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ABSTRACT

Functionally Graded materials (FGM) are multifunctional materials which
are used to produce componentsthat require functional performance which
isvariablewithin the component and thisfunctional performanceisachieved
by mani pul ating the composition either at micrometer level or at nanolevel.
Thisisbasically termed as engineering the transition in micro/nanostructure.
This in fact enhances the overall performance of the component. These
materials are currently in the forefront of material research. Numerous
techniques have been proposed in the last two decades and practically
exercised for manufacturing of FGMs. This article presents a
comprehensive deliberation of powder based manufacturing techniques
which have been employed by the researchers throughout the globe for
successful fabrication of an FGM. Attempt is made to throw light on
practical applicationsof FGM and on few important issueswhile attempting
for FGM synthesis. The work reviewed in this paper is mostly confined to
the significant powder based manufacturing techniques, application areas
and elementary issues, addressed with regard to FGM synthesisin the last
ten years. Earlier articles are omitted unlesstheir inclusion is necessary for
the understanding of the subject. Effort is made to discuss various
significant metal/ceramic combinations used for FGM synthesis.
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INTRODUCTION

Human civilization hasawaystried to crestethings
asper itsown criteriaand thussuiting and soothing their
needsfrom centuries. Onecanvisudizetheevolutionin
all areasof technologica development and can havea
fed how thegradual devel opment hastaken place. One
areawhich hasalways beenin human mindsisof the
areaof materias. Thefindingsof archaeol ogy reveal

that human civilization hasbeen using metalssincethe
Neolithic period and mining and working of metals
beganinaround 8,000 B.C. From metalsto alloysand
then to composites and then Functionally Graded
Materials (FGMs), there has been consistent and
drastic progress in the area of material science and
enginesring.

FGM isauniqueconcept firs redized and attempted
by Japanesein the Sendal areaof Japanin 1984 witha
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specificintention to create amateria which canwith
stand high thermal barrier¥. The idea behind this
exercisewasto createamaterial which can withstand
extreme temperatures on one side and have better
thermal conductivity on another side by continuoudy
tail oring thecomposition of thematerid a micronlevd.
Initidly only few methodol ogiesnamedy chemica vapour
deposition/ physical vapour deposition (CVD/PVD),
powder meta lurgy, plasmaspray and saf propagating
combustion synthesiswereimplemented to attain the
trangtionin composition and structure. Kawasaki et a.
1995 has given a comprehensive review of powder
metallurgy based fabrication of functionally graded
material but being avery easy and viableroute this
technique is expensive and fails where step-less
gradientsarerequired?. However, theemphasisinthe
last decadeisto devel op techniqueswhich have low
cost, good reproducibility and take less time to
produce FGM. The structure, composition and
morphology variation hold the key to creation of an
FGME!. The gradual shift or variation can be
predesigned and anintentiond tailoringisintroducedto
achievedesired functionality asper therequirement of
the application®. Thisoutstanding capability separates
theFGM sinto adistinct category of materid sand places
them uniquely when compared to metal's, alloysand
composites. The current review focuses on some
sgnificant manufacturing techniques devel oped sofar
for manufacturing of FGM. An attempt is made to
present briefly the various fundamental s of powder
based FGM preparation techniques. Further the
important material combinations used for FGM
preparation till now in various techniques are also
discussed.

Nomenclature
F,  ElectromagneticArchimedes Force
o, FElectricd conductivity of melt.
o, Electrica Conductivity of primary particle.
d  Diameter of primary particle.
J Current Dengity.
B  MagneticHux Dengity.
C, Coefficientof drag.
p, Denstyof primary particle.
p, Denstyof melt.
F,  Buoyant Force.
g Acceerationduetogravity.

Waterviols Secience omm—

F, Dragforce.

v Paticleveocity.

v,  Termind velocity.

Srategy for FGM development

The complete strategy for FGM devel opment
involvestwo discretesteps. Thefirst stepistofocuson
chemica composition & microstructure/nanostructure
mani pul ation asper desired propertiesto achievethe
desired functionality in the material as per service
requirement. The second stepincorporatestheroleand
realisation of manufacturing strategy to create such
FGM, with fine reproducibility. In nut shell it is
proposed that a FGM s created if there is precise
control on chemica composition and fabricabilty exists
for such material. It can be said that FGM creatingis
integration of abovecited two steps. Kiebackl® givesa
very acute definition of FGM creation: ‘the
manufacturing process of FGM can bedividedinto
two smplesteps: “Gradation” i.e. building the spatially
inhomogeneous structure and “Consolidation” i.e.
transformation of thisstructureinto abulk materia’.
Thefina accomplishment of such atask is not that
smple, infact it needsmore. In order to commencefor
FGM Development itisessentia to haveawidedata-
base of properties of various materiasfor different
chemicd compaositionssay Young’s modulus, coefficient
of thermal expansion, Poisson’s ratio, thermal
conductivity etc. Oncethisknowledgeisavailablethe
design of FGM is to be proposed by the designer
keeping inmind theneed of application area. It canbe
termed asakind of proposd for optimizing themateria
propertiesin one or other way. However, thisisto be
done carefully by experimenting and subsequently
anaysing the effect of microstructure on properties®.
After preparing FGM itisevauated using standard test
proceduresand theresultsare again stored in the data-
base thus enriching the content of the database so asto
usethisdatafor futurewhen usingthesameor different
materid combination. Henceit isestablished that FGM
creationisaniterative processinwhich FGM created
istested for propertiesfor which it was designed and
thefocusisawayson to reduce the gap between the
design expectations and ultimate propertiesfound by
testing the manufactured FGM. Thisiterative process
is just a replica of feed back loop of Control
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Engineering where the intended and attained are
compared by analysisand further improvementsare
suggested and implemented till aFGM with desired
functiondity isachievedinredlity.

MANUFACTURING TECHNIQUESOF FGM

Asof today there are more than forty techniques
avallablefor synthessof FGM. Anold classfication of
varioustechniquesof FGM based on material phases
viz. solid, liquid and gasisgiven by A. Kawasaki,©
however, with rapid development in the manufacturing
of FGMsand evolution of manufacturing strategiesin
last decadeitisdifficult tostick tothisold classification.
Therearetechniqueswhere morethan one phasesare
involved. Another classification based on methodsfor
the production of FGM hasbeen giveninan excellent
treatise on FGM by S.Suresh et al.[Fundamental s of
FGM by S.Suresh & A. Mortenson] ten years back
and still hold good. They classify the production
methods of FGM in two categories: Constructive
Processes & Transport Based Processes. Inthisarticle
few significant techniqueswhich abeginner inthearea
of FGM must be acquainted with are covered. The
varioustechniquesareclassfiedas.

() Powder Metallurgy Based methods

(i) Electromagnetic/Electrophoresisbased
methods.

(iii) Laser Assisted Technologiesand

(iv) Others.

We shall go into the review of these significant
techniques consecutively throughout thisarticle.

Powder metallurgy (P/M) based methods

Powder metdlurgy istheoneof thesmplest, fast,
el egant and economic techniquefor manufacturing a
FGM. Itiscapableof producing agradient eitherina
continuous manner or inastepwisemannert”. ThePIM
approach is capable of producing layer thickness of
medium (100-1000 micrometer) and large (greater than
1 mm thickness) and bulk FGMs with very good
versatility in phase content can be produced®. The
powder metallurgy technique can create FGM of a
metd and ceramic combination; however glass-ceramic
FGMs have also been reported®. In such a
combination, the step wise gradient can beachieved by

———— Review

commencing from apurelayer of either ametal or a
ceramicor viceversawithintermediatelayersof both
metal and ceramic and finally terminating at either a
ceramicor metd layer. It should beassured at the same
timethat mutua diffusion of constituent phasesmust be
negligible. The continuous gradient is achieved by
intentional gradual blending of mixture of metal and
ceramic. The powder perform thus formed is then
densified by conventional established methods of
Materid scienceand engineering. Thegenerdised flow
diagram of aP/M based FGM preparationisshownin
Figurel.

‘ FGM Compositional Profile Design |

1

Selection of Material Combinations as per Design
Requirement.

Uniform Mixing of Materials chosen

!

Selection of Mede of Compesiticnal Profile

Tailoring

~

-~ .

