYSIS

The present study is focused on nonlinear dynamic analysis of a plate under the 
influence of porosity defect and thermal environment. Thus, a porous sandwich plate 

is subjected to uniformly distributed non-dimensional load Qa =( )50  at the top sur-
face and bi-sinusoidal thermal load (ΔT = 100 K or 600 K) across the thickness of 
the plate. Table 9.3 contains the material property considered for the analysis. The 
effects of porosity distributions and temperature, with various geometric parameters, 
on a sandwich S-FGM plate have been done using “Time displacement responses”, 
“Phase-plane plots”, and “Poincaré maps”. Unless otherwise defined, in the succeed-
ing paragraphs, it is presumed that: a p K K b a ew p� = = = = = =10 4 0 1 0 5, , , , . .

Material: ZrO2/SUS304.
The Pasternak foundation in the non-dimensional form is expressed as:

	 K K K
K

w
w

p
p ma

D

a

D
D

E= = =
-( )

4 2 3

212 1
, ,

�
n

	

TABLE 9.5

Validation of Nonlinear Frequency Ratio ww wwnl l( ) for Different (wmax/ ) 
in a Thermal Environment (a/ = = = = =8 0 2 0 100, . , ,a K K Tw p D K )

(wmax/ ) Theory Si3N4 p = 1 SUS304

0 Huang et al. [45] 1 1 1

Present 0.999 0.999 0.999

0.2 Huang et al. [45] 1.022 1.022 1.022

Present 1.019 1.028 1.019

0.4 Huang et al. [45] 1.084 1.084 1.082

Present 1.081 1.098 1.081

0.6 Huang et al. [45] 1.181 1.18 1.172

Present 1.175 1.201 1.176

0.8 Huang et al. [45] 1.303 1.301 1.296

Present 1.297 1.329 1.299

1 Huang et al. [45] 1.446 1.442 1.438

Present 1.437 1.475 1.441
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9.8.1 �E ffect of Span-to-Thickness Ratio

In this section, very thick a � =( )5  and thick a � =( )10  (1-1-1) plate is analyzed and 
studied for predicting the dynamic behavior with P – 1 and P – 3 porosity distribution 
as shown in Figure 9.6 and Figure 9.7, respectively, under thermal environment. The 
modal frequencies for very thick a � =( )5  and thick a � =( )10  sandwich S-FGM 
plate (1-1-1) with P – 1/P – 3 porosity distribution are 7218/6690 rad/s (1148/1065 Hz) 
and 4021/3655 rad/s (640/582 Hz) respectively at ∆T = 100 K, and 6248/5677 rad/s 
(994/904 Hz) and 2976/2344 rad/s (474/373 Hz) respectively at ∆T = 600 K. It has 
been observed that the system dynamic response is sensitive to P – 1 and P – 3 poros-
ity as with P – 1 porosity, the system nature is quasi-periodic with a strange attractor, 
which has multi-discrete points/lobes as shown in Figure 9.6. While for P – 3 poros-
ity distribution, the system is multi-periodic in nature with a weak attractor.

In addition, for very thick a � =( )5  and thick a � =( )10  (2-2-1) plate, the 
modal frequencies are 6847 rad/s (1090 Hz) and 3737 rad/s (595 Hz), respectively, 
at ∆T = 100 K, and 2778 rad/s (442 Hz) and 2341 rad/s (372 Hz), respectively, at 
∆T = 600 K as shown in Figure 9.8 with P – 3 porosity distribution. The nature of 
the system is quasi-periodic with a very weak attractor. In consistent to the previ-
ous discussion on perfect plate, result trends are similar for the present case as well. 
Moreover, it is observed that a sandwich plate with P – 1 porosity distribution results 
in higher modal frequency as compared to P – 3 porosity distribution regardless of 
thermal environment and plate configurations.

