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Abstract

The demand for materials exhibiting multiple functionalities & having greater relevance to aerospace & other similar applications have
led researchers to develop such materials named Functionally Graded Materials, having properties that may be tailored for a definite
application. Better stiffness-to-weight ratio characteristic of such material is the main reason of their popularity today. Efforts are also
directed to produce such materials in bulks and in a cost-effective manner. An overview of fabrication methods such as Powder metallur-
gy, Solid Freeform Fabrication, Laser cladding, Selective Laser Sintering, 3-D Printing and Selective Laser Melting etc. are deliberated
here. The quality of FGM produced with better awareness, research and patronization at the state level is a continuous process, hence a

review of solid state processes in manufacture of Functionally Graded Materials is the need of the hour.
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1. Introduction

It was around 1984-85, when the Japanese researchers, while
working on their national aerospace project, Koizumi first talked
of a special class of advanced material and coined the name Func-
tionally Graded Material for the same [1]. To counter the steep
temperature gradient of nearly a 1000°C that existed between
outside to inside of the space craft, the Japanese researchers in-
cluding Koizumi proposed to fabricate a material whose material
property changed along a gradient and in the process improved the
material property for playing multiple roles (heat resistance and
structural characteristic). There is a decline in the use of pure met-
als for various engineering applications while at the same time
there is a rise in popularity, hence a growing demand for materials
with multiple functionality and conflicting property. For example,
an application may require excellent structural property and at the
same time it should be able to resist high temperature as well or an
application that may require a material that is hard as well as duc-
tile and there are no such readymade materials at our disposal in
the nature. The solutions to such problems are to develop or fabri-
cate a material which is a combination of a metal with another
metals or non-metals. Satisfying conflicting property require-
ments, combinations of metals with other metals or non-metals are
being established and are being worked upon to tackle the above-
mentioned demand which is growing fast. The combination of
different metals with other metals or non-metals and vice versa in
varying compositions under different conditions, considering the
material’s inherent characteristics is not only complicated but also
difficult as well as challenging on various accounts. Quality, relia-
bility, repeatability is some of the most important challenges that
prove to be the main hindrance to invent such materials and re-
searchers find these challenges very intriguing. Creating such
engineered materials is done primarily through two routes: one is

the liquid state method i.e. by melting and casting and the while
the other is through solid state methods such as Powder Metallur-
gy (PM) method [2,3].
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Fig.1: Schematic diagram of FGM

100% Al

90%AIl+10%Al, O3

80%AI+20%Al, O3

60%AIl+40%Al; O3

50%AIl+50%Al, O3
Fig.2: A typical functionally graded material prepared through PM route
using Hot Press.

The concept of powder metallurgy is put to good use for creating
such novel and engineered materials but the porous nature and
poor strength characteristics have limited the use of powder metal-
lurgy for non-structural use. For structural applications, another
option explored is manufacturing materials having conflicting
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properties by blending materials in the solid state which is often
referred to as composite materials. This composite material is a
kind of advanced material, made of one or more materials com-
bined in solid states with distinct physical and chemical properties
[4]. They offer excellent combination of properties which the in-
dividual parent materials may or may not possess.

FGM properties which may be designed and fabricated for intend-
ed functionality include chemical, mechanical, thermal or electri-
cal properties etc. and the material properties are dependent on the
spatial position in the structure. One of the most important fea-
tures of FGMs is the ability to tailor a material for an exclusive
usage. Various characteristics of FGMs include elastic stress and
strain, plastic yielding, deformation, and Creep at elevated tem-
perature. FGMs may be compositionally or micro-structurally
graded. Depending upon the constituents, these FGMs are classi-
fied into several types, such as metal-ceramic, ceramic-metal,
metal-metal and ceramic-ceramic etc. [5]. FGMs exhibit flexibility
in terms of functional behavior of a single material as on one side
it may exhibit metal like properties on the other side it will exhibit
high temperature withstanding characteristics as that of a ceramic
material. Scholars have applied the best methods or combinations
of several methods depending on the characteristics of the constit-
uent materials to successfully fabricate FGMs [3]. FGMs are pre-
pared as shown in the figure below. The figure below depicts the
FGM concept in a very clear manner. Today the researchers
acknowledge the importance of innovative materials in use for
economic and environmental reasons [6]. These engineered mate-
rials are designed for an intended function, and the material prop-
erties are tailored by a spatial gradation in structure and /or com-
position. FGMs exist in nature too. Like many other man-made
materials, FGMs occurring in nature such as bamboo are in use for
centuries for decoration and construction works [7].

