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INTRODUCTION

Chapter

1.1. MATERIALS SCIENCE

T he pest three decads hae withessed a peomerdl devdgareat in the ddodl scenaio o
meterias resserch It wes te rgod ad revduionary devdgomat et the coogt o
samiconcudas in the dedranics industry, begiming in the eedy 1960s, which gave meterials

sdence its first mgar impets. Haing dsocovared thet noriTetalic meterias such as slicon aoud ke nede o

aoduat eedtriaty in weys thet metals aold nat, scientists and engineers devised ways of fashioning thousands

df tiny integated arcuts an asmal dip o slicon. This then mack it posside to miniatuize the componants of
dedranic davicss such as compuies. Fgure 1,1, shows athe rdative dmerson of aF100 processar dip

Mutidmersiondl drectiors goared Up nrevaverues in the areaof nevnatenials to adheve ths.

In the lae 1980s, meteids sdence research wes gven remened
enmphass with the dscovary of caramics thet display superconducivity et
higher tepearatures then metaks. If the terperature a which these new
meteids beoore upgrcondudive Gan ke rased  sufficently, new
gdicatiors, indudng megretic levitation trains and superfast conputers
ey ke posshle. Athough the latest develgorents in meterials saenoe
have teded to foas an dedtiical [roperties, medrericel properties are
aso d nga ad enduing inpatance. Materids are anything framwhch
poduds can ke necke Meteias sdence is the study of the properties,
sructure ad processng o neteias. Properties of meteias ae the
F-100 ricrk ini%&a/re,donly 06 am daadeisics of nmeteids thet detemmine their sutablity for spedfic
scfuare and small enough to pass  godicatiars.

through the eve of a needle (from
ref 2)

Stating fram day, metals, aloys, ogramics, payners, to aonpaste neteias and gasses, there are vaieties of
metaias of interest in the nodem mateidas reseexdh Honever, the present work is going to deal only about
the ceramic materials that are prepared using an unconventional route for improved applications. This
dgaer wald discuss aoout the caramics sdence ad its evdution to aversatile fidd of inpatance an today's
R&D. Aso, it will recaatulate vaios processes invdved in caramics prooessing It is mae meaningfu to
udestand the distinction of the spedd raue, Which wes fdloaed in this wak  As this is an gadied meterials
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wak; it is nesced to know the mgjar gdicatios of these advancad orarics, espedally the maodedranic
pedegng sustrate gadication, as the materias of our interest ae vary wseful in these aress. It is vary
interesting to view the aconvertiandl materials and the spedidity of atemative materials. A preliminary ideauatoout
the cararic saence ardlits evdution will hep to understand theissue better.

1.1.2. CERAMC SCIENCE ANDITS EVOLUTION

Wbod ard stone ae fewd the very ey meterials huen aadd mele use d, for diversified purpose framsine
tods ad wegpars to buldngs ad sauptures. Arag the ealiest materials to e put to use by huren bangs
wae oganics, in the fam of the days wsed in pattay. Adhaedogsts cete ealy avilizations by the pattary
asodated with them Caramics is ane df the ddest tedndaoges, with ahistary of about 10,000 years behind it
Infaq, it is framthe pattary thet he left behind him thet we leamt much of whet we knowof prehistaiic men, The
sunival of pattary over ey yeaes illustrates ane of the greatiest advarntages thet they have, the better durakality
over aher meteias. Neverthdess, those sunvived are nostly nat the whde pecss bt only fragnents. This
llustrates the hriteness of the mateial. Though these twin dheradtess are still there todley and eqoedted o lein
future tag there are studies as an tacky for meking these meterials dudtiie. Garamics (Gieek keramos, “foattar’s
day), aignaly the at of meking pattary, novagenad tem for the sdence of nenufactuing artides prepoered
fram pidde, eathy mateias thet are mecke rigd by higvemparature teatment. Gaanic meterials ae non
et inarganic aapounds, pimeily oxdes, bt aso catades, nitides, baides, ad slicdes. Caramics
indudes the manufadure of eattrenware, paoadain, biids, ad sore kinds o tle ad stanewaere Gaanic
produdts are tsed nat anly for artistic dgedts and teldeneare, It also far such utilitarian itens as sewer e ad
buildng wels™

The engneaing propaties o a payaystaline agamc are aardled by the microsfructure, WHch in tum
dgpends an the processing nethod wsed to fehicate the boodl it is dften stated thet netetial sdenceis afidd a
the inteface of the physical saenocss (physics, dhenisty ad nretherretics) ad the engnesting (such as
dedica, medhenica ad aMi). In this pant of view the understanding of the fundarmental issues abaut the
podudion of such macstructiure with desred propaties is a must. The ggaoech o this research wak
presented in this thesis hes lbeen bessd anthis intention. Because, the process neeck nae understanding, when
the fahication methods invave rewnodfication

1.1.3. CONTEMPORARY CERAMC SCIENCE

Aag with the ogramic meteias, pdyes ad thelr compasites are having ageat dedl of interest as well s
gdicatiors. In the matetias pant o view the whde of noden inffanation and communication tedndogy
depenck an semiconductars. These ey ke denrents, such as slicon, o carpounds, such as gdlium arsenide,
thet havejust enough dedtical aondudivity to reke them useful for conirdling ard anrdifying dedtrical sgnals.
Slicon is universally wsed for dgta switding devicss such as those thet are sed in computers. For noe
dfficut jolos, such as aonvating dedtiical sgnals tolight or vice versa, semicondudiaing compounds ae wsed,
ad it is posshle to talor the propaties o corpanats by goarng atereting layers of different meterials.
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Desrabe popaties o nmoe then ae netgid ean ke aavbned in composites.  Gassfitreranforced
copastes (filbregass) are widdy used to gve high strength ard stiffness without the fragjlity usually assocated
with giass. Many conpasites use cadoon o payrer filkres in an gpaxy matrix (the metrix is the materid in which
fibres ar partides are arbeddsd). Advancad conpasites are baing devagpad thet consist of agramic fibres ad
dfferent ozramic or et atix meteriaks.

Wide ranges of propatties of dferet matelias thet ale delenging today's caramic sdence ae bang studed
for agpectrum of gdicatiars. Dersty, stiffness, strength, dudiility, toughness ard aeepresstance ae some o
the vary vital medrerical propatties thet are studed an caramic meterials. Bectrical condudivity, semiconduding
properties, deledtiic popatties, Pezodedtic popeaties, dedrogptic opaties, megnetic properties ae tre
ather dedranc rdated propaties. Caroson resstance, cdour ard booompetibiity are some of the dnemical
propeties thet meke the aeramics to ke dighie to ke used in the respedtive agadicatiors. Ators ad ndecues
arange together in evary netaid to gve raise to the miacstructural properties. The aystal structure plays akey
rde in gvng ametaid its medanca, dediicd, ad to sare exdent, damica propaties. But here, in this
thesis, we ded anly with those properties thet are required for dedranic ard structural gpdicatiars within the
linit of avallakiity of the fadlities.

Iron adde pattides are the adive cavpoat in avaiety of megnetic recaodng meda, such as recading tgoe
ad the compue dkette. Gaamic irsuators with a wice range of dedical properties heve inceasngy
redaced aonvertiodl menufaduing metenials. The dedtical proparties of a recently dscovered family of
aopper-addebesed aramics dlowthemito bsaare syparcondudive & termpearatures much higher then those &
whch netals dsplay this thenarenon, in goece tedndogy, ogramic materials and cemrets (strong, highly heet-
resstant alloys, typcaly nmeck by mixing, pressing, and then beking an adde or catade with apondared retel)
are wsed to neke araalt and rodket nose cones ard the heat-shidd tiles anthe spece shuttle.

1. 2. CLASSIFICATION OF CERAMICS

1. 2. 1. CLASSIFICATION

For alag tine, ogramics wae nmany wsed for puriong o for aoddng or edting uternsils, but relatively strong
engineering ceramics have now been dedgoed with good nedenca propeaties, ad others, cded
electroceramics, are essentia far awide range o dedtical and dedranic devicss. These recart ogramics ae
oenerally called as advanced ceramics. Advanced Ceramics makk thet they are relatively highly pure with noe or
less carefully contrdled conpastion and are e reedlly understood then the traditional ceramics. The latter are
necke from naturdly cooning ad therefae inpure ad incorsistent raw matetias.  Bven so, the spead
cgamcs poe nary padens undestanding of whch might gve much moe aondex ad advartageas
meteiaks.

On the basis of their cheristry they can ke dvided into merny gaus. Failiar slicates like kadinte (AbSjOs

(OH¥) ad mulite (ABS203), snde axdes like dunina (AbQ) and zrcona (Z0)), conpdex axides ather then

slicates like baium titanete (BaliCs), ad the superconduding meteia YBa2Q.306'5 0 <5 < 1) ae afewd
3
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them In addtion, there are nonraxides such as slicon catade (SC) ad twon catade (B:O), nitrides such as
slicon nide (Si:N) ad baon ntide (BN) baides such as fitanum dbaide (1), slicdes such as
nmaylbderumdisiicide (MoSij) ad halides like lithium flouide (LiF). There are aompounds besed on nitide-adde
o oyntide systens (eg, P-saos). On the bass of ther godicatias they agan fal into vaiows
dassifications.  Adaletic engne components, heet exchangers and autting tods are few df the gopicatios ad
aare ude the dassfication caled structural ceramics.

Electroceramics ae those wed as insulators, substrates, cgpaatas, semicondudtas, megeic fenites,
pezodedric meteias ad supercondudas. A new fidd goaned Up exdusvely an dedranic industry with
meterials caled as electronic ceramics thet ae wed in inegated padegng This thesis desaibes the
preparation of ane such mateid ad its deracterisation for dedranic gadication in maodedranic pedegng
Structuraly, dl nmeteids ae either crystalline or amorphous (also refared to &5 glassy). Adudly aystaline
cganics ae payaystaline - they are neck Yo o large number o small anystals, or grains sepperated by gain
boundadies. The vary first propaty, which affeds the proparty of acaanic is a aamic scae e, the retue o
bodng ad the aystal stucture. The sscordlis &t miacstrudiure level e, the netre, quiantity of the structural
dements or the pheses. Depanding anthis, aaramics may bedense, glassy or porous. Recently, the aomanetion
of aystaline as wal as anophows pheses within anetaial caled &6 solid solution is Of goaNg interest.

1.2.2. ADVANCED CERAMCS

The intinsic properties of acaamc ae dgpandat an the structure a atamic levd, which are it susceptidle to
sgficant dange by nodficaion of the maostructiure ad propaties like neting part, themd exqoarson
aoeffident ad elastic modLius. But in contrast many o the aitical properties to the engnealing ggadications ae
strongy dependat an tre macstudure. Intinsically, ogramics wsually heve high metting pants ad ae
therefare generdlly desaibed as highly refractayy. They are also usually herd ard bittle

l. 3. PROCESS INVOLVED IN ADVANCED CERAMIC PROCESSING

1.3.1. INTRODUCTION

In traditional aeramic processing, the raw materia wes nostly adastic nixture of neturd day with weter, which
anthemdl treatiment aggameates into acohesive, useful roduct. There are two rein processes invaved in this
pooedre Qreis tofind o prgpare the fine partides, shepe tham ard then stick them bedk together by heeing
The secod is to nelt the nretaid tofamaliouid and then shgpe it duing aoding ard salidification; this is most
widdly pradioed in faning glasses. This sedion will reviewvarious methods, which are rgpated in the literature.