TABLE 9.6

Non-Dimensional Nonlinear Transverse Displacement �w w a b a= ( )( )200 2 2,  
for Al2O3 Homogeneous Plate under Non-Dimensional Uniform Load 

Q Q a Ea a c= -( )( )12 14 2 4nn �  for Convergence Study a � =( )20

Theory Terms Qa = 10(#) Qa = 50(#) Qa = 75(#) Qa = 100 (#)

Present (1,1) 0.4209(2.538) 2.0025(2.677) 2.8541(2.813) 3.5977(2.974)

(1,1) (3,1) 0.4150(1.101) 1.9728(1.154) 2.8096(1.210) 3.5383(1.274)

(1,1) (3,1) (1,3) (3,3) 0.4097(0.190) 1.9463(0.205) 2.7699(0.220) 3.4854(0.240)

(1,1) (3,1) (5,1) (1,3) 
(3,3) (5,3)

0.4102(0.068) 1.9486(0.087) 2.7734(0.094) 3.49(0.109)

(1,1) (3,1) (5,1) (1,3) 
(3,3) (5,3) (1,5) (3,5) 

(5,5)

0.4107(0.054) 1.9511(0.041) 2.7771(0.040) 3.495(0.034)

(1,1) (3,1) (5,1) (7,1) 
(1,3) (3,3) (5,3) (7,3) 
(1,5) (3,5) (5,5) (7,5)

0.4106(0.029) 1.9506(0.015) 2.7763(0.011) 3.4939(0.003)

Azizian et al. [74] (3,4)* 0.41048 1.9503 2.776 3.4938

#Error (%), *(ns, n0), ns = number of strips, n0= number of terms used in finite strip method.
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9.8.2 �E ffect of Aspect Ratio

In this section, (b/a = 0.5) and (b/a = 2) (2-1-2) plate is analyzed and studied for pre-
dicting the dynamic behavior as shown in Figure 9.9. The modal frequencies for 
(b/a = 0.5) and (b/a = 2) plate with P – 3 porosity distribution are 8444 rad/s (1344 Hz) 
and 2210 rad/s (352 Hz), respectively, at ∆T = 100 K and 6987 rad/s (1112 Hz) and 
1063 rad/s (169 Hz), respectively, at ∆T = 600 K. The nature of the system is trans-
forming from quasi-periodic to the onset of chaos with a rise in temperature for P – 3 
porosity.

In addition, (b/a = 0.5) and (b/a = 2) (2-1-1) plate is analyzed and studied for pre-
dicting the dynamic behavior as depicted in Figure 9.10. The modal frequencies for 
(b/a = 0.5) and (b/a = 2) plate with P – 3 porosity distribution are 8584 rad/s (1366 Hz) 
and 2242 rad/s (357 Hz), respectively, at ∆T = 100 K and 7090 rad/s (1128 Hz) and 

FIGURE 9.6  Nonlinear dynamic responses of (1-1-1) porous S-FGM sandwich plate at dif-
ferent thermal loads with P – 1 porosity distribution. (a) a � = 5, ΔT = 100 K, (b) a � = 10, 
ΔT = 100 K, (c) a � = 5, ΔT = 600 K, (d) a � = 10, ΔT = 600 K.
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1064 rad/s (169 Hz), respectively, at ∆T = 600 K. The system response shows the 
multi-periodic nature at ∆T = 100 K, while the system response becomes chaotic 
with an increase in temperature difference. It is observed that asymmetric plate 
configuration (2-1-1) has higher modal frequency than symmetric plate (2-1-2) con-
figuration irrespective of the thermal environment and aspect factor. Also, modal 
frequency decreases with increases in temperature and aspect factor. This result is 
anticipated because of the reduction in rigidity of the plate.

9.8.3 �E ffect of Volume Fraction Exponent

The variation in volume fraction exponent significantly affects the material property 
and hence its stiffness and density. This significant variation, consecutively, greatly 

FIGURE 9.7  Nonlinear dynamic responses of (1-1-1) porous S-FGM sandwich plate at dif-
ferent thermal loads with P – 3 porosity distribution. (a) a � = 5, ΔT = 100 K, (b) a � = 10, 
ΔT = 100 K, (c) a � = 5, ΔT = 600 K, (d) a � = 10, ΔT = 600 K.
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affects the dynamic behavior of the FGM plate as shown in Figure 9.11 and Figure 9.12 
at ΔT = 100 K and ΔT = 600 K, respectively. The modal frequencies obtained for 
ZrO2 and (p = 2) sandwich plate are found to be highest for a non-symmetric (2-2-1) 
plate configuration with 3635 rad/s (579 Hz) and 3740 rad/s (595 Hz), respectively, 
and lowest for a symmetric (2-1-2) plate configuration with 3408 rad/s (542 Hz) and 
3533 rad/s (562 Hz), respectively, at ∆T = 100 K. However, at ∆T = 600 K, the modal 
frequencies obtained for ZrO2 and (p = 2) sandwich plate are found to be highest 
for a symmetric (2-1-2) plate configuration with 1554 rad/s (247 Hz) and 2242 rad/s 
(357 Hz), respectively, and lowest for a non-symmetric (2-2-1) plate configuration 
with 1425 rad/s (227 Hz) and 2147 rad/s (342 Hz), respectively. The system responses 
are chaotic with a weak attractor (Figure 9.11) and a strong attractor (Figure 8.16).