Continuouns Profile Tailoring | ‘ Stepwise Profile Tailoring

¥
Dry P/M Methods

Wet P/M based methods

I :

Cold Iso-static Pressing (CIP)
| Pressure less sintering }—l
Hot Iso-static Pressing

l

Evaluation of Material and Gap finding

between Intended & Attained material. *

Figurel: Generalised Flow diagram of aP/M based FGM
preparation

The powder metal lurgy processinvolvesselection
of an appropriate combination of materials as per
design. Oncethe material combination isdecided the
dartingpowdersindifferentratioarefirst blended using
aBall Mill. Thenext stepisto makeadecisionasin
what way the profileisto beblended a micronlevd. If
acontinuousprofileisrequired, thewet P/M approach
isusually applied whileif stepwiseprofileisrequired
thedry P/IM gpproach isapplied normally. Thevarious
approacheswhichfal under wet P/M category arewet
powder spraying®9, slip casting*¥, centrifugal
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casting™21® Thewet P/M approach normally requires
binders for stabilization of green bodies, various
techniques like centrifugal processes powder spray
forming etc are potential methodsin thisapproach. In
powder spray forming, metal suspension and ceramic
suspensoninethanol or any other suitableorganicbinder
aresprayed using aspray nozzle but the content of such
abinder hasto be eradicated beforegoing for sintering
at higher temperatures.

Thedry PIM gpproachislessintricate ascompared
to other techniques. Thisinvolvesstacking of different
layers of mixture of powders mixed in different
proportion. Thisprocessisusualy doneinadiewhere
layersof powder stacksare manually placed ensuring
uniform thicknessand distribution of powdersinevery
single layer. This process can be regarded as a
constitutive process which builds the gradation of
material. Once this step is over a pre compaction
processiscarried out after extracting the green from
thisdieto attain agreen compact. Researchers have
used Universal Testing Machine for unidirectional
compaction aong thethicknessdirection™. After pre-
compeactionthecoldisostatic pressngisdonefollowed
by sintering process, whichisbasically aconsolidation
process. The process parameters for such aprocess
must be choseninaway that gradient arenot altered
fromthedesired one®. Thesintering of such compacts
isasenditiveissue and to be donewith utmost careas
ceramic and metal in a ceramic-metal combination
exhibit different sintering behaviourg®. At the same
instant because of differenceinsintering rateof most of
metal and ceramics, it becomes difficult to attain
uniform sintering rate throughout the compact. The
sntering behaviour isdefinitely affected by variousother
parameters like powder particle grain size,
compositionsand porosity of themixturesin usd®9. Ef-
fort should be madeto choose acombination such that
thedifferencein Coefficient of Thermal Expansion
(CTE) isless, resultinginnominad generation of thermal
residual stresses at the interfaces, reduced warping,
splitting and cracking.,

Thelast processof theflow diagram (Figure 1) is
the evauation of what has been manufactured and how
faritisfrominitid compostiond design. Oncethisgap
isminimized we can clam aFGM with desired de-
sgnedfunctionality isobtainedinredlity.

Waterviols Secience omm—

Significant metal/ceramic combinationsfabricated
viaP/M route

A number of combinationshavebeentried by vari-
ousresearchersfor preparation of FGM. A combina
tion of powdersof Mulliteand Molybdenum in ethyl
acohol was produced by Tomsiaet d. wherethey pro-
duced FGM cylindersof about 15 mm by pressuredip
casting®. However they claimed that it isnot advis-
ableto attempt for FGM preparation using water based
durriesasthe ultimate product they achieved was ho-
mogeneous mullite/Mo composite. Their work pro-
duced FGM with both conductiveandinsulating aress.
Bartlomeet al. has again used the same combination
but thefocusof thiswork wasto eva uate the process-
ing, mechanical propertiesand micro structural prop-
erties?!, They compared three differently designated
Mullite/M o combinationsand their work can be con-
sidered assuperior to thework of Tomsiaet.d. Gang
Jnetd. usedthiscombination recently in 20052, They
anaysed both mechanical aswell astherma properties
of thiscombination. Prior to themthethermomechanica
propertiesof Mullite'M o FGM swerenot investigated
indetail. They used pulsedectric current sintering for
sntering of compacts.

FGMsalso have promising bio-medical applica-
tionsin orthopaedi csand dentistry!?%, Hydroxyapa-
tite(HA) which haschemica formulaCa, (PO,) (OH),,
iscommonly foundintheteeth and boneof human body
and isused asasubstitution materid to replaceampu-
tated bone or asacoating to promote bonein growth
into prostheticimplants. Thebending strength and frac-
ture toughness of pure HA isaround 36.89 M Paand
0.663 MPawhichisvery less as compared to that of
human boneand so using pure HA isnot advisablefor
heavy |oadedimplant gpplications. Chu Chenglin®! pro-
duced abioactive FGM for applicationsin hard-tissue
implant withacombination of hydroxyapatiteand Tita:
niumi.e. HA-Ti by an optimized powder metal lurgy
process. Thesame combination wasused by Bishop.
Thework of Bishop waspurely on production and mac-
rostructure of FGM with thiscombination and critical
properties were not analysed, however C.Chenglin
optimized thefabrication procedure, analysed micro-
structure, phase constitution, density & mechanical
propertiesand finally thefracture behaviour wasa so
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discussed in his work. They claimed that fracture
behaviour varieswith theriseof Ti content andiscon-
trolled by Ti matrix in Titanium richregion and presents
guasi-cleavage fracture with many tearing edges.
S.Katkam et.d™ fabricated afunctional ly graded ma-
terial of HA and Ag,O using adomestic microwave
oven and the sampleswere sintered in the domestic
ovenitsalf and theresultswere compared with conven-
tiondly sintered FGMs. Thetop layer of the FGM they
prepared was having somemetdlic silver with HA and
tricalcium phosphate (TCP) whichisknownto bea
bioactive material whilethemiddlelayer washaving
increased content of HA with TCP and little traces of
dlver. Themethodol ogy adopted wasinspired fromthe
work of Kon and Ishikawa®! whereinstead of spray-
ing silver oxide, diamond powder wassprayed. Watari
and hiscolleaguesat school of dentistry in Japan per-
formed anovel experiment by inserting Ti, Ti/20%HA
and Ti/30%HA FGMsinto femoraof ratsto evaluate
the biocompatibility of themateria they made by cold
| sostatic pressing and sintering®®. They reported en-
hanced biocompatibility and noinflammeation were ob-
served inthestipulated impl antation period. Further in
200417 they again used various combinationsfor pre-
paring FGM sand concluded that gradation of material
inturn producesthe gradation of tissue reaction when
theimplant prepared by FGM isinduced redistically
into theliving body. Thisestablished thefact that the
tissue response can be controlled by Bio-FGMs.
Fabrication of ZrO,-NiCr FGM was attempted by
Jingchuan Zhu® by hot pressing and theresulted FGM
wascritically analysed for mechanical propertieslike
hardnessand bending strength. Thiswork exhibited how
the mechanical propertiesvary corresponding to con-
stitutional change; infact they successfully produced
ceramic and meta aloy combination andwereableto
achieveamost two foldincreasesin bending strength
as compared to pure nickel whichis330 MPa. This
combination was also taken later by J.Q Li®7 withan
intention to understand the behaviour of FGM consti-
tuted of above said materialsunder thermal cyclesup
to 1000 °C. They came up with the conclusion that
increasing thethickness of theinterlayer certainly im-
provesthe capability of Metal-Ceramicrichinterlayer
to resist crack formation and even if the cracks are
formed they grow at very dow pacein further thermal

> Review

cycles.

Maand Tan used acombination of Ti and TiB,,
They investigated the effect of starting powder particle
sizeon mechanica propertiesand a so camewith few
conclusionsregarding sinterability rate of thismateria
combination when the starting powder particle sizes
weredifferent®d, It wasfound inthiswork that smaller
particlesizeimprovesthedensification of TiB, ceram-
icshowever if the Sntering temperaturesand pressure
arekept low the effect of particlesizeisnot that much
significant. SIC proved to beasintering aid and re-
sultedintheincreased flexurd strength and toughness
of thisFGM. They have a so successfully reduced the
porosity of TiB, layer by adding alayer of SIC and thus
avoiding theoxygen contamination, infact they clamed
areduction of porosity by 10 % whichinturnisan
indicativeof increasein rdaivedensity and subsequently
thebending strength.

Machinability of materialsisanother issue, particu-
larly speaking of ceramicswhich areused in structural
aoplications. The conventiona machiningishighlyintri-
cate and sometimesresultinto failureof ceramic mate-
rials, an optionisto manufactureaFGM whose some
part can be machined easily and remaining part shall
retain the other properties of ceramicslike strength,
hardness and fracture toughness. Wang and his co au-
thorg® havedeve oped anew design method for manu-
facturing such ceramicsand their research has devel -
oped agraded machinable ceramic with materid com-
bination of Si_N,/h-BN andAl, O,/LaPO, Instead of
mixing the two powders as per predesigned profile
(whichisausud practice) their design profilewasdif-
ferentinaway that they used acorelayer of onemate-
rial and subsequently mounted layers of another mate-
rial purely indifferent proportion on either sideof the
corelayer. Thismethod can becalled asbidirectiona
unicomponent gradient distribution. Thisattempt resulted
in enhanced machinability and fracturetoughness.