1 3 2 CERAMIC FABRICATION PROCESSES

The besc caamics fahication process involves seection of suitalde stating materid, meldng it into adesired

said shepe ard then heeting & high tempearature to gat acondased caaic salid. The types of raw meteials
4
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faud in neture are aontrdled mainly by the albundance of fie dements and their geodnaical chaeracteristics.
Since axygen, auninum ard slicon together acoournt for 90% of the derrents in the eaxrth aust, mostly slicates
ad duminasicates are the besc raw metenias in tradtional caramc menufaduing. Athough most traditional
cgamcs fomuations ae besed an the wse of neturd inerd meterials Which ae inexpersive ard readlly
avalade an inaeadng fradtion of spedalised caramic ware depencs an the avalakality of dhemically rocessed
meterias. This may o mey nat dredlly start fram mned produds in which the pattide size characteristics ad
dhemica puity are dosely contrdied. The dheically rooessed metetials gve raise to newoonpastions thet in
tum conveat to new pheses aiter hegling with exating new propatties. The hunt for the new processed meterials
geaed Yo new reseach in vaiows neturd ad synthetic raw matetials. The new nethock can e besicaly
dvided into three gaues dgpanding Up an the neture of the raw meterials such as ges- phese reectiars, liguid
precusar method ad sdiid ponder falication |t waud e noe wseful to have dimpses of these tedniques.
This work is on a novel preparation of the rav\\imateriajs using zeolites as precursors for the ceramic
fabrication. Honever, the agamic fahication framn e precursars falons the very widdy used, “Sntering of the
aopedted said pondes’ method The uniqueness o the preparation Lsing zeolites may ke wal understood if
ae hes an oveniew aoat the ather existing tednigiies for lbath ravmeterials and the caramic falaications.

1.3.3. GAS PHASE REACTIONS

Any geseous stating meteia mey have readtions lbetween the ges ad ges, ges ad liquid ad the ges ad
salid. The nost inpartant ges o ges reedian is Chemical Vapour deposition (QVDY™>where the reedion ooous
letveen the gaseous spedes. The fahication process invaving the ges liguid reectiars hes isen shonn to offer
sare praise only recently adis refered to as directed metal oxidation. Readion lbetween ages ad asdid
refared to as reaction bonding, hes been sed mainly for the pradlidion of S3NG ard SC.

1. 3. 3. a. Chemical vapour deposition

OO is awndestabished tedrique for the produdion of thin films, thick filns ad even nondithic bodes. A
vaiety of dhamca conpastions, consisting of nonaxdes as wel as adde conpastiars, can te fakaicated by
OD Fewinpatant reedions wsed for faliication of caramics ae gven in Takde 11 dag with the tenparatue
ad ther goicatiars’.

Table 1.1 Some important CVD reactions for ceramicsfabrications

Reaction Temperature (K) Appication

7. +Q —=TCa+: G 1200-1500 Films for dectraric devices
3504 +4NH3->S3N4+12HC 12001800 Filmns for semicondudtar devices
WQ0)6 -> WC+Q0 +4C0 600-1100 Coatings

OO nethad povides adistinat advartage o fairty low falication temperatures far ceramics and conposites
with high neing pants thet are dffiauit to pepere by ather routes o nesd very high falaication tenpearatures.

5
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Honever, the ngar dsedvartace is thet the netaria depasttion rate by QD is toolow(» 1-100 ). Anather
dsadvarntage usually enoountered duing the nondithic falication s thet they fom miaostructure consisting of
large, adunmar grains, wWhdh leeds to faily lowinterganuar strength. So these praldens limit VD for the thin
film and aoating works,

1. 3. 3. b. Directed metal oxidation

Wsually the reedion between ages ad liquid beooes dfficuit because of the fonation of the solid patecive
at in the interface and thereby stopaing the reedion Honever, anovd rethod invalving adredted avidetion of
andten metd by ages hes been wsed by the Larvide Gapaation for the produdion of paros and derse
meterials as well as canpostesk

1.3. 3. c. Reaction bonding

Readtiors between ages ad asdid ae wal konn for the podudion of SINe ad SC. For exande, the
produdion of SiNs invalves first the shepaing of siicon ponder (by slip casting, de pressing o inedtion nrdd) then
pehedting a 1200 ° C  After medhiining into the desred sheye, it is hested usudlly in nitrogen atnogohere &
tempeaatures araund 1200 -1400 ° G where the reedion bonding ooours o praduce reedtion bodad slicon
nitice (RBSN). The adiatece is thet RBSN bodes with a high degee of dnersond acaracy ad with
aodex shapes can ke pepered reedly without the nesd far eqoersive medhining after fiing as these bodes
shrink (porasty * 20%0) vary less. Honeve, they are less strong then the derse SisN- rgpared by ather routes
(eg, hat pressing).

1 3 4 LUQUID PRECURSOR VETHODS

The process o transfarming asdid mateia from alliquid is anather way ad is diten refered to as liquid
precusar method Qre o such nethod thet hes attractied interest snce the mid-1970s is the sol-gel process™.
Anather process thet aradted afair degee of interest for the pest two decadks is the polymer pyrolysis” in
which nonoxdes (meiny S3V ad SC) are podliosd by the pyralysis of suitakde paynes.

1. 3.4. a. Sol-gel process

Asdution of metal conpouncs ar asuspersion of vary fine partides in aliquid (referred to as sol) is converted
ino asemiigd mess (the gel). Two dfferent sol-gel processes can e distinguished, dgpending anwhether asal
o asdution is tsed Fgure 1.2 gves asdarsic floanchart of this process.
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Solution

(of metal alkoxides)

fjydrolysis and Hydrolysis
Condensation

Figure 12. Flow chartfor Sol-Gel preparation using (a) a solution and (h) a suspension

Metd akaides have agenerd farmuda MARx, where Mis the metd and R is the alkyl gaya The hydralysis
ad condersation are done (Lsually around 50-90°C ad) with suitakde concerntration of the reedtarts and H
For atetravelent metd, the reectiars ey ke exqressed as fdlons.

Hydrolysis:
M(OR)4 + H.O -> M( R)s o H + ROH
Condensation:
M(OR)30M + M(OR)4 ~ (R0)3 -M-0-M-(0OR)2 + ROM

(polymer)
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As afahication route the sa-gel process hes anunber of advantagss. Due to the ease of puification of liquids
(s the statingmeaterias for the process),materials with high punity can ke produiced The honogenetty thaugh
this raute is in ndecdar levd. This leack to highly pure ard derse podud. Anather advartace is the loner
darsfication teperature Honeve, the dsadvantages are also redl. The stating meterials (eg, metal akoxkides)
can ke faily eqpersve. There ale aomn prddens like dading waping and carsderalde shinkage duing
the aonvertiodl dhying. The enammos anrourt: of shrinkage duing the dying ard fiing process (Vdunretric
shinkage o more then 90 %) is albig prddem(for works like nondithic preperatiors.

1. 3. 4. b. Polymer pyrolysis

Paymer pyrolysis is anather raute similar to so-gel bt the difference is thet paynrenisation oocurs insde the
liquid solutions ard the padudt is farred after pyrolysis of the payneised mateia unlike the farmetion of the
g aotanng metakoygen bands in so-gel rote  This is

o ~ 1 ooty apdiceble to SN and SC. SisN ey ke proclced by
1 n 1 - N the pyrdysis of payslazanes (@), in whHah the Si hes adrect
bodng with ntogen in the paymer eddoore itself. The

®) ® polycabasianes (B are having the CHj-Si bonds in the polyrrer

beddooes, ad so even 3V &an ke pgpared fram paycarbaslanes after suitalde nitidation Usually this
paymeris wsed for the prodldion of SC. The steys invaved are as falows,

Na 470° C 1200 °C
(CH:):SiCl. ——— » [—SI(CH3)2—]n------ > (—SICHICHj—), - > SiC

I
M

The poduat fomretion though this tedrige is anynhere fram 20 to 80 % after pyralysis of the poyiner
dgpendng an the dheristry of the payime. So, the inherent neture of Mg mess loss and corsderakde
shinkage mekes this process edramdy uniit for mondithic preperatiors. Honeve, this route is good for meking
films andfibers (conmeraaly for SCilba)®

1 3.5 SOLID POWDER FABRICATION

The besc process is to fabicate aaanic by heating finey dvided salid netter (ponde). There ae two ngjar
dassficatiors viz,, () melt casting ad (i) firing compacted powders lut they have the oigins fram andert
awiisatiors.

1. 3 5 a. Melt casting

There ae at mary devdgonents in the recart years in the caonventiondl meelt casting tedmigue Schdes ad
goyp have desaibed the vaios processes invdved dsenhereéR®l New devdogoents heve aone in this
tedmique far soead gadicatiars like meking precursors for bismuth typee superconduding meterials. The casting

8
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involves pouing the meteia et into ardd segrentally. The casting process effectively reduces the size ofits
eqoarsve Pt audde for meting the materia. Met casting invoives retting aletch of pondared raw meterials,

Powder Mixture Solid Glass
Product

heating

Nucleation and
crystal growth

Melt
Cooling and fortning Glass Ceramic
Product
Solid Glass
Product ( a ) ( b )

Figure. L3. Flow char!for production of (a) glasses and (h) glass ceramics by niell casting

fdloned by aoding ard farnring to poduce afinshed body (Fgure. 1.3). The medhansm indudes salidification
of the net acoopanied by the rgod nudedtion and gonth of aystals (gairs). The mgar daw bedk of this
tedrique is the unaonirdied aystal gonth, which leeds to alowvstrength for the produict. Meany ceramics either
have high neting pants (eg, 202, mp.» 2600°C) o many tines the precursors deconpose befare they reech
the meling pant (eg, S3ANY). This limits this tednique for the fakication of glasses.

Anather ateration to this is the g/ass ceramic process™». Raw matetias are famed into glass (by net casting)
then hested in o steps, ae for nudeation ad the ather far gowth of arystals. The best eanpe is the
megnesum auninaslicate system cordierite (¢ My 2 Abos s Sio2 ) Whidh is ane of the two systernrs studed in
the present wak

1. 3. 5. b. Firing compacted powders

This methad is widdly Lsed for the podudion of payaystaline meterials, which involves aorpedion of the mess
dffine partides (ponders) into aparows, sheped, carsdicated fam ard then heeting to high temparature tofam
the derse padlt. Figure 1.4. shows the besic steps.