FIGURE 9.8  Nonlinear dynamic responses of (2-2-1) porous S-FGM sandwich plate at dif-
ferent thermal loads with P – 3 porosity distribution. (a) a � = 5, ΔT = 100 K, (b) a � = 10, 
ΔT = 100 K, (c) a � = 5, ΔT = 600 K, (d) a � = 10, ΔT = 600 K.
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The increases in modal frequency with the rise in “p” are paradoxical, since an 
increase in “p” results in an increase in the metallic content of the plate and lessens 
the stiffness of the plate. However, in the present study, SUS304 (metal) has a higher 
Young’s modulus in comparison to ZrO2 (ceramic) and therefore the stiffness of the 
plate increases with an increase in volume fraction of SUS304 irrespective of the 
temperature differences.

The above responses clearly show the effect of porosity on system dynamic 
response as with P – 3 the porosity system becomes more chaotic.

9.8.4 �E ffect of Elastic Foundation Parameters

Figure 9.13 and Figure 9.14 depict the effects of a Winkler–Pasternak foundation 
on the dynamic behavior, respectively, for (2-1-2) and (2-2-1) S-FGM sandwich 

FIGURE 9.11  Nonlinear dynamic responses at ΔT = 100 K with P – 3 porosity distribution 
for (a) 1-1-1, (b) 2-1-2, (c) 2-1-1, (d) 2-2-1 porous S-FGM sandwich plate.
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plates. The modal frequencies for a plate resting only on a Winkler foundation 

K Kw p= =( )100 0,  and a Pasternak foundation K Kw p= =( )0 100,  are highest for 
P – 1 porosity distribution, and are given as 4733 rad/s (318.8 Hz) and 13,232 rad/s 
(738.2 Hz), respectively, for a 2-1-2 plate configuration and 5280 rad/s (318.8 Hz) and 
15,017 rad/s (738.2 Hz), respectively, for a 2-2-1 plate configuration at ΔT = 100 K. 
The responses illustrate the chaotic behavior with a strong attractor for P – 3 poros-
ity, while for a P – 1 system, its nature is chaotic but with a weak attractor as shown 
in Figure 9.13 and Figure 9.14.

In addition, analysis is also performed at ΔT = 600 K for different configu-
rations and the plate is presumed to be resting only on a Pasternak founda-

tion K Kw p= =( )0 100, . The plates of different configurations are excited at modal 
frequencies of 11,043 rad/s, 10,718 rad/s, 10,474 rad/s, and 10,292 rad/s, respectively, 
for 2-2-1, 1-1-1, 2-1-1, and 2-1-2 plates as shown in Figure 9.15. The system responses 

FIGURE 9.12  Nonlinear dynamic responses at ΔT = 600 K with P – 3 porosity distribution 
for (a) 1-1-1, (b) 2-1-2, (c) 2-1-1, (d) 2-2-1 porous S-FGM sandwich plate.
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show the quasi-periodicity with different plate configurations; the attractor is strong 
for symmetric plate configuration.

9.8.5 �E ffect of Porosity Coefficient

Figure 9.16 and Figure 9.17 depict the effect of the porosity coefficient (e) on 
nonlinear dynamic responses for symmetric and asymmetric sandwich S-FGM 
plate, respectively. It is observed that with an increase in porosity coefficient, modal 

FIGURE 9.13  Nonlinear dynamic responses at ΔT = 100 K for porous S-FGM (2-1-2) sand-

wich plate with (a) P – 1 and (b) P – 3 porosity distribution. * K Kw p,( ) .