S.Lopez-Esteban’™ investigated adifferent aspect
of FGM Preparation when they tried to control therhe-
ology of the suspensionswith starting powder mixtures.
They claimed that ultimately the shape profile of FGM
they prepared of Zirconiaand stainless stedl isdepen-
dent upon the combi nation of sedimentation velocity of
metd particlesand ceramic particlesand drying of durry.

L.YongMing“? used the same predesigned com-

——,  Paloricly Science
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positiona profileasused by C.Chenglin® for Ti SIC,
andAlumina. Aluminabeing apotential materia inap-
plicationswherehigh wear conditionsdominateor high
hest resi tanceisrequired. It lagswhere high toughness
isasoanadditiond functiona requirement. Titanium
carbideiseasly machinable and isconductive e ectri-
caly aswell asthermally. Henceacombination of such
materid sisdefinitely agoodideafor usein gpplications
where al above functional features are needed in a
meaterid.

Attempts have al so been madeto fabricate FGM
usnghighmeting point silicidesof Niobium. EIM Headian
et a."! have synthesised dense graded Nb/Nb_Si,
compositesusing e ementa powdersof Niobiumand
Silicon. They used acustom built apparatusfor fabri-
caingtheir FGMsand clamed theenhancement infrac-
turetoughnesswithincreasein content of Nb. Suchan
FGM opened wide horizonsfor usein high tempera-
turestructurd gpplications.

FGMshaveal so been reported for Plasma Facing
Components (PFCs) in nuclear fusion reactorg*4l,
PFCsconsist of aplasmafacing and aheat sink mate-
rial. They are exposed to high heat and high neutron
flux generated by plasma. S C/C combinationisanided
when onehasto fabricatean FGM for such use. Graph-
itehasstability under high temperature conditionsand
hasexcdlent therma conductivity, but a thesametime
it hasatendency to retain tritium and sputtersand some-
timessublimesduetoirradiation. SChasexcdlent high
temperature properties, corrosionresistanceand so a
combination of thesetwo can match the requirements
of an ideal PFC. Chang-Chun ge et al 200013 at-
tempted variouscombinationfor PFCslikeSC/C, B,C/
Cuand W/Cu, their results showed promising applica:
tionsof these combination asPFCs. Y.H Ling® deve-
oped adifferent combination of Sic/Cu and their tests
reported lesschemical sputtering than the combination
previously used. A.H.Wu and his co-workers“?! pro-
duced Si/C FGMswhich were suitableto be used as
fird wal materidsfor fusonreactors. They aso checked
their samplesfor thermal fatigueand claimed that they
did not detect any micro-crack and flaw under hun-
dred times plasma erosion conditions. The thermal
shock resistance was al so reported to be higher that
monolithic SiC ceramic. Sakamoto at al. and
N.Sakamoto have donethe devel opments of abond-

Waterviols Secience omm—

ing technology of Berylliumand copper dloywhichare
used inthedivertor componentswith FGM inter lay-
ers. They claimed from their resultsthat Be-Cu sin-
tered compacts having more than 50 at% Cu were ad-
vantageousfor the application as FGM interlayer. A
stainless steel/ceramic/stainless steel FGM hasbeen
developed by S. Nishio et a. in 1996 for integrated
insulation joint of the piping systemin fusion reactor
environment. They weresuccessful in suppressing the
residua thermal stressgenerated in thesintering pro-
Cess.

Two another metal ceramic.combinationswerestud-
ied by M.Bhattacharyyaet a.*. Three FGM samples
of Al/Sic and Ni/Al,O,were prepared, however the
number of layerswerevaried from 2 to 5. The pecu-
liarity about thiswork isinstead of traditiond approach
of varying themetal/ceramic content fromonelayer to
thelast layer i.e. metal content 100 % at first layer and
then gradual decreasein meta content and consequent
risein ceramic content and attaining 100% ceramic
content &t last layer, thecompositiond gradient wasfixed
as100% &t top layer asusud but inatwo layered sample
the second layer was madeto be a60/40 layer. Inthe
similar fashionfor other FGM samplesthelast |ayer
wasaways having 60/40 layer however intermediate
layerswerevaried. It wasverifiedinthiswork that in-
creasing the number of layersresultsin decrease of
porosity of such FGM systems. These sampleswere
having increasein micro-hardnessasand whenthein-
crease of ceramic content took place. They also ex-
plained beautifully how theeffectiveflexural strength
dsoincreased with the number of layersunder mechani-
ca & thermal loading for both combinations and
summarised thiswork by comparing thebulk andinter-
facial propertiesof FGMsthey prepared.

Oneever existing challengewhen fabricating FGM
had been asto how to eliminate cracksand camber in
theresulting FGM samples. If thereisasignificant dif-
ferencein sintering behaviour and CTE of two con-
gtituentsof FGM, theresulting FGM sampleswill defi-
nitely not have continuous, defect freeinterface pro-
files. Therecent work of Li Sun et a.*" gaveaninsight
tothenew researchersinthefield of FGM preparation.
Reportsexistinliterature regarding thereasons behind
such happening of defectsbut significant worksso as
to eradicate this problem are few. Li Sun studied“”

Au Tudian Yourual



MSAIJ, 5(4) December 2009

Siddhartha et al.

529

two important characteristicsfor amaterial combina-
tion of duminaand Zirconiapowderslike packing den-
sity of contents and particle sizedistribution and ex-
plained how thesetwo characteristics affect the overdl
comapcatibility of green samples. Infact it ismuch
needed to say that the powder characteristicsplay an
important rolein reducing the possibility of crack gen-
eration and camber; there definitely exist aproper pro-
portion of constituentsfor which the shrinkagewill be
minimised after sintering of the samplein each layer.
Another factor which cannot be neglectedisthe shrink-
age rate of powder constituents of an FGM sample
duringsintering; if theshrinkagerate of the powder con-
stituentsissamethepossibility of crack formation and
camber isdefinitely reduced to asignificant extent®,

Electrophoresig electromagnetic based routesfor
FGM preparation

Electrophoresisand Electromagnetic separationare
two significant and latest emerging techniquesof FGM
preparation. In current scenario of FGM research they
areattaining wide popul arity because of their smplicity
andlow expendituresincurred when attempting to manu-
facture FGM.

Basic principles of electrophoresis based FGM
manufacturing

Electrophoretic Depositionisavery well known
el ectro-kinetic phenomenon based on the theory of
electrophoresisand has certainly drawn attention asa
simple and el egant technique for FGM synthesisin
recent years. Thisphenomenon wasfirst noticed by an
Indian researcher named GM Bose while studying
liquid-s phon experiment inmid eighteenth century; | ater
Reuss (1807) deliberated the details of this
phenomenonin hisfamous Doublelayer theory®2.

Thetypica aspect of thisphenomenonisthoughit
isimplemented successfully still there are numerous
theories associated to this phenomenon like particle
charge neutralization by Grillon*, electrochemical
coagulation of particlesby Koelmang® whichwasan
extension of DLVO (Derjaguin-Landau-Verwey-
Overbreek) theory and particle accumulation by
Hamaker™Y etc.. However we shall gointo thedetails
of this phenomenon by Doubl e layer theory with the
help of theFigure 2.

———— Review

Counter-Ion (Positively Charged )y
L]
Co-ion (Negatively Charged ——————————#g

Intensively Negative
Colloid

Stern Laver

Diffuse Laver

Ions in Equilibrinm
with Sclution

Figure2: Doublelayer theory details

Let usvisudizethat in centrethereisahighly nega-
tively charged colloid present, thishighly negative col -
loid will attract the counter-ions( positiveionsinthis
case) from the solution and asaresult afirm layer of
suchionswill beformed around the surface of the col-
loid, thislayer iscalled as stern layer. M ore counter-
ionswill tend to movetowardsthe centrebut they are
now repelled by layer of counter-ions. Asaresult a
dynamic equilibrium will be established and thisulti-
mately will resultinto theformation of adiffuselayer of
counter-ions. Theconcentration of counter-ionswill be
highest near the surfaceand dowly decreaseswith dis-
tancetill equilibrium isestablished with counter-ionsin
thesolution. Similarly, itisobviousthereislack of co-
ions( negativeionsinthiscase) inthevicinity of the
surface asthey experiencerepulsion by negative col-
loid. Theconcentration of such particlesdowly increases
with distance, astherepulsiveforcesof thecolloid are
screened out by counter-ions. Thelayer of strongly at-
tached counter-ionsand the charged ambience of dif-
fuselayer together are called asDoublelayer.