2. Solid State Manufacturing Techniques for
Functionally Graded Materials:

2.1. Powder Metallurgy:

PM process is one such most popular process in the field of FGM
fabrication [8]. Here four basic steps are followed, namely: mixing,
stacking, pressing and sintering as shown in the flow chart below.
Mixing is Powder preparation, (precise weighing and blend the
powder and ensure proper dispersion of each of them in the mix-
ture which will significantly affect the structural properties),
stacking is putting the powder in the die, pressing is applying the
load through the punch to give shape to the material and in order
to provide strength and integrity to the powder compact, con-
trolled heating of the powder compact is facilitated and is known
as sintering. Sintering temperature is usually below the melting
point of the major constituent of the powder mix [2, 3] PM is an
appropriate technology for both composite as well as FGM-
fabrication and is widely being used too.
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Fig. 3: Flow chart for Powder Metallurgy Process

In powder metallurgy (Fig.3), four basic steps are followed i.e.
mixing, stacking, pressing and sintering as shown in the flow chart
below. Mixing is Powder preparation, (precise weighing and blend
the powder and ensure proper dispersion of each of them in the
mixture which will significantly affect the structural properties),
stacking is putting the powder in the die, pressing is applying the
load through the punch to give shape to the material and in order
to provide strength and integrity to the powder compact, con-
trolled heating of the powder compact is facilitated and is known
as sintering. Sintering temperature is usually below the melting
point of the major constituent of the powder mix [6]. A sample
metal-ceramic functionally graded material was fabricated using
PM route pictorially described below (Fig.4). Uni-axial hot press
was used to press and sinter the sample which were subsequently
tested for various characteristics, some results are illustrated in
fig.5 to fig.7 respectively. The samples showed good characteris-
tics from mechanical and metallurgical perspectives.
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Fig.5: After compaction: (a) Raw FGM sample (b) Diameter of sample (c)
Sample prepared for hardness test

Fig.6: Mic
microscope

Fig.7: FESEM image of Al/ Al,O; FG sample showing different layers.
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2.2. Rapid Prototyping:

Such techniques also otherwise known as Additive Manufacturing
and Solid free form fabrication where a product is designed using
CAD software - the CAD data is then converted to triangulation
language (STL) file — the STL file is fed to the RP machine where
the STL file is sliced in to two-dimensional cross section profile —
then the part building starts from the bottom most layer and the
process continues with layer by layer addition. Then finally the
part is removed and finishing touch is given [9,10]. As the fin-
ished product is built in a layered manner it has gained popularity
as the new age technology and popular by the name Additive
Manufacturing.

2.3. Additive Manufacturing:

Unlike the conventional machining process such as turning, mill-
ing, shaping or planning etc. where a part is produced from a stock
by step wise removal of materials, the parts produced by additive
manufacturing or layered manufacturing technique (LMT) are
based on adding material layer after layer e.g. the stereo lithogra-
phy technique (ref: Figure 8).
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Fig.8: Stereo Lithography Process

3D CAD is a very powerful design optimization tool with which
the product developer not only optimizes the design, simulates the
process using simulation tools and removes all bottlenecks to
shorten the lead time for the product. Such CAD software’s does
provide flexibilities in terms of concept modeling, develop virtual
prototypes with acceptable tolerances in short span of time and
when the software is interfaced with RP machines they are able to
produce finished products that can go in to an assembly in a real
time production line. With development of 3-D Metal printers it is
now possible to produce metallic components in a very short span
of time with all the advantages discussed above. The advantage
that accrues from here is the reduced time to market for any new
product. Such technologies allow the liberty for fast changes to
design and flexibility in technical changes both from design as
well as manufacturing point of view. LMT limits these changes to
data and not hardware modifications.
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Fig. 9: Selective Laser Sintering Process
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Fig10: 3-D Printing Process

Thus, quality improvement and product stabilization resulting
from testing and field experience can still be introduced without
incurring higher cost (say for changing tools or manufacturing
processes etc.) [11]. During product realization stage using LMT,
the process goes on automatically without any human intervention.
Thus, as the number of materials to be used is increased or the
material properties are improved for each layer, it implied that
better quality physical prototypes are produced. Thus, gradually
such processes are getting stabilized, leading to better quality
products at short notices with better functional qualities, hence
many small series, actual end production parts are being planned
through layered manufacturing technology (Fig.9 and 10)
nowadays or Additive Manufacturing [12, 13] or Rapid
Manufacturing (RM). More and more researches are required to
improve upon the SFF process performance through detailed
characterization of FGMs so that a more detailed database is
available for use and creation of better predictive model for proper
control of processes. This will enhance the owverall process
performance, lower the cost of FGM and increase fabrication
process reliability.