FIGURE 9.14  Nonlinear dynamic responses at ΔT = 100 K for porous S-FGM (2-2-1) sand-

wich plate with (a) P – 1 and (b) P – 3 porosity distribution. * K Kw p,( ) .
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frequency increases unexpectedly. This is due to the fact that increase in volume 
fraction of the pores will result in significant reduction in mass in comparison to the 
stiffness. This will sequentially increases the frequency irrespective of plate con-
figuration and thermal environment. For symmetric plate configuration, the highest 
modal frequency is 3694 rad/s (588 Hz) when e = 0.6 and the lowest is 1551 rad/s 
(247 Hz) when e = 0 for a 1-1-1 plate configuration. Moreover, for asymmetric plate 
configuration, the highest modal frequency is 3772 rad/s (600 Hz) when e = 0.6 and 
the lowest is 1470 rad/s (234 Hz) when e = 0 for a 2-2-1 plate configuration. The 
plate behavior transforms from chaotic to multi-periodic as the porosity coefficient 
increases.

FIGURE 9.15  Nonlinear dynamic responses at ΔT = 600 K for (a) 2-2-1, (b) 1-1-1, (c) 2-1-1, 

(d) 2-1-2 porous S-FGM sandwich plate with P – 3 porosity distribution. K Kw p= =( )0 100, .
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9.9 � CONCLUSIONS

In this study, the sandwich plate with a homogeneous core is analyzed for the nonlin-
earity effect due to von Karman strain. The sandwich plate is subjected to harmonic 
load and presumed to be built on the Pasternak foundation. The temperature distribu-
tion varies linearly or nonlinearly across the thickness whereas the material proper-
ties of functionally graded face sheets are varied per sigmoid law (S-FGM). To solve 
geometric nonlinearity and implementing the different edge conditions, Airy’s stress 
function and the Galerkin method have been implemented. The present formulation 
is validated with the results of available theory for different geometric parameters, 
elastic foundation, and plate configuration by considering a few numerical examples. 

FIGURE 9.16  Nonlinear dynamic responses at ΔT = 600 K for symmetric porous plate (a) e = 0, 

(b) e = 0.1, (c) e = 0.3, (d) e = 0.6 with P – 3 porosity distribution. a K Kw p/ ,� = = =( )20 50 .
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The present study assists researchers in actively controlling the porous plates and 
shells under thermodynamic loading. The subsequent points are significant:

	 1.	The present formulation is validated with the results of available theory for 
different geometric parameters, elastic foundation, and plate configuration. 
The results are found to be very accurate.

	 2.	The increase in a �( )  and moving from P – 1 porosity to P – 3 porosity 
results in a significant decrease in fundamental frequency.

	 3.	 It is observed that for P – 1 porosity, the system nature is quasi-periodic 
while for P – 3 porosity the distribution system nature is multi-periodic 
with a weak attractor with regard to a �( ) .

FIGURE 9.17  Nonlinear dynamic responses at ΔT = 600 K for non-symmetric 
porous plate (a) e = 0, (b) e = 0.1, (c) e = 0.3, (d) e = 0.6 with P – 3 porosity distribution. 

a K Kw p/ ,� = = =( )20 50 .
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	 4.	As (b/a) increases, the plate behavior transforms from quasi-periodic to the 
onset of chaos with a rise in temperature for P – 3 porosity.

	 5.	 It is observed that an asymmetric plate configuration (2-1-1) has a higher 
modal frequency than a symmetric plate (2-1-2) configuration irrespective 
of the thermal environment and aspect factor.

	 6.	The increases in modal frequency with the rise in volume fraction exponent 
are paradoxical in the present study.

	 7.	The plate behavior shows quasi-periodicity with different plate configura-
tions, for which the attractor is strong for symmetric plate configuration 
with regard to the presence of a Pasternak foundation.

	 8.	As the porosity coefficient increases, the system nature transforms from 
chaotic to multi-periodic for a symmetric plate configuration.
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10.1 � INTRODUCTION

Functionally graded materials (FGMs) are an exquisite class of engineering materi-
als which can either be natural or artificial. FGMs are a classic example of controlled 
anisotropic behavior and exhibit inhomogeneity with properties continuously vary-
ing across the dimensions normally in a defined fashion [1–3]. These materials have 
been comprehensively discussed in the previous chapters of this book. The different 
fabrication methods of FGMs such as liquid phase processing, vapor phase process-
ing, and solid phase processing methods have already been discussed in previous 
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chapters of this book. The fabrication of FGMs using additive manufacturing tech-
niques has also been discussed. Some case studies related to FGMs are also pre-
sented in previous chapters.