Electrophoretic Deposition requiresastable sus-
pension to begin with however the particles must be
charged so asto respond to an applied dectric fiel d*2.
AnEPD st up usudly congstsof two sugpension cham-
bers and one deposition chamber. Thefirst suspension
chamber isusually named as circul ating suspension
chamber and haswel | defined quantity of first suspen-
sionwhichwecall ascirculating suspension whilethe
second chamber iscaled as chamber with added sus-
penson. Thesuspensonwhichisinitidlyinthecirculat-
ing suspens on chamber ispumped to deposition cham-
ber. The deposition chamber has €l ectrodeswith de-
fined surface areaand distance between them. Inthe
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mean whilethe second suspensonisaddedto circulat-
ing suspens on chamber so asto vary the concentration
of the content in the circul ating suspension chamber.
Varying the pumping rate variesthecomposition of the
FGM sthus madeby thisprocess. Theflow diagram of
an EPD processisshowninFigure3.
Thevarious parameterswhich are significant and
must betaken carefor Electrophoretic deposition are
() Particlesze Theparticlesizeisvery important as
thelargeparticlesize can resultinto sedimentation
during EPD process™. Thepreferred particlesize
islessthan 10 micrometer. However, oneimpor-
tant aspect of EPD isthat depositionrateisinde-
pendent of particle sizewhich makesit afacile

techniquefor FGM synthesis.
‘ Deposition Chamber |
{ i Pump 2
] - e
/ Pumpl A
\. J

Circulating suspension
Chamber

Chamber with adding
TUEPENSLI0N

Figure3: Flow diagram of an operational EPD cdll

(i) Point of zero charge (pzc): Thepzcisthat p™ of
the suspension when the powder particles carry
no net chargeand then only the stability of asus-
pensionissaidto beattained. So far themethod
of potentiometrictitrationispreferred tofind pzc
of a suspension. Stable suspensions provide a
dense, homogeneous deposit without traces of floc-
culation and don’t result in low density deposits
during EPD.

(iii) Natura p™ of powder: Thenatura p™ of apowder
isthevauefor thesuspensioninequilibrium, when
aspecified quantity of powder issuspendedina
demineraised water (p"=6) & agiven powder con-
centration (differing from experiment to experi-
ment). This dictates the choice for suspension
medium to be used for EPD process.

All aboveparametersarevery closaly interrelated
and dictatesthe choice of suspension mediumin EPD.
Whenthenatura p™ isgreater than pzc, thepowder is
negatively charged and when the natural p™islessthan
pzc, the powder is positively charged. Inthefirst case
thealkaline suspensionisneeded whilein later acidic

Woteriols Science mmm—

suspension is suggested for use. Another parameter
whichisto bekeptinmind isthevalueof suitablevolt-
agewhichisto beused for EPD. At voltagesabove 3
V itwas suggested by S.Put and hisco-workerg® that
organi ¢ based suspensionsareto beused. Thedetailed
schematic diagram of an EPD processisshowninFig-
ure3

Significant material combinationsused for FGMs
viaEPD route

Kawai et al.™ have produced C/C & SiC FGM
using el ectro-deposition method wherethey clamedto
achievethe compromi se between specific strengthand
oxidation resistance by gradation of matrix composi-
tion and theresulting FGM swere having gpproximatey
two fold enhancementsin both the properties. Sarkar
and Duttd® have examined the EPD processin detall
citing different theoriesand proposed and aternative
explanation for EPD processusing DLV O theory and
lyosphere thinning. They had been successful in pre-
paring awidevariety of FGMsusingviz. Al203/Y &Z,
Al203/M0Si2 and others.

Few other significant worksin thistechniqueareto
thecredit of S. Put and hisfellow workers. They pre-
pared functionaly graded WC-Co materia s of 35x35
mm with athickness of about 2mm, inwhichthegradi-
ent layer wasassmdl as 1.5 mm. Oneinteresting find-
ingintheir work wasthat in an exerciseto obtain full
dengfication, when the sintering of sampleswasdone
at around 1400 °C the gradi ent disappeared compl etely
and resulted into homogeneous materials. Apart from
thisfindingit wasa so observed that enhancing the ad-
dition rate of suspension in EPD process resultsin
steeper gradients. In same continuation Put and his
team™™ developed an EPD model for prediction of
composition gradient for FGMsinthegreen deposit as
well asinthesintered material. Thismodel wasquite
sati sfactory and therewas agood compromi se between
the predicted and actual gradient obtained. It can be
said that thismodd devel oped by themisvery much up
tothemark withthe spirit of FGM synthesiswhereitis
alwaysrequired to reduce the gap betweenthedesign
and actua material obtained after synthesis. A tabular
summaxrisation of various FGM sfabricated viaEPD with
significant resultsby variousresearchersinlast fifteen
yearsisgiveninTABLE 1.
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TABLE 1: Significant M aterialsCombinationsviaEPD

M aterial Natur e of Range of Range of Sinterin
S.No. combination Gradient Content Hardness Conditior?s Author Y ear
of FGM attained Variation variation
One side
1 Y SZ-Ni Step  100%YSz& ~ 3GPato 1300Chot ooy 1996
. 135G Pa pressing
other pure Ni
One side Not Vacuum
2. Ni-Al203 Step 100% Al, O3 & Reoorted Sintering P.Sarkar 1996
other pure Ni & at 1420 C
Oneside
100% Al, Og Not 1800 Cin
3. MoSi2-Al203 Step & renorted Vacuum P.Sarkar 1996
other 60 v/o Y for 3hrs
MoSi,
100% Y SZ to
100% Al, Og 24 GPa-13 Not
4, Al203-YSZ Step in a step of 20 GPa Reported P.Sarkar 1996
v/o
. 17 wt% Co- 21 GPa- 1290 C-
5. WC-Co Continuous W% Co 9GPa 1340C S.Put et a. 2001
. 0% WC- 900kg/mm2- 1450C at
6. ZrO2-WC Continuous 55Wt% WC 1800kg/mm2 28 Mpa S.Put et a. 2002
Ti(C,N)—
WC-Co- . 5wit%-0wt% 20.5 GPa-
7. Ti(C.N) Continuous CO-B-TW1% 16.1GPa 1450 °C S.Put et al. 2003
to 10-15wt%
1600 Cin
8. Ce-TZP/AI203  Continuous Owt%-60wt% 9 GPa-16 GPa air for 1 S.Puteta. 2003
hrs
Fa visudized with thehelp of Figure4. Themathematicsof
—————— = — thisgpproachisquiteintricate however we present key
— = = mathematical equations so asto understand how this

= — = I

T Primary particls

Figured4: Principleof Electromagnetic separation

2.2.3 Basic Principles of Electromagnetic
Separation based FGM Manufacturing

The phenomenon of el ectromagnetic separation
(EMS) with an application to manufacturing of
materialswasfirst discussed by Marty & Alemany!™,
However, thebasicwork inthisareagoesto the credit
of Leenov & Collin® where they calculated the
magnetohydrodynamic forces experienced by
spherica particles. Zhennming and hisco-workerg™
applied these conceptsto produce an in-situ surface
composite of Al-15wt% Si. The motion of melt and
primary particlesin an applied magneticfield can be

happens.
The electromagnetic Archimedes forced> as

experienced by primary particles because of the

differenceindectrica conductivity between the parent

melt and primary particle assuming the particlesare

sphericd is

3 6,-06,

Fe=—
220, +o0,

Parent mdtisthematerid which primarily conditutes
thematerid whileprimary partidearetheindusonswhose
materid disributionweareinterestedincontrollingusing
theabove equation and equations presented ahead.

Similarly, the buoyant force experienced by sucha

primary particleis.

3
%p xB| (21)

3
F, (Buoyant Force) =[%][p2 -p1 19 (2.2

Apart fromthisthedrag forcewill be:
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nd? | pyv?

Applying Forcebaancewearrive at what we call
asterminad migrationvelocity (v, ) of primary particlein
themelt.