3. Researches in the Field of FGM:

A lot of studies have been conducted to understand the behavior of
functionally graded materials, and there are many literatures
available on the wide areas of application of these novel materials.
A detailed review on FGM performance was published in 2008 by
Birman and Byrd, [14]. Shanmugavel et al [15] studied the
fracture behavior of FGM. Considerable number of deliberations,
studies, modeling, prototyping and validation studies on FGM [16,
17] have been carried out. Technologies like theoretical analysis,
graphical modelling, computer aided designing, simulation
modelling, finite element modelling, rapid prototyping, 3D
printing have been put to good use for above purpose. This is not
an end in itself and there are still many gaps or bottle necks that
need to be identified and sorted out in terms of quality research to
improve the overall processes, quality and reliability of FGM
manufacturing.

4. Future Scope for FGM:

FGMs are counted among the best of advanced materials that are
playing a vital role in revolutionizing the manufacturing world in
the recent years but for a number of hurdles to be overcome on the
way in order to realize this objective. Cost is a factor, with
significant part of the cost used in processing the powder and in
the methods of fabrication. Bulk production with quality and
reliability are also the factors to be focused upon when opting for
FGMs.

5. FGM Application Areas:

Aerospace: Due to the high temperature gradient withstanding
capabilities, FGMs are in great demand for use as temperature
shielding components in structures of aerospace applications,
missile systems, nuclear power plants etc. [18, 19]. Conical shells
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and panels have a wide application in many aerospace vehicles
which are increasingly made up of functionally graded materials.
Structures like conical shells, panels have wide applications in
aerospace vehicles which are gradually being mainly made up of
FGMs. This implies FGM shell structures in general, and FGM
conical shells and panels in particular require dynamic researches
on account of both static and dynamic behaviors. FGM will be

more promising after the improvement of the processing technique.

Ceramic-metal FGMs are particularly suited for thermal barriers in
space vehicles. They have the added advantage that the metal side
can be bolted onto the airframe rather than bonded as are the
ceramic tiles used in the space craft, ‘Orbiter’. Other possible uses
include combustion chamber insulation in ramjet or scramjet
engines. FGMs have lot of potential usage where the operating
conditions are hostile like the spacecraft heat shields and the heat
exchanger tubes.

Other Applications: Medicine: Bones and teeth are living tissues
and are excellent examples of FGMs from nature [20, 21] and to
replace such tissues, suitable well-suited materials are needed that
would serve the purpose of the original bio-tissues. For dental and
orthopedic applications FGM has proven to be blessing in disguise
[23, 24].

Defense: Inhibiting the crack propagation is one of the most im-
portant characteristics of FGMs. This property makes them useful
in defense application, as a penetration resistant material preferred
for use in armored plates and vests that are bullet-proof [25].
Energy: Energy conversion devices are an area that has given
FGMs a lot of scope to prove their utility. As thermal barriers, as
shielding coating on turbine blades in gas turbine engine, FGMs
are a proven material and score better in comparison to other con-
ventional materials that are in use [26]. FGM also finds its appli-
cation in many other fields and provides ample scope for new
research with new hopes of a better tomorrow.

6. Conclusion:

Aerospace, automobile, medicine, sport, energy etc. are some of
the key sectors that provide the scope for application of function-
ally graded materials. It is expected that the application of FGM
would be growing further providing ample opportunities for fur-
ther deliberations and research once the cost of powders, overall
process cost are reduced to an affordable level and at the same
time the fabrication process is improved. Considering the signifi-
cance of FGMs and the opportunity for new developments, lots of
efforts are being put up to improve the raw material processing,
fabrication process and overall properties of the FGMs. Research-
er should focus now in merging the modeling of FGMs with sub-
stantive experimental work. Experimental and theoretical studies
of the FGMs are very significant and need further developments
so as to seek the unknown and possible FGM properties for new
potential applications of FGMs. Future applications require mate-
rials with extraordinary mechanical, electronic and thermal prop-
erties which can withstand hostile environmental conditions and
are easily available at reasonable cost at the same time being envi-
ronmentally friendly too.
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