This chapter overviews and presents highlights of several applications of FGMs 
such as biomedical, aerospace, defense, energy, automobiles, marine, constructions, 
sports, optoelectronics, and so on. It then discusses the various challenges and trends 
in the field of FGMs and concludes with a summary to help its readers visualize this 
versatile engineering field of advanced materials.

10.2 � APPLICATIONS FOR FGMs

In the past, the homogeneity of material properties was considered as an indicator 
of the efficiency of any material fabrication technique. However, as time advanced, 
a severe need was felt to overcome the constraints of applying homogeneous materi-
als. Tailoring the material properties to derive FGMs was a landmark achievement 
in this direction. This concept basically draws its roots from nature because many 
natural substances like bone, bamboo, etc., offer brilliant graded properties and have 
inspired a lot of research on similar materials. The ever-dynamic quest of research-
ers for the development of exotic materials and material advancements also counts 
amongst the important factors in the massively keen interest of various research 
personnel in this direction. Figure 10.1 presents a few relevant milestones in the 
research and development of FGMs.

Many applications in innovative sectors like aerospace, automotive, etc., require 
materials to possess multi-functional properties which may or may not be conflict-
ing. FGMs, which are a specific class of heterogeneous composite materials, can be 
the right solution for such requirements. The first application of FGMs was reported 
in a Japanese project for reducing metal ceramic interfacial thermal stress [4]. 

As discussed in the above section, an example of present-day FGM application 
of conflicting properties can be one where high surface properties such as hardness, 
corrosion resistance, wear resistance, etc., at the outer surface and high toughness 
for the bulk are required. FGMs are being increasingly used by many industries and 
provide better promise in applications like thermoelectric generators, rocket heat 

FIGURE 10.1  Relevant milestones in FGM R&D [5].
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shields, heat engine components, heat exchangers, etc. Different types of FGM appli-
cations such as in the biomedical, aerospace, defense, electrical/electronics, marine, 
optoelectronics, sport, energy, automobile, and other industries have been presented 
non-exhaustively in Figures 10.2 and 10.3. An attempt to briefly highlight the various 
main FGM applications is undertaken in the following sections.

10.2.1 � Biomedical Applications

Medicinal components must exhibit non-toxicity, durability, thermal conductivity, 
strength, biocompatibility, corrosion resistance, and abrasion resistance that cannot 
be achieved with a single composition with a uniform structure [8]. The human body 
has many tissues. These human tissues may at times suffer from damage which can-
not be treated, thereby requiring mandatory replacement by alternative parts. With 
the help of FGMs, we can replace the damaged tissues such as bones and teeth as 
shown in Figure 10.4 [8].

FIGURE 10.2  Application areas of FGMs [6].

FIGURE 10.3  Application areas and some examples of FGMs [7].
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Recently, TiN/HA, Ti/SiO2, Ti/Co, and Ti/ZrO2, different types of ceramic com-
posite FGMs, have been investigated for biomaterials and bio-ceramics. In the pres-
ent medical scenario, knee, dental implants, and prosthetic parts practice deals with 
replacing and repairing synovium joint (bones that move each other), missing tooth 
structure, etc. FGMs can be used in all these applications. They are also used to 
repair cartilages (resilient and smooth elastic tissue) [10, 11]. One such case study 
for bone modeling using a fused filament fabrication AM technique has also been 
included in the present book as Chapter 6.

10.2.2 �A erospace Applications

FGMs were initially used in spacecraft for decreasing temperature stress from the 
inner to the outer surface. However, FGMs are used for various aerospace applica-
tions in the present times [12]. Now, most aircraft components such as reflectors, solar 
panels, turbine wheels, rocket engines, etc., use FGMs as shown in Figure 10.5 [14]. 
All these components of spacecraft are designed for higher temperatures at a particu-
lar area, a requirement which can be easily fulfilled by FGMs. FGMs such as Al2O3/
Al alloy with good temperature and erosion resistance are used to make aviation 
engine parts and bearing lines. Zhao et al. [15] developed a different approach for a 
tungsten and tungsten/copper FG composite by introducing the hot pressing approach 
to upgrade properties for applications of aircraft. Kumar et al. [12] prepared polymer-
ceramic continuous fiber-reinforced FG composites for aerospace applications.