2 3 0,-0;
=221 _Z2 |yjxB -
V) [2 20'1+62| xBl+g(p pl)]achl

C.Songand hisfellow researcherd® have produced
Al-22% Si-3.9% Ti-0.78% FGMs by thistechnique
however issueslike dependence of material distribu-
tiononmdt solidificationrate, initia aloy compostions

2.3)

(2.4)

and el ectromagneticforcewasnot discussed in detail
however reasons behind threelayer formationintheir
FGMswerecited. In continuation of thiswork the ef-
fect of above parameterson movement vel ocity, move-
ment timeand volumefraction distribution of incluson
within the FGM swas discussed in their next work in
2006 with acombination of Al-Mg-Si system®l. They
cameout with theconclusionthat thereexistsacritica
vaueof electromagneticforceto beappliedfor in-situ
formation of FGMsand below thisvaluetheresulting
material distributionishomogenousand not graded. A
summary of effect of various parameterson properties
of FGMsisdetailed ahead in TABLE 2.

TABLE 2: Effect of processpar ameter sof EM Son propertiesof FGMs

Process Parameter s of Electromagnetic Separation

Electromagnetic MOUI(.j Pouring Initial Alloy
Preheating o
Force(EMF) temperature composition
temperature

(1) Volume Increases with

fraction of Increasesin lower part increasein No significant Incr

primary particles. with increasing EMF’s. mould preheating effect '

(PVF) temperature.
Effect on Increases with
properties of . L onger when EMF increase in No significant
Primary |(q2) Iia(?:'fleifrtﬁe increases. mould preheating effect Incr '
particles when €9 9 temperature.
Process Increases with
Parameters (3) Particle size Decreases with increasein No significant Incr
areincreased " increase. mould preheating effect. '
in magnitude. temperature.

Increases with
(4) Volume Increases with increasein No sianificant Incr
fraction gradient. increase. mould preheating 9 '
effect.
temperature.

C.Song!®@ while studying the electromagnetic
separation of Al/Al, Ni FGMs came with few
significant facts. They explored that why after certain
rangeof primary particle content the particle volume
fraction of FGM s decreases and reported that beyond
acertainvaueit wasnot possiblefor particlestomove
to bottom part of FGM samplebecause of congestion
and so even particles with large size also could not
migrate to lower parts as predicted from above
equations.

Apart from applying uniform magnetic field
literature reveal s synthesis of FGM s and composite
materials using high and varying magnetic field as
wel |5883641 X Peng et al.[% applied varying magnetic

Woteriols Science mmm—

field for acombination of ZrO,- Ni. Thisresultedinto
fabrication of ferromagnetic-nonmagnetic FGMs
because of distinct difference between the
susceptibilities of materials. FGM s combinations at-
tempted usngthepotentid of dectromagneticforceare
listedinTABLE 3.

TABLE 3: Significant material combinationsviaEM S.

Material Nature of

,\?6 Combination Author Far)??acragfon Gradient
of FGM attained
1 5wt % Y,0s-AIN T.S Suzuki et a. 2005 Continuous
2 Al-Si-Ti C.JSongaet a. 2005 Continuous
3 Al-M@,Si-Si-Ti C.JSongaet a. 2006 Continuous
4. Mn-Sb Tieliuetal. 2007 Continuous
5 Al/Al3Ni C.JSongaet a. 2007 Continuous
6. Al-M@,Si C.Jsongaet al. 2007 Continuous
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LASERASSISTED MANUFACTURING
OFFGMS

Withincreasing development thevarious|aser as-
ssted techniquesarea so used for synthesisof FGMSs,
however most of it hasbeen donetoimprovethe sur-
face propertiesonly. In this section thevarious L aser
based technol ogiesarevisited comprenensively.

Laser cladding

Thelaser cladding is considered to be one of the
most relevant technol ogiesfor preparing FGMsout of
all laser assisted technologies. It isalso known asone
of thecommercial hard facing method®®. Thistech-
nigque can be classifiesinto two categories namely: (i)
Pre-placed Powder Technique (ii) and Blown Powder
technique. Informer the powder is preplaced with a
binder on substrate material to stick toit until the com-
pletemelting by |aser takesplaceinaninert aamosphere
whileinlater the powder isblowndirectlyintoalaser
generated melt pool®”. In 1993 Jasim et al.!%! have
produced Al-S C FGM Susing thistechniqueaongwith
laser dlloying on anickel aloy substrate and produced
afunctionally gradient region onthe substrate by over-
lapping numerouslaser processed tracks. Y.T Pei et dl.
20001 have produced FGMswith acombination of
Al/S whereinthesizeaswel| asthevolumefraction of
Si particlesenhanced from top to bottom of FGM. In
an extensionto thiswork Pei et a. 20011 have stud-
ied thefive-fold twinning and growth featuresof Silicon
particles. Riabikana et a.["¥ produced functionally
graded multilayer coating on M2 high speed tool sstedl
of 34%, 50 % and 75% and found the maximum hard-
nessva ueof 1600 HV whichisquite abovethework-
ing hardnessof tool stedl. Another significant work us-
ing thistechniquewhichisworth mentioningisof Jiang
et a 20022, They developed aLaser Based flexible
faborication process (L BFF) which wasacomputer in-
tegrated and numerically controlled however the base
waslaser Cladding. They used thistechniquefor the
production of functionally graded mould insertd™.
Pintsuk et a. 2003have used laser sintering (Blown
powder technique) for production of PFCsof tungsten
and copper with main focuson W-25vol% Cu and W-
60vol% Cu™. Laser Cladding isundoubtedly agood
technique however variousissuelike sometimes bad

> Review

wetting behaviour isusudly noticed and dso the sharp
interlayer dwaysexists. Thisisapotentid causeof fail-
ureof materialsproduced by thistechnique.

Selectivelaser sintering (SLS)

SLSisbascdly amaterid accretiontechnology and
producesthepartsinalayer by layer fashion. Thistech-
nigue can bedirectly coupledtoaCAD modd and the
powders used in this process are bound using afo-
cussed energy source. It isrecommended that an ap-
propriatebindingmechanismmust beidentified for bind-
ing contagious powderswhich ultimately resultinthe
formation of green body!™, Thetwowell known bind-
ing mechanismsare melting and sintering. Inthefirst
consolidation approach, some sophisticated powder
feed and control systemsarerequired whileasinthe
later, distinction of phase of materia isneeded. Inthe
approach of sintering, thetwo established techniques
areliquid phasesintering (LPS) and solid phase sinter-
ing (SPS). LPSisknowntobeavery fast technique™.
This technique has been used up to good extent for
FGM synthesis. LPSwasused by Z.Z Fang for WC-
Co graded compositeswith continuousgradient in co-
balt content!. Functionaly graded Nylon-11 compos-
itesfilled with varying volumefractionsof glassbeads
wereprepared by Chung & Dad” withanintention to
improvethe mechanica propertiesof polymers. They
fabricated compliant gripper and rotator cuff scaffold
and thusindicated that complex mechanicd partswith
improved mechanical propertiescan be manufactured
using thistechnique.

Apart from these two prominent techniques cov-
ered in section 3.1 and 3.2 researchers have applied
various other Laser assisted technologies for FGM
preparation like selectivelaser meltingl™, Laser Engi-
neered Net Shaping™*®2, Laser rapid forming® etc.
however thesetwo techniques are dominant over oth-
ers.

AVISITTOOTHER TECHNOLOGIESOF
FGM SYNTHESIS

Thevariousother significant techniqueswhich are
employed by variousresearchersfor FGM synthesis
arediscussedinthissection. Thesetechniquesareunique
intheir functionality and have own advantages.

——,  Paloricly Science
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Spark plasmasintering (SPS)

This method is considered to be one of the ad-
vanced methods of sintering and isaso known by other
nameslike Pulse Electric Current Sintering (PECS). The
unique capability of thismethod to manufacturehighly
compact materialsinasmall span of timeat low tem-
peratures makesit stand apart from other methods®..
The s gnificant aspect of thistechniqueisapulseof DC
current ispassed through thedieinwhichthepowder is
stacked aswell asthe powder whichisnormally con-
ductive. The Spark Plasma Sintering (SPS) processis
based on thee ectrical spark discharge phenomenon: a
high energy, low voltage spark pul se current momen-
tarily generatesspark plasmaat highlocalized tempera-
tures, from severa to ten thousand between the par-
ticlesresultingin optimum therma and e ectrolytic dif-
fusion. Thedetail ed schematic representation of aSPS
systemisoutlinedin Figureb.

Pressure (P)
Upper Punch
Electrode
[ A
Upper
Punch
5 3
o
Powder. 2ot || 7
o @
Die ES g
—Q g
Lower L &
Punch
| —
Lower Punch
Electrode

Pressure (P)

Figure5: Set up of spark plasmasintering machine.