CHAPTER |- INTRODUCTION

Powder

Mixing and
consolidation

|
Shaped Powder form

and additives

firing Consolidation - die casting, slurry
casting, plastic forming or

injection molding

1r

Dense Polycrystalline

Product

Figure. 14. Flowchart for steps involved in production of polyctystalline ceramic by firing compacted
powers

Being the most widdy Lsed nethod this process o rodudion of palyaystaline ogramics framn ponders hes
been acostant interest far many ogranic researchers far alag tine wWhich yidded extersive studies ard thet
can e rdleded by the lage vdunes o reports’ Bxduding the peparation of precursars, for agramic
preparation, this wak also adoass this sarre method

1.3. 5. c. Comparison between various methods of ceramics fabrication

Alter loddng into dfferent nethodks for ogramic falication, an overal sumary of various methodks is gven in
Take 1.2

Table 1.2 Common ceramicsfabrication methods™

Starting matexials Method Product
Gases Chamical vapour depastion Filrms, Mondiiths
Gasliqud Dredted et addation Mondiths
Gas-Sdid Reaedion bodng Monditrs
Liquick So-gel process Filrrs, fibers

Palyerisation Filrs, fibers
Salick(powders) Mett casting Mondiths
Sntering of pondes Films and nmonditis

(* Fom Ceramic Processing and Sintering, M N Rehermen Marad Delder, nc. NewYork, 19%5)
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1 4. APPLICATION OF ADVANCED CERAMICS

The caramics have awicke vaiiety of ggdicatias starting fram househdd utensils to nudeer fuels dgoendng an
therr neture. Various aaramic godicatiars are discussed in literature”™ Qut of al these gpicatiars, the structural
ad dedranic ones ae the nost fesanating area of recent research, Also, the caramics prgpared ard aralyzed
in this curent wak have the nain interest in these two gpicatians. Ad henag, it must e gopropiate toheve an
idea abat the pradticaklity of these gdications and therr derand waldnide

1. 4.1. Structural applications

Hoh medharical strength at high tenperatures ard attradtive properties, induding weer and carasion resistance,
stiffness ad low dersty, are equedted to parde the wse o aystaline nondlicate ogramics in gopicatias
rangng fram autarddle engnes o dentd inplants. These gpedd cgramics ae aoning under structural
ceramics. They ae wed to fam nondiths, compasites and coatings for engne carponants, autting todls, weer
aaTponats, heat exdanges ad aarapece componats. Demard for meterials besed an duming, titania,
cabides, nitides, baides and ather ninerd fibers acoourted for $ 171 Min 1987 ad shoud gowto $ 265 In
by 2000 in US. Japen leack in the walds advenasd structural ceramics business, and hes commerdalized mary
gudicatiors. The daard for structural oraics in industrial gppicatiors and weer parts is eqoeded toreech $
720 Mby 2000. Qutting tods rejresent anather messive ed tse ardlis eqoedted to reach $ 500 My 2000°0®

Cataytic converter is adavice incapaated into the exhaust system of anotar cax thet reduioss the quantities of
pdiutants in the exhaust geses. A cataytic converter aontairs small beeds o mondiithic honeyoonts thet are
aoated wWith metals such as peladum ard datinum When exhaust geses pass thraugh the catalytic converte,
these metals ad as catalysts, encouaging damica reedtiars, such as the addation of catoon nonodcde ad
oatain hydocabars, intoless hamu cadoon dakde ardwater. Unleaded petrd nust e used in cars thet have
catalytic converters; athewise, the nde metals in the honeyaanss will ke pasoned by leed and will ceese t©
fundion prapaty. All newcars in mery counties induding Inda are eqigoed with catalytic converters. Monadithic
substrates for aoeting catalysts in autoedast emssion cotrd devicss ae the recart aress of research in
spedd godication for ceramics”™ As the exdnaust gases are canying tenperature ranging from 200 to 800 “Cin
different jao=s® of the edaust, the aganic nondith shoud have very high themrel shodk resistance ad the
thenmel equarson aoeffident shaud be very less. Monditts shoud have very high nling points and high
themmal condudion While metaHboesed mondiths meny tines fall in these properties, aaramic mondiths are ost
suted”

Structural ceramics are inpatart in the aaragpece gopicatiars. Advanced caramics have biesen devdgped for
wse in structura engnealing gdicatiars. Sicon nitide ard slicon catade are wsed 1o produce caramiciTetix
conpastes (MO, whidch ae noe duade then mondithic agramics. The Netiondl Aeronautics and Soece
Adminstration (NASA) is ae o the mga users of adviancad agramics, primatily for the heet resistant layers
required to paed the speoaaait Yoo reentry. Gonmrerddl pprodlidion of continuows fiber reinfarced QS s
canied out by Textron Spoeaalty Metaks. The aonpary is aonduding reseexrch ard devdgament wok an hat ges
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fiters thet have a high strength, ertenoced durality and are environentally acogtatde Themdl pratedion
wed by the NASA indude highlemperature reusalde suface tiles, filbrous refractay conpaste tiles, lonv
tempaature reusalde suface tiles, adianced flexbe rewsalde suface Harkets ad flexibe reusalde suface
Hankets. Total davand for QVIGs inthe US in 1990 wes wath $ 1308 M Thiis s likely togowby 146 % to $

509 Min 200000

1 4. 2. ELECTRONIC APPLICATIONS

1. 4. 2. a. Introduction

Hectronics will ke ane of the nost successful industries in the newnrillenium as the dgpendance of hunen life an
it gons eponentidly. The ddoel dedranics industry is in seaxch of nore relialde, atemative ard oost effective
rawneteias. In the fidd of adanted agranics, dedranic ogramics are eqoedted to corstitute anga share of
the advanced azamic nakets aleedt til 2000 ADN. The industry analysis division of the US Departert of
aomrece indcates makets wath $1825 nrilion for advanosd cgramics in the year 1985 aut of which aoout
$1700 milion is for dedraric caramics. The predded figure in 2000 ADis $ 3485 mrillion for dedranic caramics
ou of atad o $58%. Argot™, whch farecasts the trend of utility of advanoed oeramics, shows thet the tata
ogramics goicatiars, 79% are for dedraric ard 14 % are structural gopicatiors. Grauit miniatuization and aost
redudion ae the o agpeds a which nost of the devdgoents in dedranic cgamics ae anedY As
desaibed in Takde 1.4, the caramics have wioke range of dedranic gpopicatians.

1. 4. 2. b. Various branches of electronic ceramic applications

Deledtiic resonatars, varistors, mutilayer capaatas, pezodediic meterials and semioondudtar gpdicatios are
the frontier aress in this. Didedtic and aalical meterals were reviened by Subberao et P Mae gdicatios ae
desaibed esanee® The nain R8D

aess o interest for  dedraic _

redegng ae the daveigamert of low e ' enip
ddedic costat ogamics wth

themdl eqoarson netding o thet of

sicon ad a proces cgelde o finer

resautions for piniing the coduding

petters® The present wak is noe

foosed o the maogedranic

pedegng (VEP) gxdicatios. Later
. : . Figure 15. Schematic repre.seiitalion ofa typical microelectronic
pat o ths dhepter desaibes variows packaging (MEP) subs/rale assembly

agpedts of MEP teddagy.

Insulator

(substrate)
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1. 4. 2. c. MEP and its developments

The amtinung desre for faster ad derser dedraric maoadrauts leacs to the ddlenges in matetials
engneging an bah the alomic ard maareter scae. The integated arauiry (10 an aslicon dipis the cantrd
anpoat o dl logn ad mamay fundios an which today's conputers and ather dedranic systens ae
bessd™ Fgure. 15, shows a sdardic dagam o a mutlayer maodedranic pedagng which hes bean
famed by soeen pining irsdating layers ad coduding pethways into rigd sustrate. The tem
microelectronic packaging refers tothe assermidy of functiors thet suppat, paed, provide poae to ad trarsiit
sgnals fram ICdip The dipis lbooked an the tgp o the muitige layer of insulating layers of ceramic-gass thick
film peste thet have bean sareen pinted ard sintered into aigd substrate (ke auning). The Fgure 1.5, shows
asdhadic representation of amutilayer maodedranic pedagng

Gengrely, the substrate materials can e dvided into three mgiar dasses: Garaiic besed, Paymer besed ad
structures bult on et aore For hgh pafamance pedagss in which exadlent themdl stablity ard
impemresity are essentia, ceramicsbesed pedags ae pefared Severd authas have desaibed the
evdution of ogranic pedae teddoy®  pa exande, IBM has devagped vaious such agramic nodues In
de couse viz, Sdid Loge Tedndogy (SLT) in 1964, Mondithic Systerms Tedndogy (MST) in 1970,
Metdlised ceramics (MO) in 1975, Muti-ahip modules (MAM) in 1979 ard Themral condudion nodules (TAM) in
19808.

The gened menUfaduing process of agamic pedegg tonards the e of cofired mutilayer structures
consists of different steyos such as proddion of agranic by dodar Heded wetfers, metalisation, lamination, and
smutaneows sntering of the insUating layer and conduding corponerts. Agure 1.6, shows a scharetic
representation of these processes. The nost widdly Lsed sulstrate neteiial is aduina Talde 1.6. illustrates
the nost warted propaties for a better substrate neteia. Honeve, the meits ard demenits of the existing
sustrate materials are dsaussed ad andlysed in the later part of this dgpte.

1. 4. 2. d. Hurdles in MEP materials

The tedhndagy for prgpaing mMaodedranc pedegng is meking a remakalde ad rgad progress to meet
existing needs far materias with more preasion, high pafarmance and with better aost effect. Though high purity
aunmines (ALQ =96 10995 %) are wsed for thin and thick film gadication widdly, ather meterials like BeO, SC
ad AN are also used quite frequently. Different matetials and their meterid properties are gvenin Take 1.3
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Table 1.3. Ceramics currently used in packaging and substrate applications.

Meterial Dielectric Thermal Themal Strength
constant exparsion Conductivity M3
(1069 (WhK)
Aumina 96% 10 71 2 280
Aumina 92% 95 69 17 320
Aurina 90% 85 70 17 280
Aunina 55% +glass 45% 75 42 42 300
SC 40 34 3B 230
BeO 70 80 5 170

MICROELECTROIVIC PACKAGIIMG TECHIVOLOGY

Auninadicate besed aaamcsustrate materials iave fesaneted the attention of the adenosd caraic sodety,
as they hae may advantagss over the convarticdl matetias like aduming, BeO, AN e These
aonvertiadl sulbstrates require veary high sinteting tenperatures in addtion tg sone of them baing tokc ad
resuit in inhamogeneaws snteringY For exande, adaumina bang albetter ddedtic meteid, requires ahigher
sntering temparature (above 1873 K) to farmagood derse phese ad the tsage of expersive high refractary
metas like W, Mo for printing the aconduding petters an the subsstrates beoares inevitalde. Mery trials have
been mack to substitute the widgy and traditionally used ogramics like a-dumina with duminaslicate-besed
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CHAPTER |- INTRODUCTION
cgamics ke cadeite (MgALSis o is), anathite (CaAS|Cs), mullite (AleSOis) ad pspodlnene (LAIS206)
whch have gaoeding propaties. For a better substrate meteid, ane shoud have a low deledtic corgtart,
thermdl eparson natch with thet of slicon, high themmal condudivity, themrel shodk resistance, good

medherica strength, ad low tenparature processability™™-.  Sdwertz suggested allist of agramic pedegng
meterials thet are curently in use (Takde 1.3) and those under consderation for the future (Talde 14)3%

Table 1.4. Ceramicsfor future use in substrate and packaging

Dielectiic hemal Thermal Strength
Meteria corstant exparsion \.conductivity Ma
{106/Q (WK
Auminum nitice 88 46 84-240 30
Slicon nitide 6.0 2 3 50
dass-ceramics 4565 2.5-6.5 0.84-2.1 241
Mulite 6l 45 21 210

To pass through evay step of the MEP, the raw metaid neecs to possess soe inpatant propeaties. The
preperation of the wafers o castied tgppes neecs agood ponder ropaty. Unifam pattide sized ponder gves a
better strength and smoathness o the suface. The process of campedion ad pressing needs awaHoonded
poncker with good kindng capeaty.