10.2.3 �D efense Applications

Currently in defense, the main objective is to reduce the weight of weapons, armors, 
and tanks, and inhibit the distribution of cracks, etc. Most of these requirements 
can be fulfilled by using FGMs. A pierce-resistant material for the production of 

FIGURE 10.4  Functionally graded material dental implant [9].
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bulletproof jackets, firing pins, rods, tanks, and axles can be developed by using 
FGMs [16, 17]. Another important application of FGMs is the body of bullet-proof 
vehicles.

Huang et  al. [18] used FGM principles to produce armor with higher impact 
resistance and less weight from Al2O3/ZrO2 ceramic composites. After verifying 
the results from simulation and experiment they concluded that FGM Al2O3/ZrO2 
ceramic composite had good properties compared to conventional composites.

10.2.4 �E nergy Applications

FGMs are utilized in energy generation owing to their ability to be used in many 
parts of energy devices, for example solar energy device parts, coating of the blades 
of turbines in power plants, sensors, batteries, etc. [19, 20]. FGM structures have high 
energy potential. The concept of FGMs is now applicable to many hybrid systems in 
addition to systems operating on a single material.

10.2.5 �A utomobile Industry Applications

Components in the automobile industry like shock absorbers, driveshafts, brakes 
crankshafts, and governors, as shown in Figure 10.6, are required to be designed 
under temperature, high and low compulsions. Therefore, FGMs are very suitable 
for these components. Also the possibility of FG coating on the automotive body is 

FIGURE 10.5  FGM parts in aerospace applications [13].
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an extremely lucrative option owing to the high cost of FGMs which limits their full-
scale use in the automobile industry [21].

Kimberly R. [22] prepared FG Al2O3/Al2TiO5 composite ceramics for micro-
structure, thermal, and physical properties analysis for automobile applications, and 
results show that the FGMs upgraded thermal and mechanical qualities for the car 
brake system. Ram et al. [23] developed FG Al/Mg2Si composites for elevated tem-
perature tensile properties for automotive cylinder liners, and the results reflected an 
upgraded microstructure and mechanical effect for liners. 

10.2.6 �M arine Applications

FGMs are also used in marine and submarine applications because of their supe-
rior hardness, toughness, structural, and manufacturing flexibility features. Owing 
to their graded properties, FGMs find extensive use in propeller shafts, sonar domes, 
cylinders, pressure hulls, sensors, propulsion shafts, machinery, and auxiliary 
machining, and so on.

10.2.7 � Construction Applications

In the construction field, there are many challenges like material availability accord-
ing to the building structure, cost of material, strength, environmental impact, and 
so on. By using FGMs we can fulfill all these demands, i.e. structure and varying 
material composition [24].

FIGURE 10.6  FGM parts in the automobile industry [13].
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10.2.8 �O pto-Electronics Applications

FGMs are used in opto-electronic devices because of the refractive index gradi-
ents that can be achieved. Examples include lasers, magnetic storage media, sensors, 
fibers, solar cells, computer circuit boards, and semiconductor applications.

10.2.9 �M achines/Equipment Applications

FGMs find extensive utility in fabricating several engineering components like cut-
ting tool material, molds for forming, engine blocks, etc., since there is considerable 
improvement in strength, temperature, and wear as well as corrosion resistance of 
parts by the use of FGMs [25]. Recent years have witnessed the utilization of FGM-
based WC/Co and TiCN–WC/Co as cutting tool materials, for instance in turning, 
grinding and milling, twist drilling, etc., for limiting wear at surfaces as well as 
enhancing hardness which results in increased tool survival rates, feed rates, and 
machining speed as well as reducing machining time [26]. The design and fabrica-
tion of FG WC–Co ceramic composite materials using liquid phase sintering for 
estimating the weight-fraction and particle dimension effects of Co gradient upon 
microstructural as well as mechanical characteristics for utilization as cutting tools 
has been achieved by Li et al. [27]. They concluded that the gradation of particles 
and thus the desired properties vary with capillary force and weight fraction. Zhao 
et al. [28] fabricated FG Al2O3–TiC and Al2O3–(W, Ti) C tool material for evaluating 
quenching as well as the bending effect upon thermal shock resistance. Xing et al. 
[29] reported similar findings for FG Al2O3/TiC composites fabricated via the pow-
der metallurgy technique. In almost every application, it was found that the per-
formance of FG-based tools/machine parts was either comparable or surpassed the 
quality of conventionally utilized material.