Theuniqueadvantageof thistechnology isthat itis
capableof sntering likeand dissmilar materids, seam-
lessbonding, and materia surfacetreatment. In addi-
tion, thistechnol ogy does not requireagreen state, bind-
ers, or apre-sintering stage; it iscapable of producing
net and near net shapesdirectly from powder. A com-
prehensivereview of key factorslikedectricfiedd and
pressure on final material formed after synthesisand
consolidationisgiven elsewhere®l, Duetoitsvast ca
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pabilitiesnumerousresearchershaveused thistechnique
for producing defect free FGMs.

A novel combination of Al, O, and Ti,Si C, has
been used for FGM preparation by L.Yongming et d .9
tocombinethepropertiesof both. Ti S C, exhibitsboth
electricd aswell asthermd conductivity whileaumina
issuperior for itshardness, refractory property, chemi-
cd gability andinsulation. It wasobservedintheir work
that the FGM s prepared showed el ectrical conductiv-
ity comparableto metdswhenthecritica volumefrac-
tion of Ti,Si C, was 30 wt%. SPSisalso applied for
preparing Bio-active FGM sfor possible orthopaedic
applicationsusing HA/Y-TZP#, Six layered FGMsof
avery important materid combination of Ti-TiB,-B was
synthesized by H.Feng et al %, theideawasto com-
binetheexcellent property of TiB viz. extreme hard-
ness, high melting point, good thermal shock resistance
and chemicd inertnesskeeping it on onesideof FGM
whileon theother sidethe pure Ti was used.

Boron Carbide hasbeenintheeyesof FGM com-
munity for along because of itslow density, chemical
resistance and extreme hardness. Apart fromthesethis
materia exhibitshigh neutron absorption characteris-
ticswhichmakesit suitablefor nuclear gpplicationsas
well however a high strainratesthis shows suppressed
fracturetoughness. Hulbert and hisfellow researchers
have produced continuous FGMs using SPSfor this
materid combination’®,

Itisevident that SPSissuperseding thetraditiona
methodsof snteringandisapotentia timesaver when
thesintering isneeded in ashort duration thusincress-
ing productivity.

Physical vapour depostion (PVD)/ chemical vapour
deposition (CVD)

Thetwo important vapour deposition techniques
arePVD/CVD. Thesetechniques are used for FGM
coatingsfor long. However in due course of timethere
has been a constant improvement in these two tech-
niquesand numerousvariants of thesetechniqueshave
comeup. Weshall cover thesetechniquesbriefly.

Physical vapour deposition (PVD)
PV D isconsidered to be apromising technology
for theformation of therma barrier coating. The coat-

ings produced by thismethod exhibitsexcel lent thermal
shock resistance, erosion resistance and do not require
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additiona polishing®. The point whichisworth men-
tioning about thistechniqueisthat the vapori zation de-
pends upon the vapour pressure of thematerial which
isto becoated and so it becomesdifficult to evaporate
materid ssmultaneoudy whichhavelargedifferencein
their vapour pressure. Theterm PVD initself iscon-
taining many important aspects. It engulfsinitself al
those vacuum deposition processwherethematerid to
be coated isevaporated in vacuum condition and the
vapour phaseisallowed to form acoating on the sub-
dratemateria however theutmost careshould betaken
that substrate material should bevacuum resistant’®d. A
detail ed description of aPV D apparatusisillustrated
elsawherd®. Variousvariantsof PVD likepartialy re-
active physica vapour deposition, magnetron sputter-
ing, resi stance heating, high energy-ionized gasbom-
bardment and el ectron-beam(EB) areavailablenow a
daysand areextensively used for produced for func-
tionally graded coatingson various substrate materias.
EB-PVD has been successfully implemented to pro-
ducefunctionally graded coating of NiCOCrAlY on
substrates of super aloys by Schul z*¥. Various coat-
ingslikeTi-CN!*4, Cr Cr_and Cr on metal §*! areaso
reported. Oneworth quoting advantage of PV D isthat
itissuitablefor componentswith closetolerance.
Despiteof severa advantagesof thistechniquethe
variousissuesto be addressed are: its pertinent diffi-
culty in producing efficient oxide coating, reduced sta-

———— Review

bility of FGM coatingsin hightemperatureenvironment
and vacuum resistance.

Chemical vapour deposition (CVD)

The CVD can beexplained asaprocesswherea
reactant gas mixtureisallowed to passthrough ahigh
temperature reactor that consists of aglasstube nor-
mally intherangeof 1-2 metrein length, toformathin
coating at the surface of the substrate. Thenormd tem-
peraturerangeisabout 800°C to 1200°C. Functionaly
Graded coatings can be produced a d ow to moderate
deposition rate of about 5-10 pm/hour by just varying
the ratio of source gas mixture or by controlling the
depositiontemperature, gaspressure or gasflow rate.
K.L Choyinhisexhaustivereview of thisprocesshas
el aborated principles, mechanism of deposition, reac-
tion chemistry, kinetic phenomena and
thermodynamicg®!. Thistechnique hasbeen used for
FGM coatings of numerous combinationslike SIC/C,
Cr,C/Ni, Ti/TiN, SIC/TiC, ZrC/C, BN/Si,N,on C/C
Composites. CVD coating areaso preferred in cases
wherehigh abrasion resistanceisneeded. CVD isun-
doubtedly avery old technique for producing FGM
coating but hasmany demeritslikerequirement of high
depaosition temperatures, production of environmentally
unacceptable chemica wastesand dow depositionrate.
A comparison of both thetechniquesPVD/CVD ispre-
sentedinTABLE 4.

TABLE 4: Acomparison of PVD & CVD

Structure
Deposition Deposition Oxide of Coating Various
Parameters Rate & temperature Coating Was‘tje By & Variants of 'lgypeof
atmosphere range Formation product Thickness PVD/CVD rocess
Range
Thermal
Crystalline  Evaporation, .
Faster and . Line-of
PVD performed in  100-600 C°  Difficult ~ Cnvironmentally aswellas — EB-PVD, Sight
vacuum Acceptable amorphous; M agnetron process.
2-5 pum sputtering, lon
plating, ion.
Slow to Low Pressure
M oderate Crystalline  CVD, plasma Non-
and o Canbe Environmentally aswell as Enhanced, Line of
cvDb performed in 800-1200 C produced Unacceptable. amorphous; photochemical, sight
controlled 6-10 um. aerosol assisted Process
atmosphere & Laser CVD

Combustion synthesis

Combustion synthesisisatechniquewhich hasbeen
used by researchersto fabricate FGMssinceinception
of FGM concept. Numerous combinations of various

materia sfor preparing FGM shave been used by vari-
ousresearchers.

Combustion synthesi sisatechniquewhich heavily
depends upon the exothermic reactions which are
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self-sustaining and are energy wise efficient. In com-
bustion synthesis reaction the reactant powders are
mixed inadefinitestoichiometric proportion and pressed
into apellet of aspecified green density and thenig-
nited. Theignition can be performed either locally at
onepoint or by heating thewhole pellet uptothere-
quired ignition temperature of exothermic reaction.
Therearevariousreported strategiesfor initiating reac-
tionlikeradiant flux, |aser radiation, resistance heating
coils, spark and chemical ovensetc. Burkes et al.[%!
describes combustion synthesisasamethod with op-
erating amplicity, rgpid cooling ratesand short reaction
timesthat permit control over Ostwadripeningand ease
of production equi pment containment.

Therearetwo modesfor combustion synthesisre-
action: (i) Saf propagating Mode(ii) & Simultaneous
combustion mode. In the Self Propagating Modethe
combustionisinitiated a onepoint inthereectant sample
and thisspreadsthroughout the reactant mixtureinthe
form of combustion wave and propagates throughout.
The simultaneous combustion modeisjust contrary to
it and thereaction takes place s multaneoudy through-
out the reaction mixture as soon asthe sampleattains
theignitiontemperatureandisgenerdly conductedina
furnace.

Thevariousadvantagesof combustionsynthessare:

(i) Capabilitytovoldilizelow-boiling pointimpurities
and because of generation of high reaction tem-
peratureresultingin high quality products.

(i) Theexpensiveprocessingisnot required.

(iii) Low operating and processing cost.

(iv) The synthesisand consolidation of inorganic ma-
teridsinonestepispossble.

(v) SHScan also beapplied for producing thin coat-
ingsandfilmson substratematerid swithimproved
bonding between the two.

Thevariouss gnificant combination combinationswhich
have been attempted by researchersareNiTi-TiC , Ti-
B, TiC-Ni, MoSi /AL O,, TiC-NiAl etc.