1. 4. 2. € The demand based synthesis pathway

Fom corsdidation to firing of the geen bady, the effedt of dharadtenstics of the ponde is remalkalde As a
resut, the ponder prgpearatian is veary inpartart to produce the desired marostructure. Let us first define whet are
the desired properties for a caamic body ad then ddfine whet is inpatart for the dedranic (VEP) ad the
structural gpicatias. Takde 1.5. gves alist of such peraneters ad eqoedted properties.

Table 15. Desirable powder characteristicsfor advanced ceramics

Ponder characteristics Desired property

Patide size Fne (<~ 1 HM)

Patide size distribution Netrow

Patide shepe Soherica or equiaxa

State of aggameaion No aggaraation or soft aggareation
rervical ion Hah puity

Phase compadtion Snge phese

Advanced ogramics must meet very spedific raparty requirenents ard therefare their damical conpasiion ard
macstruciure must kbewel cotrdied Carefu attention must ke e to the quedity of the staxrting pondess. For
adencsd ozramics, the inpatant ponder cheradteistics are the patide size, patide size distibution, shepe
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state of aggareation dnemica conpastion, and the phese conpastion: The structure and cheristry of the
suface are also inpatant. Each cheradtenidtic hes its oan influence an the caramic processing Talde 1.5, showns
the gened desralde ponda dnaeradtenistics for advanoed oramics. Honeve, they mey denge aoooding to
needs for agpedd gadicaion In VEP the desired proparty requirements are listed in Takde 1.6. However, none
o the exising matetials nmects dl the desred proparties. Athough AQ is the most widdly wsed naterid for
falication of padkages, BeQ SC ad AN are also used qite frequently. Various aunvina meterials with different
% of dumna ae listed in the Talde 1.3, AN espeddally, has lbeen inaeasing in populaity recartly® Generdly,
for dedranc padegng substrate gdication, the metetials are eqoeded to have proparties as gven bdowin
Take 16.

Table 16. Property regiiiremenlfor electronic packaging material

Lowddedric aodart
Lowddedricloss

Hoh deedtic srength

Hoh dedticAl resistivity

Hoh themmel conductivity

Themmal BExpansion nretchwith thet of the diip naterids (S)
Good medrenicd strength

Suface smoothness

9 Hamretic

10. Lowtenperaiure processakality

11. Gapatibility with aqper retalisation
12 Sade

13, Nontadc

14. Lovaost

0O N O g~ WD

Al trials have bsen medk to get materials with the possession of nost of these roparties to ke better canddetes
for these godicatios. Honeve, the present wok is aoout the prgparation of solid poaders Lesng an
unconvertiandl route and their deradterisation for pedeging substrate gopicatians. Henoe, the vaious methods
O peparation of the pondas wadd hep in understanding the unigqueness of this spedd roue. Gonvertiondel
odde raute syrntheses have been still in interest for allag time even ater the evdution of the new synthetic
routes. Synthesis of hghtemperature superconduding ceramics. Yitium baium agpate (YBa2Cu307-x) ad
thalium baium calaum megnesum agqgper odde (TBa2Ca3xMgxCudly (x = 0-3)) are goad eanpes™™™
Caroustion is anather method Maonave conostion is rdlatively anener poces™» It hes the advartage o
mae synadronized aystalisation o fine stucture. A repat, authoed by K S, Mezdyasn, reviews vaiious
ageds o the synthess of shge ad mixedyhese adde agamc pondes by themmel and hydaytic
deconastion of meta dkoddss*® So-gel besed prgaration is consdered o e ane o the efficent ways of
oeting fine cgramics. Mae then 170 reviews gaoeared an this tgqac in asnge year, 1998 dae May
pubdicatiors revedl the prefared dnoce of so-gel tediqLe for aararic pondker preperatians™.
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1 5 SYNTHESIS OF POWDERS

1.5.1. Introduction

The adancd cgamics sdence ad devdgorat ae an the inpovenet in the daractenisics of those
metetias. But these propeties are noe dgpandat an the way o the raw metalid preparatias. Snce evay
preparatay route hes its oan chenristry and kinetics which povice different neture for the pondess. It is inpatant
to knowad understand the various agpedts of the synthesis route of pondess.

1. 5. 2. Classifications of the synthesis methods

Mery dfferent methods are avalalde for ponder preparation framliterature'™ ™ Poader preparation methock can
ke broedy dassified into two diferent dasses.

1 medeaica methocs

2 darmd nethods

Mednenical nethods are generally Lsed for rroduaing pondars o the traditionel cerarics fram naturally coouning
rawmeteias ad are in afaily neture area ard the sogpe of nevdevdgoreants is sorewhet smal. Honeve,
recently for advanoed ogramics pondas, highspeed kel niling, ane of the mednarical nethock, hes aracted
the attention of many researchers. Gremical nethocs are generally sed far prepaing advanosd oegramics fram
synthetic neterias or fram naturaly coouing meterials thet have been treeted dhemically to a corsderade
degee Honeve, sone damica methocs indude ginding (Which is a mednerical method) as a part of the
process. In fadt, the ginding process is 1o krealdlonn the agganerated partides and to get a desred physical
daeradenisic of the ponde (for eg, patide size ad its distribution). An outine aloout eech of these routes ey
ke interesting to gain sone ideaaoout the various methocs avallade for ponder preparation

1. 5. 2. a. Mechanical methods

15 2 a1l Communtion

This process invaves gpearatiars like aushing gindng ad nrling For tradiional dayHbesed ceramics,
machines such as jaw gyratay, ad aoe aushers ae wed The nost aammn way to adiee the size
redudion is by miling. Qe a mae of avaiiety of mills nmay e used, induding high comaression raller mills, jet
mills (flud energy mills) and kel mils™”. The meteid is pressed betwean two raller mill &s like carvertiondl raller
mill bt the aotad pressure is aorsderaldy higher (in the range of 100 - 300 MPa).  The stodk of coaerse
patides is comminuted ard conpeded

152 a2 Jetmils

Gengaly, the goaration corsists of interadtion of ane or mare streans of highspeed ges beaing the stock of
coase patides with anather ighspeed stream Conmrinuiion ooours dLe 1o callisions between the partides. An
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inert ges like nitrogen ar argm is wsed &as the hightgpeed stream to reduce the possble addation of nonoadde
meterials. Arecent reviewdesaibes various aspedts o the fludzedhbed jet miling of ceranis™®

1.5.2. a 3 Ball mills

Gomminution roller mills ard thejet mills are to adhieve the comminution without ginding nmeda This methad is
to wse bals or rocs o mreke conmrinution by conpression, inped, ad shear (friction) between the ginding
medaad the partides. Rod nriling is nat sutalde for fine pondas wheress el miling is. This provides ponder
size in the range fram 10 jimto as smel s afradion of amaanete. Bal niling is sutake for wet ad dy
miling. Honever, the rate of ginding dgends an vaious factars

1 5 2 a4, Mechanosynthesis

Espedally with prdanged nriling ar miling under vigarous conditiors, bath physical and deical charadteristics
d the patides can udago sgnficant dangss. Medhanosyrnthess is ae of the best exandes of such
condiiors. Gindng in fadt enhancess the dnemical reedivity of the ponder. Rupture of the bonds duing the
patide fracture results in sufaces with ursatisfied velences. This in addtion with the high suface enegy
adivates the pondes to reect with eech ather and their sumroundings. First successful preperation wes for N ard
Al dloys srengthened by adde dispersions ad later it wes used for meny ather pondes like oxides, caradkes,
nitides, baides ad sliddes*® A recert resutt of mechanosynthesis of MiSa from Mb and Si pondes gaoear to
rde aut atrue said state reedion between the partides as the pranrinent mechensri”?

1. 5. 2. b. Chemical methods

15 2 h 1 Solid state reactions

Chemical deconpadtion reectians, in wWhich asolid reedat is hegted to produce anewsoid plus ages ae
comonly wed o paduce sde adde ponders fram calboretes, hydraddes, nitrates, sulfates, acetates,
odates, akoxides ardthe ather el salts. For eande,

MgCO03(s) -> MgO (s) CO2 (g)

These readtiors, invaving deconpastion of solids ar reedion lbetween solids ate referred to in the caramic
literatLre as calcination.

1.5.2. b 2 Lliquid Solutions

There are two generd ways of padudng apondaed mataid framasaution; (i) evepaation of the liguid and (i)
predptation by addng adenical reegat thet reedts with the salution
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15 2 h 3 Predpitation

Stober et . caried aut systeretic study an variows fa tors thet affedts tile predptation of fine Si02 partides by
hydrolysis of slicon akadide in the presence of NHNhe differences in the rates of hydrolysis heve been the
prddem aways if two or more aomponents ae present in the sdution in the Gase of prepaing a mixed aide
ponde. The process is refared to as agredptation (sometines as co-hydralyss). A good eanpe is the
preperation of BaliCa by the hydrolysis of the sdution of beium isoprapadde, BE(QC3HY)2, ard titanum tertiary
amyjadide, Ti(OG:HN)., by Mezdyasn ard conakers™.