10.2.10 �S ports Applications

FGMs, especially those fabricated via AM techniques, are utilized for sports equipment 
like golf clubs, skis, tennis rackets, etc. This is chiefly attributed to the graded char-
acteristics obtained and thus reduced weight and friction, enhanced durability, higher 
strength to weight ratio, hardness, wear resistance, and several other desirable attributes.

10.2.11 �M iscellaneous Applications

Apart from those mentioned above, there are several other areas where FGMs are 
being increasingly used. These include medicine, medical equipment, safety equip-
ment, nuclear reactor components, turbine blades, heat exchangers, sensors, advanced 
materials, and so on [30]. FGM’s application spectrum is expected to increase fur-
ther, subject to reduction in the fabrication costs.

The various specific applications along with broad areas and FGM systems uti-
lized are presented in Table 10.1 [13].
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10.3 � FUTURE TRENDS

FGMs qualify as perfect candidates to solve the issue of increased demand for parts 
that require conflicting properties within their own selves. This explains the varied 
and vast spectrum of applications of FGMs with tailored properties. Owing to the 
advantages and unique properties offered by this exquisite class of materials, there is 
no denying the fact that FGMs have a huge future scope.

A noteworthy point here is that even though there has been appreciable improve-
ment in the development and utilization of FGMs in recent years, many aspects need 
to be fully explored to utilize the full potential of these materials. Figure 10.7 shows 
a few domains that need to be thoroughly explored.

By virtue of their being designed and fabricated for specific customer require-
ments, FGMs possess high potential to influence and modify the utilization of 
engineering materials in the near future. They demonstrate huge capabilities 
for supporting our innovative technologies globally. Areas with high potential 
would include those where typical gradients of strength, toughness, hardness, 
etc., will be required, biomedical applications, bio-inspired technologies, etc. 
Apart from this, research avenues will be open for expansion if the cost of these 
materials can be kept minimal, either by the development of special fabrica-
tion techniques or by some other routes. The transition of FGM technology into 
the fourth industrial revolution would necessitate undertaking rigorous research 
initiatives to develop solutions of different avenues. Clearly defined FGM appli-
cations along with property specifications to take correct decisions on function-
ality, the right mix of input materials as well as fabrication method would go a 
long way in the full utilization of this concept while ensuring efficient and cost-
effective practices.

FIGURE 10.7  Probable FGM future trends.
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10.4 � SUMMARY AND CONCLUDING REMARKS

FGMs have superior hardness, toughness, and structural and manufacturing flex-
ibility features owing to which they find use in defense, biomedical, automobiles, 
aerospace, energy sector, sports, etc. In recent years, many researchers have accom-
plished appreciable research in the field of FGM development and improvement. 
However, in-depth investigations in many areas are still needed.

FGMs are materials with tailored properties that vary with predefined gradient 
and can be developed by a variety of processing techniques. Each technique has 
its own applications, advantages, and disadvantages. The major research gaps in 
this field are: optimizing the size of particles, stress analysis, subatomic particles in 
FGMs, understanding the mechanism, analysis of the mechanism, process param-
eter optimization, virtual and physical simulation, characterization, enhancing mate-
rial properties, void formation, newer materials, the use of multiple feeding systems, 
multi-material parts, choice of weight and volume fraction, and so on.

The future demands of FGM will specially be those in which extraordinarily spe-
cific combinations of mechanical, thermal, and chemical characteristics are desir-
able. An appreciable landmark in the FGM area will be containing the high cost of 
FGM production so low-cost techniques for large parts and complex shapes still have 
to be studied.

This edited book presents a compilation of research ideas by different contribu-
tors in the field of FGM. The current work can serve as a milestone for aspiring 
researchers and material scientists who have a keen interest in the field of material 
advancements, especially FGMs.
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