273

Impéller dry blending (1DB)

The credit of first reported study regarding IDB
goestoA.JRuys® and hisfellow researchersat Cen-
trefor Advanced Materia s Technology at Sydney Uni-
versty Audrdia Thismethod claimsto offer the possi-
bility of producing large bulk FGM swith an easy con-
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trol of continuousgradient and compositions. Thewhole
manufacturing strategy of Impeller dry blending canbe
summarised in four stepsnamely: feeding, Blending,
Homogeni sation and Deposition.

Thefeedingisinitiated by two separate feed hop-
pers for two component powders. The second step
involvescareful blending of two powdersusing control
gatessuchthat it startswith 100% volumeratio of first
powder and zero % of second powder. Theblending
ratioisthenvaried in acontrolled way asthefeeding of
powderscontinues. Thethird Sepisthehomogenisation
of theblended powder mix usinganimpeller chamber
and finally the deposition takes place. Thetwo unique
features of IDB which setsit apart from other tech-
niquesof FGM preparation are controlled segregation
and controlled blending. The biggest advantageof this
techniqueisthat processing timesarelessand hasca-
pability to producelarge bulk FGM swith continuous
gradients.

Asaddressed previoudy theissueof cregtingacon-
tinuousgradientisgtill aprimary problem of importance
while attempting to produce large bulk FGMs. IDB
method claimsto produce gradient whichiseither lin-
ear or at theleast mathematically regular®. The sec-
ond problem isof densification aswhen going for ce-
ramic-metal FGM thereusudly laysdifferencein melt-
Ing point temperature of metal and ceramicandinturn
the choice of sintering temperatureisatypical issue.
Thisissueissolved by use of hydrogtatic shock forming
where a focussed explosive charge transmits a
shockwavethrough conicd water columnintotheblend
which generateslocalized pressuresmorethan 30 GPa

CONCLUSIONS

Intheareaof functionally graded materialsabasic
paper which can expose beginners does not exist in
literature. Astheareaof FGM isstill evolving, hence
theneed wasfdt towriteacomprehensivereview which
cansummariseall significant work inthisarea. Inthis
work thefocus has been to present various manufac-
turing strategiesof FGMsinasimpleand lucid manner
with anintention to encourage variousyoung research-
erstotheareaof functiondly gradient materias. A new
classficationisproposed which overridespreviousclas-
sfication of FGM preparationtechniques. Effortisdone
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to cover dl important fundamenta sof significant manu-
facturing techniques. All important material combina-
tions which have been used by various researchers
throughout theglobe using different techniqueswith ref-
erenceto gpplication areaarea so covered inthiswork.
A comprehensvetabul ationismadefor gradient infor-
meation and materid combinationsfor varioustechniques
covered inthiswork wherever necessary. Theintention
of authors has been to discussthe challenges associ-
aedwiththeareaandillustrating themeritsand demer-
itsof manufacturing strategiesfor functional ly gradient
materias.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge the support
given by Head of Mechanica Engineering Department
Prof. Anoop Kumar National Institute of Technology,
Hamirpur for their cond stent support and va uable sug-
gestionsthroughout manuscript writing.

REFERENCES

[1] M.Koizumi; Composites Part B, 28B, 1-4 (1997).

[2] R.Jedamzik, A.Neubrand, J.Rodel; Journal of
Material Sc., 35, 477 (2000).

[3] S.Suresh; Science, 292, 2447 (2001).

[4] K.H.Shin, Harshad Natu, Debasish Dutta, Jyotirmoy
Mazumdar; Materials & Design, 24, 339 (2003).

[5] B.Kieback, A.Neubrand, H.Riedel; Material
Science and Engineering A, 362, 81 (2003).

[6] A.Kawasaki, R.Watanabe; CeramicsInternational ,
23, 73 (1997).

[7] S.Suresh, A.Mortenson; Fundamental s of Function-
aly Graded Materials, 1.0.M. Communication
Limited, London, (1998).

[8] P.Czubarow, D.Seyferth; Journa of Material Sci-
ence, 32, 2121 (1997).

[9] Victor Birman, Larry W.Byrd; Applied Mechanics
Reviews, 60, 195 (2007).

[10] V.Cannilo, T.Manfredini, C.Siligardi, A.Sola;
Journal of the European Ceramic Society, 26, 2685
(2006).

[11] A.Ruder, H.P.Buchkremer, H.Jansen, W.Mallener,
D.Stover; Surface & Coatings technology, 53, 71
(1992).

[12] Yeon-Gil Jung, Sung-churl Choi, Chang-Seob Oh;
Journal of Material Science, 32, 3841 (1998).

———— Review

[13] Y.Watanabe, M.Kurahashi, 1.-Skim, S.Miyazaki,
S.Kumai,A.Sato, S.Tanaka; CompositesPart A, 37,
2186 (2006).

[14] T.Ogawa,Y.Watanabe, H.Sato, 1.Kim, Y.Fukui;
Composites Part A, 37, 2194 (2006).

[15] Y.Watanabe, S.Oike; Acta Materialia, 53, 1631
(2005).

[16] R.SivaKumar, T.Nishikawa, S.Honda, H.Awaji,
F.D.Gnanam; Journal of European Ceramic Society,
23, 765 (2003).

[17] Y.Watanabe, T.Nakamura; Intermetallics, 9, 33
(2001).

[18] M.Bhattacharya, A.N.Kapoor, S.Kapooria;
Mater.Sci.Eng.A, (2007).

[19] JMa, GE.B.Tan; JMat.Proces.Tech., 113, 446
(2001).

[20] R.Watanabe; MRS Bulletin, 20, 32 (1995).

[21] A.P.Tomsia, E.Saiz, H.Ishibashi, M.Diaz,
J.Requena, J.S.Moya; Journal of European Ceramic
Society, 181, 365 (1998).

[22] J.F.Bartolome, M.Diaz, J.Requena, J.S.Moya,
A.PTomsia; ActaMater., 47, 3891 (1999).

[23] GJin, M.Takeuchi, S.Honda, T.Nishikawa, H.Awgji;
Materials Chemistry and Physics, 89, 238 (2005).

[24] Fumio Watari, Atsuro Yokoyama, Mamoru Omori,
ToshioHirai, Hideomi Kondo, Motohiro Uo, Takao
Kawasaki; Composites Science and Technology, 64,
893 (2004).

[25] K.Fujihara, Zheng-Ming Huang, S.Ramakrishna,
K.Satknanantham, H.Hamada; Biomaterias, 25,
3877 (2004).

[26] M.Bram, A.Laptev, H.P.Buchkremer, D.Stover;
Materials Forum, 29, 119 (2005).

[27] Y.Watanabe, Y.Fukui; Formatex, 189 (2004).

[28] R.Roop Kumar, M.Wang; MaterialsLetters, 55, 133
(2002).

[29] L.H.Wong, B.Tio, X.Miao; Materials Science and
Engineering C, 20, 111 (2002).

[30] K.lwasaki; Material Research Innovation, 1, 180
(1997).

[31] W.Pompe, H.Worch, M.Epple, W.Friess,
M.Gelinsky, P.Greil, U.Hempel, D.Scharnweber,
K.Schulte; Materials Science and Engineering A,
362, 40 (2003).

[32] C.Chenglin, Z.Jingchuan, Y.Zhongda, W.Shidong;
Materials Science & Engineering A, 271, 95
(1999).

[33] A.Bishop, C.-Y.Lin, M.Navaratham, R.D.Rawlings,
H.B.Mcshane; Journal of Materia Science Letters,
12, 1516 (1993).

——, P otrioly Seience
ﬂuVWMW



538

Functionally graded materials manufacturing techniques

MSAIJ, 5(4) December 2009

Review

[34] S.Katakam, D.Siva Rama Krishna, T.S.Sampath
Kumar; Materials Letters, 57, 2716 (2003).

[35] Msayuki Kon; BioMaterials, 16, 709 (1995).

[36] Fumio Watari, Atsuro Yokoyama, Fuminori Saso,
Motohiro Uo, Takao Kawasaki; Composites Part
B: Engineering, 28, 5 (1997).

[37] J.Zhu, Z.Lai, Z.yin, J.Jaeon, S.Lee; Materials Chem-
istry and Physics, 68, 130 (2001).

[38] J.Q.Li, X.R.Zeng, J.N.Tang, P.Xiao; Journal of Eu-
ropean Ceramic Society, 23, 1847 (2003).

[39] R.Wang, W.Pan, J.Chen, M.Fang, M.Jiang, Y.L uo;
Materials and Design, 23, 566 (2002).

[40] S.Lopez Esteban, J.F.Bartolome, C.Pecharroman,
J.S.Moya; Journal of European Ceramic Society,
22, 2799 (2002).

[41] L.YongMing, PanWei, Li Shugin, Wan Ruigang, Li
Jangiang; Material Scienceand EngineeringA, 345,
99 (2003).