1 5.2. h 4. Hydrothermal prepearation

Hydrathemrel prediatation involves heeting reectants - dften et salits, axides, hydroxides or retal pondkess -
as asdution or asuspension, wsualy inwete, a devated tenparatiure ad pressure. Termperature usually falls
in the baling pant ard the aitical tenparature (374 Q) of water ard then pressure ranges yao» 20 MPa. The
process is canied au in a hacdened sted autodave, wWhich can e heated o the desred  tenparature
Hydrathenmal aystdlisatior™ is anather rethod endoyed to reke a highly anystaline nmeteid (eg, 24 ha
300°C under 100 MPa) fram a poaly adered preausar meteid (eg, armophas 202). Lage scae o
comedd eqdatation of this tedmigueis bang investigated for fewdecadkss. Frodudtion of zedlites is adassc
eanpe fo this tedrige™si Honeve, this dorain will ke dsaussed later in this thesis, as the raw meterials
wsed in this wak are besically prepared thvough this hydrathemrd raute

1 5 2 h 5 Bvaporation of liquid

Bvapaation of liguid invaves supersatLration of the liquid ard therely causng nudeation ard agonth of the
aysta. If the process of super saturation is very rgad, alarge nunber of nude are famnred in ashart time This
can ke adieved by faming fine drgps o the liquid, which gves very high suface aea for the liquid so thet the
evgpaaion beoares noe rgad Honeve, this hes the dsadvartage of prdoetde pattid aystallisation in case
solutions of two salts are used

Spray drying is ane of these methodk, in which afiud atoniser is wsed to paduce fine dropets into a dying
danrba. With respect to howenergy is gven far produdiion of droets, there are vatieties of atarsas™ Spray
dhing hes lbeen fourd to e wseful for the prgpoaration o ferite pondes™® The ponder paduced by spray dying
can e sntered to anost thearetical derstty. But by using a higher temperature ad reedive (eg, oxidisng)
amogpohere in the danrbe, the salts éan e diied and decaposed directly in asingle g™ This process is
referred 1o as spray pyrolysis (&lso caled as spray raesting, spray reedtian, and evgpaative decarpastion).  In
Freeze Drying, the sdution is kydken into fine drios into adaa, which ae then frazen into aadd beth of
immisable liqud such as heane ad dy ice o dredtly into liquid nrogen The add doplets are then deod
into acoded dambe ad then savert is removed under veauwm by subdimetion without any meling. Poaders
o A:Q produced fromfreeze died sluries are found to corsist of soft aggoreates thet aald be lbrdken doan
estly"®
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1 5.2. hh 6. Sol-gel Process

The ¢d famed by hydrayss, condersation ad gdation o the intia sdution (nommelly with a paymeic
structure) is died and gound to prodlice aponde. Because the nixing of the corstituents in the gd fametion is
adieed a& andeadar led, the pondas have ahigh dagee of demica harogenaty. Gotrdled dying is nat
reacd in the produdion o a ponda. Liquid renova under superaitical (or hyperaitical) conditiors produoss
anmost noshrinkage, so adied pondar with lowstrength is dadtained Some recart developnrents in agueows so-
o processing ae desaibed wal by Atldirson et & Anather repat by Ismal ard conokers revedls the
preperation o mullite- caderite conpaste ponders by so-gel rethod

1 5 2 h 7. The Pechin and gyadne nitrate (Citrate) nethod

The Pechin method is a process develgoed by Pedhin®, ad is aso refared to as Gtrate g process o
anmophous dirate process. The et iors framthe starting meterials such as catoonetes, nitrates, and alkaxides
are aardeed in an agueos saution with axcarbioxyic add such as dtiic add VWhen heated with a payhydraxy
dadd, such as ethylene gyad, payesterification ooours and an reroval of the excess liquid atrarsperent resin
is farred The resin is then hested to decampose the arganic carstituents, gaund and finally calaned to produce
the ponda. Poaders with high suface areacan e pprodlioed by this mrethod® The gyane nitrate process is ane
of agenerd dass of aomaustion nethods for preperation of aramic poaders. A highly viscous mess famred by
egpaaion of asdution of met nitrates and gyane s igrited to produce the ponde™

1 5 2 h 8 Nonagueous liquid reaction

This process is mainy wsed far the produidion of SSN™ pondeass. The reedtion betvwean liquid SO ard liquid NHs
hes een wed even an an industrial scale by UBE Industries, Japen to poduce SisN- powndes. The podliat
famred by the interfadd reedtion betwean the two liquick were adlected and weshed with liouid NH: and calaned

1000 X topoduce araophas SisN poades.

15 2 h 9 Vapou phese reactions

These are manly wed for the produidion df nonaxdes and refractary axides like SisN- and SC pondears. Ges o
Sdid reedtiors are studed ard rgaotad®*. Nridation of Si hes lbeen revienad by Moulson®6.

3Si+2N2 SI3N4

Meedyasn adGode  shoned thet the readtion betwean liquid SICL: and NHsges in dy hexane &t 0°C aaud
ke Lsed to prgpere afine SisN ponder with very lowlevels of metalic inpuities.

SiCI4l) + NH3(g)-~ Si (*H)2+ 4 NH 4l

3 SI(NH)2 ~ Si3N4 + N2+ 3H2
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CHAPTER I- INTRODUCTION
Readtiors between  gesesare also repated The typaca readtion can beillustrated asfallons,
3SiCl4(g) + NH3(g)” SidN4s) + 12HCI(g)
3SiH4(g) + NH3(g)~ Si3N4(s) + 12H2(g)
Honever the advartages and dsadvarntages of al these tedmiques ae gveninTalkde 1.7, whichgves the
overd summay of the coon ponder reparation rethock for oeramics.

Table 1. 7. Common powder preparation methods for ceramics

Powder preparation method Advantages Disadvantages

Medharica
o Ineqoersve, wice Lnited puity, linited horogenety,
Comminton appicadity large petices
. . Fne patde sze, good Linited puity, limited homogeneity
Medhenodamica Synthesis for  rooids low
terpaaue roue

Sutabe for wat & dy Ml pararetes dfedt the pattide size

Bal il riling, fine petide sze
Jet il Repd method nerow - Liited purity
patide size

.

, . Snmye gooaas, Agdaveaed ponds, lirited
Solid date reactiaos i ) I & o

ponckess

Liaidl solutiors

Pedptationorcopegptation Hgh  puity,  smal  Bxpersive, poa for nonakdes, ponde
o aicn (gray chying patides, mm agdareation wsually apddem

. . aontrd, dencd
spray pyrolysss, freeze dying, so-gel | i
Jprocessing); . :
Y e Limited tofewaxides
Conoustion (Pechin o . i
method gydne nitrate [rocess) aeal OTOgEnet,
Linited to nonodide
liouid readt
NonagueaLs ligLi as. Hoh iy, ol
patides
Vapaur phese reectias
Gassdid reedtion Ineqersve Low purity, linited to nonoxddes
Gesliquid &ges-ges reedian Hoh puty, snaEl Bxersve, limted to nonoxddes
patides
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1.5. 3. CONCLUSIONS

Vaious methock avalalde in the literature for the preparation of agramic pondeas ware analyzed in this section to
| a peparaay jdea doaut the caanic peparatiors. The advartagess ad dsadvantages of them ware
aonpered This wadd hdp to undestand anewraute of caramic preparation with alboetter peragtion

1. 6. THE RESEARCH PROBLEM
1.6.1. INTRODUCTION

The present wak is to study the prgparation procedures ad find aut the propearties of attemative caandc
metetias as aompared to aonvartiodly teed anes in maodedranic pedegng As nentioned  eaier
convertiondlly, eumina ad BeO ad SC are afewdf the most widdly used meterials in dedronc pedegng
But aooadg to the propaty requireents as gven in the Takde 16, anost dl these meterias hed nary
danbeads. This sedion will discuss the impatance of those ropeaties, their adiLel relationships between them
and the nesd ard soope of this reseerch wak in bief.

1 6.2 PREFERRED APPLICATION CRITERIA

1. 6. 2. a. Dielectric properties

Any good pedegng caanic shaud have loner ddedtric carstant. In designing highspeed arautry, there are
WO paranetes o trarsmisson line condudias of geatest inpatance, (1) vlodty of propegation ad (2)
daeradeistic inpeckneRR) Bath ae influenoed by the deledtiic corgtant of the caraic sukstrate. The tine
(Hay for sgnd pgoecation in atransirission line is gven by

where kis the ddedtic corstart of the medum | s the dstance the sgndl shoud travd; ard cis the vloaty of
i@ When the aconductar is suraunded by a medum of lonest ddedtiic castart, the propegetion is the
highest. To have acatrd over the aondudir line wicth ardl the ddedtiic thickness, the inpedance of the line
should ke natded with the impecence of the device inaut. Bath the dledtiic corstart andl the ddlectric loss are
drectly rdated to the four different frequency dgpandant pdaisatiors nerrely dedronc, ianc, aientation ad
goace pdaisations. Hedronic aompanant of the pdaisation dgpends anthe nunber of dectrarns corstituting the
aam So, for lowk meteias, it is pefaade to have ions with atanic nurber less then 18 Qbitals thet are
uoooped hut energetically avalalde cause more pdarisation becase of derge in aamic shgpe. So derents
o o dedraric aonfiguratiars, (g, AN\ Ti™* ad Ng™) shaud e wsualy axaded The contiibution of ather
three frequency degpendarnt pdarisatiors are rdlatively less.
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1. 6. 2. b. Thermal conductivity

Gaanic substrates can senve as heet snk and therefare they are prefiared to dastic substrates far highspeed
drcuts. Gonventional arauits are air or weter aoded for the poner dersity of Yo to 20 War® In ogramics heet
aodudion is de to phoon rarspart. The frequency o the lattice vikrations s prgpationdl to vYim wheres is
bod stiffness and m s the mass of the latice atamar ion The ghoon veloatty is propationel to E/p, E is the
enagy O the lattice vikrations ad p is the dersty, whch in tun prgoationd to the frequency of lattice
vibratiors. Thus it is prefared o have low atamc nunbe, low aanic dersity and high degee of covdenoy far
high themrel conduaivity. Phonon waves are dsupted by defedts ard by gain boundaies. Thus the themrdl
concLdivity of apayaystaline netaid is aways less then thet of asnge aystal adis higher for snple aystal
structures, (eg, themnal conduoivity of damaordlis 2000 WK ard thet of palyimice is 0.2 WiTK)

1. 6. 2. c. Thermal Expansion

On gogation, themel oyding Gan cause aadks to fomi in the salder joints usually used for comeding the dip
antothesubstrate, if the themrd eqoarsanis nat caperade with the slicon dip On fudamentd levd, wsually
themmel equarson Gan te dredtly rdated to covdency. The patertiad well in an energy dagam of a covdert
bodwill ke more harmonic then thet of enionic bod Tayla”™® hes repated astudy o the influence of structural
factas on the thenmal eqoarson an vaious famrs of Sio -

1. 6 2 d. Hermlticlty

Gther then these, the hemiticty is ae d the impatant properties, which mears the alality of the meteid
resist the admisson of any faegn netter like moisture and adbarbent gases to penetrate into it. This penetration
dangss the ddedtic popaties of the matetials. This can te patialy cardated with the pares in the sintered
cgamics.

1. 6. 2. € Low temperature processabillty

The nmeta condudiar or dloy Leed in netdlisation an the thin wafers of the substrate for neldng the conduding
petters depenck an the terparature range of sinteraklity of the material. For exande substrates like adunina
sinter beyad 1600 ” Cto gt agood derse phese In those cases, the metals wsed for netdlisation hae to ke
hich terpearature refractay metaks like W Mo o the dloys of them which enhances the aost of the ot
cosderady. To nee e o inepasve bt batter condudas ke Qu Ay ad RVAg the processing
temperature shoud ke loner then the nelting pant o these low reling metals. So, aredudion in the sintering
tepaaure of any newsuostrate is aways adive for the nodan reseexrch and tecdhndagy. Mare discussions an
these propaties ad ather desired propaties will e mecke & gopgaiate daoss in the thesis later. Nowit waud
ke interesting to analyse howvmuch the existing neterials meet Lpto the darand o these properties.
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1 6. 3 CONVENTONAL MATERIALS ANDTHEIR SUITABILITY

1. 6. 3. a. Beryllia (BeO) hes been attradive for pedaging due toits superior themia aondudtivity, which is 8 to
10 times thet of dunina & roomtempearature But the mgjar daw bedk of BeO is its high taxiaty. Though the
finshed padece is entirdly safe to hende in ponde, BeOis highly takic This mekes the hending of ponder
meterials viery risky.