[42] M .HeianEllen, C.Jeffery Gibeling, A.Munir Zuhair;
Material Science and Engieering A, 368, 168
(2004).

[43] Chang Chun Ge, Jiang-Tao Li, Zhang-Jian Zhou,
Wen-Bian Cao, Wei-Ping Shen, Ming-Xu Wang,
Nian-Mang Zhang, Xiang Liu, Zheng-Yu Xu;
Journal of Nuclear Materials, 283, 1116 (2000).

[44] Yuan-HanLing, Jiang-Tao Li, Chang-Chun Ge, Xin-
De Bai; Journal of Nuclear materials, 303, 188
(2002).

[45] Zhang-Jian Zhou, Juan Du, Shu-Xiang Song, Zhi-
Hong Zhong, Chang-Chun Ge; Journal of Alloys
and Compounds, 428, 146 (2007).

[46] Wei-Ping Shen, Quiang Li, Ke Chang, Zhang-Jian
Zhou, Chang-Chun Ge; Journal of Nuclear Materi-
als, 367, 1449 (2007).

[47] A.H.Wu, W.B.Cao, C.C.Ge, JFLi, A.Kawasaki;
Materials Chemistry & Physics, 91, 545 (2005).

[48] Li Sun, Adam Sneller, Patrick Kwon;
Mater.Sci.Eng.A.

[49] Ramén Torrecillas, Ana M.Espino, J.F.Bartlome,
José S.Moya; Journal of the American Ceramic
Society, 83(2), 454 (2000).

[50] FGrillon, D.Fayeulle, M .Jenadin; Journa of Material
science Letters, 11, 272 (1992).

[51] H.Kodmans, J.Overbreek; J. Th.GDisc.Farad.Soc.,
18, 52 (1954).

[52] H.C.Hamaker, E.J.W.Verwey; Trans.Farad.Soc.,
36, 180 (1940).

[53] PSarkar, S.Dutta, S.Nicholson Patrick; Composites
part B, 28B, 49 (1996).

[54] S.Put, J.Vleugles, O.Van der Biest; Scripta

Materialia, 45, 1139 (2001).

[55] C.Kawai, SWakamatsu; Journal of Material Sci-
ence Letters, 14, 467 (1995).

[56] S.Put, J.VIeugles, O.Van der Biest; Journal of
Materials processing Technology, 143, 572 (2003).

[57] PMarty, A.Alemany; in: Metallurgical Applications
of Magnetohydrodynamics, Proceedings of aSym-
posium of the IUTAM, The Metals Society, 245
(1982).

[58] D.Leenov, A.Koalin; J.Chem.Phys., 22, 683 (1954).

[59] Xu.Zhenming, Li Tianxiao, Zhou Yaohe; Material
Research Bulletin, 35, 2331 (2000).

[60] S.Asai; Science and Technology of Advanced Ma-
terials, 1, 191 (2000).

[61] Chang-Jiang Song, Zhenming Xu, Xiangyang Liu,
Gaofei Liang, Jianguo Li; Material Scienceand En-
gineering A, 393, 164 (2005).

[62] Chang-Jiang Song, Zhenming Xu, Gaofei Liang,
Jianguo Li; Materials Science and Engineering A,
424, 6 (2006).

[63] Changjiang Song, Zhenming Xu, Jianguo Li; Mate-
rials and Design, 28, 1012 (2007).

[64] Atsishi Makiya, Dai Kusano, Satoshi Tanaka,
Nozomu Uchida, Keizao Uamatsu, Tsunehisa
Kimura, Koici Itizawa, Yutaka Doshida; Journal of
the Ceramic society of Japan, 111, 702 (2003).

[65] Tohru S.Suzuki, Yoshio Sakka; ScriptaMaterialia,
52, 583 (2005).

[66] Xiaoling Peng, Mi Yan, Weitang Shi; Scripta
Materialia, 56, 907 (2007).

[67] RM.Macintyre; in: M.E Kimmit(ed.), Proceedings
of 11" International Conference on application of
Lasersin Material Processing, Metals Park, Ameri-
can Society for Metals, 230 (1983).

[68] M.Ellis, D.C.Xiao, C.Lee, W.M.Steen, K.GWatkins,
W.P.Brown; Journal of MaterialsProcessing Tech-
nology, 52, 55 (1995).

[69] K.M.Jasim, R.D.Rawlings,
J.Mater.Sci., 28, 2820 (1993).

[70] Y.T.Pei, JTH.M.DE Hosson; Acta Materiaia, 48,
2617 (2000).

[71] Y.T.Pei, J.Th.M.DE Hosson; Acta Materiaia, 49,
561 (2001).

[72] M.Riabkina-Fishman, E.Rabkin, P.Levin, N.Frage,
M.PDariel, A.Weisheit, R.Galun, B.L.Mordike;
Materials Science and Engineering A, 302, 106
(2001).

[ 73] Wenping Jiang, Rajeev Nair, Pal Malian; Journal of
Material s Processing Technology, 166, 286 (2005).

D.R.F.West;

Wateriols Science  mmm—
ﬂuVWMW



MSAIJ, 5(4) December 2009

Siddhartha et al.

539

[74] G.Pintsuk, S.E.Brunings, J.-E.Doring, J.Linke,
I.Smid, L.Xue; Fusion Engineering and Design, 66-
68, 237 (2003).

[75] J.PKruth; Ann.CIRP, 40, 603 (1991).

[76] R.M.German; Liquid Phase Sintering, Premium
press, New York, (1985).

[77] Z.Z.Fang, O.E.Oladapo; ScriptaMateridia, 52, 785
(2005).

[78] H.Chung, S.Das; Materids Science and Engineering
A, 437, 226 (2006).

[79] Kamran Aamir Mumtaz, Neil Hopkinson;
J.Mater.Sci., 42, 7647 (2007).

[80] M.L.Griffith, D.M.Keicher, C.L.Atwood,
J.A.Romero, J.E.Smugeresky, L.D.Harwell,
D.L.Green; in: Solid Free Form Fabrication Sym-
posium at Austin, Texas, August 12-14 (1996).

[81] W.Liu, JN.DuPont; Scripta Materialia, 48, 1337
(2003).

[82] A.Bandyopadhya, B.V.Krishna, W.Xue, S.Bose;
J.Mater.Sci.

[83] A.Vams Krishna, Weichang Xue, Susmita Bose,
Amit Bandyopadhyay; Acta.Biomater.

[84] X.Lin, T.M.Yuea, H.O.Yang, W.D.Huang; Materias
Science and Engineering A, 391, 325 (2005).

[85] S.Hoshii, A.Kojima, M.Goto; Journal of Material
Science Letters, 20, 441 (2001).

[86] Z.A.Munir, U.Anselmi-Tamburini, M.Ohyangi;
J.Mater.Sci., 41, 763 (2006).

————— Review

[87] LuoYongming, PanWei, Li Shugin, Wang Ruigang,
Li Jiangiang; Materials Science and Engineering A,
345, 99 (2003).

[88] H.Guoa, K.A.Khorb, Y.C.Boeya, X.Miao;
Biomaterials, 24, 667 (2003).

[89] H.Feng, Q.Meng, Y.Zhou, D.Jia; Materials Science
and Engineering A, 397, 92 (2005).

[90] M.H.Dustin, D.Jiang, U.Anselmi-Tamburini,
C.Unuvar, A.K.Mukherjee; Mater.Sci.Eng.A.

[91] Y.Miyamoto, W.A.Kaysser, B.H.Rabin, A.Kwasaki,
R.G.Ford; Functionally Graded Materials: Design,
Processing and Applications, Kluwer Academic
Publishers, London, (1999).

[92] A.J.Hermann; Surface and Coatings Technology,
112, 210 (1999).

[93] D.Wolfe; Thesis, 1996mWolfeDE, (1996).

[94] U.Schulz, M.Peters, Fr.-W.Bachb, G.Tegeder;
Materials Science and Engineering A, 362, 61
(2003).

[95] O.Knotek, M.Bohmer, T.Leyendecker;
J.Vac.Sci.Technol., A, Vac.Surf.Films, 4, 2695
(1986).

[96] K.L.Choy; Progress in Materials Science, 48, 57
(2003).

[97] E.B.Douglas, J.John Moore; Journal of Engineering
Materials and Technology, 128, 445 (2006).

[98] A.J.Ruys, E.B.Popov, D.Sun, J.J.Russell,
C.C.JMurray; Journa of the European Ceramic
Society, 21, 2025 (2001).

ey, Pty Seience
ﬂaVMnW