1. 6. 3. b. Silicon Carbide (SC) is theleast wsed of the caramics padagng meateiials. Its ddedric castart is
neaty 4 to 5 times geater then thet of duninacand also 20 to 100 times nore expersive. But when this is hat
pressed with 2 % of BeQ its themd condudivity is sightly higher then BeO itselF. Its themmel exparsion
aoefident is amost apafect netdhwith slicon and hes agood toughness. Anather uniqueness aboout SIC is thet
it is a hghy covdert (8% meteid arag al other dedranic oaamics in wse. This leads o high themdl
condudivities and toughness.

1. 6. 3. c. Aluminum Nitride (AIN) hes gopeared only in recent times in the matket adlis generally superior to
A:Q in al desred propaties. Themmal condudivity is aloout four times thet of 96% alumina and the mednerical
flexibiity is twioe as Hgh ad so it is less likely to aack The themmel exparsion aoeffident metches with thet of
slicon, adis also better then adumina. But ANis relatively difficuit tosinter; the nost successful sintering ad hes
beenfourd tole05to 15wt % Y-Q.

As aresut, if is easly seen thet every convertiandl meteria hes gt its oan dranbedss. So there wes anesd for
atemative materials. Auninasiicate besed agranics like cadeiteé™ (Mg AUSs o is), anarthite” (CaA2S208) ad
muite’’ (AeSOa) have atfracted the attertion in recart years as atemative subostrate neterials.

Honeve, the convertionel nethod of preperation of these meterials through nelting of gpropiate oxides neecs
ahch tepearaiure, generdly > 1400 °C, quending the glass ard then anystallisation thraugh contrdied heeting
A recert review an the trend of modem agranic research ad devagamrent: suggested thet new rethods of
synthesizing the starting pondess, inproved precursor metetials, deen room processing will ke the future R&D
dredion in caamic packaging™. Auminasilicate besed caanic substrate preparations have been tied Lsing
vaious conventional as wal as synthetic dnemical routes. For exande, the preparation of cordierite wes repoarted
by Lsng oqedptation o™ Honeve, the sintering must ke caied aut at aboaut 1420°C in ader toddan
cadeite ogranic atide with adersty of 97% of its thearetical derstty.

The decaonpastion of modified zedlites hes evdved as araute for the preparation of dedranic oramics and they

have ben foud to possess exadet gdcatias™® A bief inrodudion aoaut zedite meterials woud ke
gapgaiate here to understand noe aoout the rocess.
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1.7. ZEOLITES
1.7.1. INTRODUCTION ,

Zedite is acariangtion of two Gesk wardh, zein meaning "to bal” ad lithos

meaning “a stong’, ad is alage gap of mnerds corpoead of hydated

auninum sicates o akali metals ad akaine eath metals. The zedlites are

remed so de o ther sneling ad budding retire under nodaatgly high

tempaatue The mineras range in hardness ram 3 to s ad have a rdative

dersty of 1.9 to 28, Zedlites are usually found naturaly in veins and cauties of

besc igneaws rocks espedaly besat. Avog the noe comn ae dtibite,  Figure 1.7 Schematic
debedte, natrdite, ad aneldre, Which are widgly distributed. Zedlites are Lsed :ggfhsgdﬁogn q ‘%_fato n?
for ionexdhanger in mary aess indudng in nudear weste treatiments, dying  (may be Si or Al)

agens ad ndeada seves ad as dfedive shepe sdedive catalysts. By

ddfintion, zedlites, adass of fasarating meterias, are hydated aystaline, magpoas auminaslicates, whch
ae comaised of aframenak bessd an an indefintely edendng three-dmersonal netwak of Sic. and AQ
tetrahedta, linked together through comon aygen atons; each biidging oggen s shered with adacert
tetraheda. Each tetrehedran lodks like the ane shown schenratiically in Figure 1.7. The framewak T atam (Si™*
ad AP¥) gives raise to angt negative drerge ldanasd by nondfranenark catiors. The aystalogragahic unit oall of
the zediites may be reresented by the generd famula

M2/,,[(A102)x(Si02)y].zH20

where 'M is the dnerge aonparsating Gation with vaenoy n generally frongoup | or gaup Il. Bath inargenic
(Mmoo o dvaent et iors) as wal as aganic catiors ey e wsed to comparsate the framewak dage, 2
represents the ndes afwater mdeaues, which are reversbly ackatoed, ard the values of &k canbefromane to
infinity since aooading to Loewerstain's rue, two auminumatos can nat exist adacat to eech ather.

Zedites, as an today's wald scenario, are anrost the beddoones of mary industrial heterogeneous cataytic
processes. As they are aystaline solids with reguar, ndecuarscale pares thet incapaate catayticaly adive
centers, exat ungue cataytic inluence due to therr Tdeauar seving propatties ad savert ke dherader of
their narrow pares. These catalysts povce atiree dnersonal neda far reactions. Fauasite ([deese refer tatde)
zedlites are wsed 1o effedtively aadk the high baling petrdeun fractiors for the menufadiLre of gesdine ad
HZSME5 to convett netherd into gesdine ard in ather petrodhemical converson processes induding xylene
isomerisation and tduerne dyagpatiostiar™™
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1 7. 2 CLASSIHCATION AND NOMVENCLATURE

The nomendaiure of zedlites wes hegdherard until the IUPAC commission puldished aartain guideines for their
nomendatures jhg IUPAC norendatureis besed antherr fraimewak dersty ard nuber of T atons per 1000
A imespective of their canrpastion, distibution of T-atons, el dimersiors or symretry pararetes. A uigue
three letter aode helps to snplify the norendature of the aondicated framewarks structures (eg, VA stands
for ZSMHE5, MEL for ZSM-11 ard AEL stands far APO:-1 1 structures)

The zedite structure is meiny carpised of atetrahedd pimary unt, TO:, where T can ke ether Si or Al
Zedites can be dassfied an the basis of nophdogca deadeici3si A8 aysta structures®?, demica
anpata® ad efedive poe darete”™™ Based an the mopdhdogy, zedites are dassified as filbrous,
lamdlar o meterials with goen framewak staicture. Structure dassification of the zedlites hes been prgposed
dgpadng an differences in secondaty buildng units ard they are gayped as. areldirg, natrdiite, chaboeate,
phiipste, hedandte, madenite, fayeste, launoriite, pentasl and dativate The dassfication under demical
corpaition is exdusvely besed on the S/AI ratio (SAR®N @ lowslica (SAR = 10- 15), (O medumsiica
(SAR =>1.5- 50), (Q haohslica (SAR => 5 to severd thousand) and (d) A-free pure siica mdecular seves.
Zedites are also dassffied with respect to thelr pare openings, defined as the nunber of T (o TO: T =Si or Al)
units thet shepe the damneks. There are four types o pare gpenings known to dete in the mMaopaows zedites
refered to as the 8-, 10, 12, ad 14 rings openings cdled small, medum, large: ad edrdargepare zedites
respectively. Alist of caymin zedlites dassified aooading to their pare gpenings is resented in Talde 1.8,

Table 1.8.. Classification ofzeolites according to the pore opening

8menbered ring 10membered ring 121remebered ring 14-membered ring
(sl pae) ZAaxk (redumpoe) IZAaxk  (agepoe IZAaxk (etrdage pae)
Lnde A LTA ZSMS VH X FAU UTD-r
Bikitite BIK ZSM-11 MEL Y FAU
Cheloedte GA ZSM-22 TON BMC2 EMT
Edgoite  EDI ISM23 MITT LTL
Bionte ERI ZSMF35 FER Baa BEA
Gsrondne GS ZSMS50EJHL BUO ZSM-12 MW
ZK-5 KFI ZSMES57 MFS ZSMHF18 VH
ZSMF39 MIN NU-10 TON NU-13 MW
ZSMi51 NCN NU-87 NES SSz-24 AH
Lewnite LEV Thetarl TON Moderite MCR
Meinate MER Qreca MAZ
Pauingte PAU ZSMr20 EMI/FAU
Phillipsite PHI
Ro RHO

*UTD-1 (University of Texas a Dellas nunoer- 1) is the anly 14reroered ring synthetic zedite
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1.7.3. SYNTHESIS OF ZEOLITES

The paneaing wok of Barrer an the synthesis and ackoption heraded the e@a of synthetic zedites®). The
zedite fametion is a nudestion aonrdledgperation coawning from inhanogeneoss hydoge® in the
temperature range of 348 1 523 K Zedlites are synthesised hydrathemrdally by the calaretion of catiors (ath
aganc a/and inaganc), asource o slicon, asource of dumnumard water. Slicon sources nomnally used ae
sodumlicate, silica sdl, slica gg, fured siica ad tetraethylathaslicate (TEOS). Aluminium sources indude
sodum auminete, duninumsuphate ard auninumnirate

The mgiar factars, which influence the struciure of zedlites, are the hydrathemrdl synthesis tire ard termperature
The SAR (S/A ratio) detemines the denental framewak compastion of the aystaline zedite podud. Several
ather factars such as CH aoncantration, weter aonaantration, catiors ard aniors ather then CH - influence the
synthesis of zedites. Apat fram them there are sone history dgpandant paraneters such as agng paiod
stining gpeed ard tine, ad the ader f nxing the carponents also ey influence in soe synthesis. The first
step in synthesis is the dissdution (soretines caled as depaynrenisation) of auminum ard slicon sources to
fom dumnete ad slicate anors. These spedes are then aondersed (payrerised) tofam agd. This od is
later codked hydrathemrely o fon aystals of zedlites. Vaious agpedts of the aystallisation of zedites are
desaibed dsannee®” The guest spedes thet aoapy the damnels ad cawiies aoaourt for the stalblisation of
the aystals and the spedes are cdled the templates”.  But eqdaining the exact rde dayed by the tedates is
rather very comdex ard nat yet fully understood, athoughit is postulated thet zediite structures gowaround the
terdate thus stahlizing catain pae systens. Cther then this structure dredling effed, it ey have rales such
as od nodifier, buffer to meintain the pH of the od, vad filler to disperse water ndeales®™ Honeve, the
present wak does nat inducke any zedite synthesis but are nodfied to denge in stachionetry. So, it woud be
mae wseful o undestand their prapearties and modiicatiars thet ae possible in zediite structures.

1 7. 4 PROPERTIES OF ZEOLITES

These neteids are having propaties such as adbaption, dffuson, ndecdar seving, add catalyss, shepe
sdective catalyss, sufadtant reture ard savert neture and ey others as characteristics of their onn due o
therr ungue structurd features. lon edageis the exogptiondl frgparty of zedlites thet is used in mery industrial
gudicatios. For ecanpe, the dinination of redoadive iors fram radcedive weste materials by dinoptildiite.
Honever, our interest is to wse this reture to alter the stadhionetry in the precursor ponder for the ogranic
preparation Cation exdenge behaviour of zedites depenck an

(1) the neture of the cation spedes, the catiansize, bath anhydrous and hydiated, and cation drerge
@ thetenpeaatre

@ the concantration of the cation spedies in the salution

@ the arion spedes assodated with the catian in salution

(B thesavent (nostly it is weter)

6 thestucturd dheradteristics of the zedite
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lon exdenge is aocoopanied by dandtic danges in the stablity, adsaption behaviour and selectivity, catalytic
adivity and ather impartant physical propeties. The utinete bese exdange cgpedty of azedite depencs anthe
damicad conpastion; ahigher exdange cgpedty is dosaved with zedlites of low Sio2 /AL o5 ratio. Zedite A
dsplays adabe ionseve adion Oy small catiors Gan panetrate the sngle 6+ings into apcage The ader o
dedessing selectivity for univaert ions in zediite Alis

Ag>TI>Na>K>NH >Rb>Li>Gs
For dvaentiors, the ader of deaessing selectivity is
n>Sr>Ba>CGa>@M>N>@>H>My

Zedites X ad Y ae ided meteias far studying cation exdange phenorenon in zeolites.  Differences in
structures (cation positions, cation distribution, framewak draerge, SYAl adeing) are evidenoed in the differences
axaved in the cation exddenge behaiar of these zedlites. Beowthe levd of 40% exdange, the selectivity for
unvaent ions wes dsaved o kein treads,

Ag» TI>G>Rb>K>Na>Ll
At 50% exdange the sdlectivity series wes foud to ke
Ag» TI>Na>K>Ro>CGs>Li

The ion exdnange caedty o atypaca zedite Y is loner then thet of zediite X due to the framewak drarge

1 7. 5 CHARACTERISATION

Ponder Xray dffradtion is ae o the pine tods extersvely Lsed for the dharadterization of zedites. The
aystallinity and phese punity are reedly deterrined wsing this tedrigue Honever, the dhamical compasition can
be deterrined by ather goedrasogac tedmioues such as AAS, XRF, ad EDAX The themrd stalllity of zeoiites
vaiies dgpandng an the damical compastion and the structure. Thiis is dften exanined from the shepe of the
high tempaature dfferentid themd analyss (DTA) exahem Vaious physcodhaica dangss such as
dehydation of ackatbed water, decapastion of aodudsd targdate meteid, the dehydioglation ad structiure
adlge can ke andysed in carbretion with themrdl gavietiic analyss (TGA). To undestand the catalytic
gdicatiors of zedites, propaties such as suface aeg, addty, ackaption ad dffuson may aso be studed
wsng vaiows tedmiques. Sdectivity in cataiytic reedion produdss is anather interesting infference duing the
dhaeradenization of azedite. Honever these tedriques heve no drect rdlevance tothe present wak
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1 7. 6. CATALYTIC PROPERTIES

In the fidd of heterogeneols catalyss, zedites are ungLe because o their sdective reture The tem 'shepe-
sdedtive catalyss’ wes adned by Weisz ard Hillette mare then three decades ageR The ndecular dmersonal
pae sizes of zedites ae the striking feature of the zediites ard rdated meterials, Which kiing the conrpexison
betvween different agaric ndeades ad the zedite pae leedng to the conogt of shape sdectivity. Shepe
selectivity consists of aaamangtion of shepe, size ad configuration of reectarts, transition states and products
with dimernsiors, gearelry ard tortuasity of the channels and cages of zedlites. Gicsaly™™ hes categaised these
selectivity effects as

1 Readart sdectivity

2 Poduct sdectivity

3 Resticted transition state sdlectivity

1 7.7.ZEOLITES AS ADVANCED MATERIALS

In todey’s search far sharter, faster, moe sdective ard efficent processes, the ahlity to engneer well defined
spatia maocarangerents o pure substances ad copaste mateiias is daying a pvatE rde in aeating new
mdeadar levd dedraic, gaical ad negreic devicss. The host lattioss and guest structures aoncet in
nenaTeter axdhitedure éan ke visudlised in these miagparals zedite meterials. A new frontier of solid state
chenistry with geeat gppartunities for innovative reseerch and devdgameat is in the eqdatation of zedite
meterials. Agairst the tradiionel users of zediites, within the last dscacke corsderalde effat hes been dredted &t
ather uses of zedites as advancad meterials. For exande, in the fidd of solar energy converson teddogy a
spatialy wallaganised mdeauar systemis reuired thet modds photosynthetic nmechaniss, there by dloamng
redox readtiors. Cther paterntid gdicatias indude zediite dedrodes ad dedran relays, zedite betteries,
zedite fast ion condudas, intrezedite semicondudas, zedite dnemical sensors, zedite inegng ad cHa
starage metetids, zedite lasers and dsplays, as wal as zedite compasites to fami pemsdective mamtaanes o
thin fiN3&R Luninescence of zedites thenselves is anather eqdatalde prgpaty of this dass of meterias, the
range of which hes besen recantly relensd™Va Honever zedites, like any ather soid meterias, have ther
lintations. Those spedific to zedites indude pare duggng pasoning, staictural defedss, the difficuities of
goarg large snge aystals ad intefadng azedite device with aut sde wald Mary of these prddens aan

athough kesaved, are dsared to ke interesting reseaxrch prgeds. , "
\

1 7.8 ZEOLITES AS RAWMATERIALS FOR MEP

Auminaslicate besed ogramics ke, aodeite mulite, pspodunene, ae attradive canddetes for substrate
gdicatios in MEP as against the convertiondl meterials. Preparation of these duninaslicate besed oaramics
honever becones dfficut Lsng convartianel nethock, For exande, convertianel manner of prepating caderite
invalves sintering & tenperatures aove 1250°C, ad the resutant meterid does nat have the desired hich
themmel condudivity”™. Therefare, thereis ansad for aprocess to prepare cadeite & as low atenpaature as
passhle ardwhich hes as high athemrd acondudivity as positde™™ gedk discloses thet zedlites can e used to
fam aodeite by heating My exdanged X zedite The disdosed process invalves heeting the MX zedite &t
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1500 Ctofamaglass ad then hedling the glass above 1000X tofomaadeite: Thus, twosteps are required
to fom codeite. Anather reference reveds the preparation of caderite besed caramic atide by heating My
fom of zedites X, Y ad A & aterpaaue aooe 900X to about 1350X9 It aso reveals thet removal of
soduntovery fewgamlevd enhencss the redudion of deledtic corstart and delectric loss.

1, 8. OBJECTIVE OF THIS WORK

The zedite-besed raute o rgpaing duminasiicate type of aaramics gpars Up anather area of noden agranic:
research The rdative dersty and the hese punity ate the two mgjar prodens awneys. My times the farmetion
of satelite phases such as paymoprs o siica ard ather et oxidess s possidle dependng on the derrical
compositions”. Nevertheess, the aboove mentianed reparts offer only prelininary details. When this wak wes
sarted, on the basis o the literature suvey canied aut an this field, it wes naiced thet very limited reports were
avalade Asuvey in Areican Chamica Sodety’s onlinesearch codlded an 8” July 1995 covering a pericd
fram 1967 to then dete with aseaxch sting of "mao” & *Hedranc” & "padagng’ & “zedlite” shoned only two
references (CA No, 120:277842 ad 112:243834). As the advartagess over this nowd raute is tremendals
aonpered to the convertiondal raute of synthesis ard falaication, the saope over this wak is aso inmrerse: Talkde
19, desaibes vaios advartagss of this new raute Though the nmain thrust is 1o reduce the processing
tepaature ard the themrdl expanson naidh they are wall assodated with the dhemical and physical neture of
the precusars. SO, the effect of various variables offered by zeolite precursors such as the effect of
cation concentrations, effect of Si/Al ratio, effect ofsintering atmosphere and so on are to be reevaluated.
Honeve, these detalls are natther studed well enough nar avallalde in goen literatre. The present work is an
attempt to gain such knowledge to overcome the hurdles in fabricating a best-suited candidate ofzeolites
based ceramic materials for MEP and other applications. Talde 1.9. summarises fewadf the maked pants for
conpatison between the advarntagss of the zediite route over the convertiondl route

Table no. 1.9. Advantages ofzeolite route over other conventional methods.

Need for zeo lite route and advantages

Problems with Advantages of ceramics
Conventional m aterials with zeolite route
Hoh terpearature tosinter (>1600 °0) Lowtenp sntering (< 1100° Q
Nead of refractay netals (Pt, Wetc) Possible usage of lovacst metals
Patide levd Honmogenaty Atamiclevd Homogenety
Toxic pondess (eg BeO Nortadc
Some ae eqeasve (eg SO Relatively inepersive
Good Themal BEqoanson Vatah(S)
Mesets ather nesced properties
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1. 9. SCOPE OF THE THESIS

This thesis indudes anowd preparation of dedranic ogramics such as goodurene ad cadetite using zedliites
a5 precursors. It desaibes in detal howto nodify the zediite meterials to gt the required dhemical conpasttion
wsng ion exdange with the desred cation source It alsoliustrates the trestiment of the powdes like indng ard
the consdidation by de casting ad then sinteting into arange of tenperatures to traoe the varioss denomrera
heoaning with the zedite ponder as afundion of tenparature ad then uitimetely to get the desired derse
cgamcs phese |t aso studies the idattification o the various inpuity pheses aooapenied with different
precursar pondess epered under vaious condtions to deduce agenard cardation of agramic falaication with
the precusar neture. The precursors’ daeradterisation by various hysco-chamical tedniques like XRD, SEM,
TGDIA, NVR EDAX XRF, patde sze andyse, etc, have bemn desaibed The studes an sintering
processes of the precursars by XRD ad NIVR ae also eqdaned  The vaious ogramic dnaracterisations of the
final poducs heve aso bean duadated The thesis is dhvided into five dhegters.

The present dgpter gves aninroduidtion for meterials saenoe, aeramics, advanosd ogranic ponder peparation
ad processing ard fahication nethock.

The second dgpter gves detaled expainental procedures of various processes fdloned for the modffication of
the zedite precusar pondsa. It aso desaibes the instrumental and expainental spedfications of various
dhaeradterisation tedhriques Lsed to aralyse the samples.

The thrd dhepter desaibes the preparation o lithum exddenged duminasiicate (LAS) ponder ard falication
ino derse agamic netaid (3goodumeae) ad its deradeisation usng vaiows tedniques as mentianed
aboe The effects o dfferent peranetes like the concentration of Li* cation and S/A ratio are aso discussed in
the light of results daained fram vaious expainents. The ddedtic ad ather structure rdated properties like
dersty and shinkage are discussed tan Inpunity pheses are identified and rgpated using XRD ard solid state
MAS NIVR tedioues.

The fouth dgpter desaibes the rgparation of megnesum auninasiicate (MAS) wsing ion exdaenge ad the
fabication of caramics after the carsdiidation ard sintering, It also discusses various deradterisation of bath the
pondes ad the find caanmic poduds with severd vaiation studies an the damical stadhionetry of
precursors. Anather impatant study is the effect of atnoshere an phese rarsfomration. Ity phsses famred
with different sarple pondes ate iderntified and repated using XRD and NVR. The deledtric ard ather structural
studes ae aso eqdaned AC impedanoe soedrasoopy hes bieen wsed 1o study the reture of dectrical
concLdivity in the agramic meterials.

The fifth dhepater condudes the present investigation ard sunmarises the impartart findings duing the present
wak The future sagpe of this research aealis eqdained An gpendx hes lbean fumished which indudes the
sancad JCPDS ponder XRD cetadagwith the computer ganerated XRD lines far conperison
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Though this route hes defente advartagess with respect to dhemical hoogenetty and redudlion in processing
temparatue there is aso sore impovarat in the produt ropeties for dedranic ggadications. These asppedts
are desaibed in the fifth dgter dagwith fewpadicd limitatiors.

Unlike conventionel adde raute, the attainelde stadhionetry of the precursar hereis linited The Si cartert is
fixed for a gven system, though the S/Al ratio can e nodied by deduination: Athough, the catian
conaatration can ke wel adusted as the exdiange can ke aonrdied by the aoncentration of the cation in the
sdution, the mexinum degee o exdaerge is fixed for agven zedite-cation parr. Though ae canstill fine tune
the precursar stlachiometry ad try for abetter final phese puity, it is aut of the sogpe this thesis. Rather the
dgedive is to andyse the effed of vaios paeranetes in the precusar prepearation and their reflections in the
qudiies of final agramic podla and to carpere this raute with the ather convertiandl routes o have an idea
abaut the rdlative esse of Teking it. The agramics famed have better utiization in dectranic pedaging substrate
godicatiors. Honeve, the agamic dnaraderisations caried aut with the sanples for this reseerch wak is nat
aufficdent t launch this netaid for manufaduing Ladk o instuments in the labaatay for a corpdete
daradeisation for substrate godicaian mits the exdent of asurance for the unmedated gperation o
merufaduing for the mantioned gadicaion Honeve, the generd and nost desired properties are studed in
detal within the reach of faglities.

./ have only seen so far because I have been standing on the shoulders of other giants™

- Newton
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METHODOLOGY - PREPARATION

PROCEDURES AND
CHARACTERISATION TECHNIQUES

Chapter

2.1. PREPARATION PROCEDURES

211 INTRODUCTION

This dhepter desaibes the generdl methoddagy fdloned ard the materials Leed for the aurent research. The
first patt of this chepter indudkss the methock actted for the reperation of saples, the second patt, the
meterias wsed for the preperation. The third patt desaiibes the charadieisation techrioues wsed o andlyse the
sarple ard the generd mrethods o calauiatians Lsed o estimete the properties ard demorstate the advertages
of the meterials suded,

The besc am o the auret study is to synthesze caamic matetias ad daadeize them for spedfic
godicatias. Though dger 3 ad dgae 4 will ded with two different aaranic systerrs, nendly Lithum
Aumnaslicates (LASs. for eg, pgpodimene) ad Megnesum Auminaslicates (FASs. for eg, codeite),
bescaly the methods adaed ae dnost the saime, as faxr as the besc daradteisation is cancamned Honeve,
just because of the cuniosity to leem ard anglyse the oramics Lsng new ard different cheradterisation nethods
&s researdh toos for undestanding puposes, few spedd tedmiques heve leen tied for eech system
inchvidualy. Few of them are mt dore for bath the sanples dle o ladk of fadlity ad avalakity of the
instrument of interest. Nevertheless, it is inpatart to e thet for caramic mateials prgpared Lsing zediites a6
precursors these tednigues are endoyed far thefirst tine: So the thid patt of this dngpateris meinly foased an
fewsuch unoomon cheradteisation tedniques an these aaramic meterials. it indudes abief inroduction aoout
the theay behind the tedrige the irsturentation ard then expainental condtion o the madhines a which
the messurements were mecke:

2.1.2. PREPARATION CF PRECURSORS

2.1.2.a. lon exchange

The sedion 1.7.d df thefirst dgter gves agenerd ickaaoaut the ion exdnange propaty o the zediites. This is
ae d the inpatant propaties of these meteias thet atraded meary researchers and sulbosequently nueraLs
repats have aare aut dter substantia wak in this arean Various nodes ware predded ard theaiies were
proposed.  Breck aonples marny such reparts as agpedda dgpter an the theary of ion exdnange in his bodd™ In
the present wok; ion exdenge hes besen wsed 1o atter the drenical conpasiion o the zediite meterials to gt
the desred compastion far ogramic peparaion The calion to e exdanged MF varies far eech system, eg,
unvelert Li* far LAS ad the dvaet M#2* in case o MIAS systens. The ion exdange prooedire usually
invaves refluxing the zedite pondar dagwith the ion saution of interest in aroundoattared flask et acorstart



CHAPTER I- METHODOLOGY ..,
tepaaure for apaiod of tine with intemittent shalking. Howeve, far laboatay preparatiars in higher scae
this beoares somenhat dfficut, as the trarsfer of salid slurry for fitration, for removal of exdenged ions is
essy. SO, anion exdange reeda wes desgned and the exdange Wes caried aut advantagealdy. Fgure 2,11
gves asdenHic repesentation of the reectar Lsed for the ion exddange process.

It is adoude waled reeda, which hes an outer jadet, fitted with an inet-outiet setup to aradate hat weter
meintain unfom heet throughaut the tine of ion exdange: The eied inner wall gves acontinuous swirl of the
said patide to suspend duing the process and avadks settiing of the partides during stining. The detadrelde tp
mekes the trarsfer of slurry easier dter ion exdnange for weshing. Extra inlets an the fgp ey ke wsed for the
corstant ad dow suply o fresh ian sdution into the slurry.

Figure 2.11 The reactor designedfor ion exchange
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For bath LAS ad MAS systens the cation sources used were the solutions of nirate salts of Li ad My
respectively. The salts were diuted in distiled weter to gat different mdar solutions as per nesd (fam 001 Mto 1
M. These salutions were inrocliced into the sdlid zediite ponder in the ion exdenge reedta. The ratio of salid
zedite ponde to the saution wes reintained as 1:10. This exdnange procedure wes repeeted for NF (N is the
number of exdhanges and x vaiies fram 1 - 3) times for few of the sandes as per the neaed as mentioned in
vaios daces. Each exdange reedion wes catied aut for ~ 5 hous ad then the slurry wes renoved for
weshing, dying a 120 °C ardwes reused for the next exdange Fgure 2.1.2. llustrates the process.

| M Salt solution Na® form of NH/ form of
ofNH/ Zeolite powder zeolite
N. times
n M Salt
solution of
MA-AS
powder

Figure 2.1.2. Scheme of procedure followed for ion exchanging the precursor material,
"n” changesfrom 0.0! to | for different sanmples. can beLi* or Mg and "Xx” changes
from 1 -3 for different samples of various M* sarmples as the case may be.

2.1.2.b Postion exchange treatment

The ponder wes weshed in hat distiled weter for severa tines to ersure covete renmoval of catiors fram the
zedite netwak to the sdution after exdange The ponder wes then died at 120 °C for over nght ad then
cadned a 480 °C for 5 hous. The dy sdid wes aushed into fine ponder ad wed for ather studies ad
nodficatiors.

2.1.3. FORMNG AND CONSCLIDATION PROCESSES

2.1.3.a. Binding the powder

Binding of the ponde befae sntering is avery vital agoedt ard mery researchers have suggested adace for
bndas™ Qnoda reviens the use of aseries of binders (mostly arganc) and therr advantages! In the present
investigation, a loamredum viscostty gace and norvanic binde, nenely pawinyl dadd (PVA) wes Lsed
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befae corsdidating the ponde. 1w % lkinder wes adbed to the solid ponda. Using the fdloamg rocedire, 10
Wt % salution of PVA wes ppepered 10 g PVA wes adtisd with 90 g of distiled water ard stired for corpete
dissoution &t 70 - 80 °C. The heating wes aontinued til! the salution becomes dear.  This salution wes used for
al the ponders as inda. 10 g of this sdution and 9 g of the ponder wes nrixed tharoughly. The mixture wes
died unde IR lap until air dy with intemmittent ginding and nixing with aspetua This ponder wes tsed for
peletisation

2.1.3.b. Consolidation of powder (pelletisation)

The ponder wes pressed into pellets o desred dimersiors. In this study two sizes of sted dies with inner
danetes o 13 nmad 20 mrmwae wsed for gpedific charadtenisatiors. The pellets were meck in a hydradiic
press with an optimised pressure of 25 tars. The pellets ware tsed for sntering studies. This pellet is cdled a

‘geen pdiet”,
2.14. SINTERING

The geen pdets wee gven heat treatments in

sntered MO boats These boals an wittstand PROGRAMMED HEAT11\G
tempeaaiures Y to 1600 °C The pelets wae heated

a dffeent tenpeaues as pa the ned & ar

anoyhee (ece for the study an the dfedt o

anogohere an sntering). The snteling processes

wee de in a poamdde furece

(NEBOURTHERM) & relatively low hedling rates (eg,

4 °C pa mnue). Al the aoding processes ware

retua. Fgue 213 shons a typcd pogam of

heating T 1is the tenparature a wWhich the kinder gets 1 e

angy the system ad 72 is the tampaatue a which

the sande is sntered isathemdlly. The paranreterstl,  Figure 2.1.3. Typical heating programfor sintering
2, 3 ad % are the respedive times taken (n minue) e Precursor.

for the indvidual processes snce the stating of the

progam Honeve, the heating rales ard progans have bsen gven a gqagiate paoss wherever necessary in
the thesis. The sntered pdliets are Lsad as such or aushed into ponder for different studies as required

2.1. 5. SINTERING IN DIFFERENT ATMOSPHERES

For gpedd studies like the effect of redudng and axidising atnospoheres duing sintering &t high tenperature, the
fumace wes attaded to acontinuaus flowsystern of acontrdied ges. A mess flowvcontrdler contrdled the ges flow
framthe gfinder ad the ges Wes pessed a aflowrate range of 20 aoin Befare starting the heeting pprocess
the fumace wes puged with aninert ges (Aigon - /AKX gade) far 3 hours. The entire setup hes been dgaded in
Houre 2.1.4. The study of sntering behaviaur in diferent atosohere Is ane of the research fields in which there

aeinteresting rgots™™
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2.2. MATERIALS USED

Al the dhemicals sed far preparation ard reegents wsed for goedd operatiors an these neterials are induded
here dag with ather detals.

221 PRECURSOR BASES

Al the zedites used in this study were comrerdally avalade from different copeanies and thelir properties are
listed bedow The N famdf the zediites ware aonvarted into NH.* fam using the ion exdange nethod povided
in the eailier section The dramicd compastiaors ad suface aress wae esinated in the labaatay ad fourd
metding with the repated value by the compary. Gnamical conpasitiors were dheded by XRF and the suface
aess Wae esimeted Lsng NP saption an OMNISORP adkaption unit an the basis of the BET nodd. Takde
"2 2.1 Shows these detals.
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Table 2.2.1. Zeolites used and theirproperties

Caion Coweted  Charica Compostion* Suface

Meteria Fom Fom Into fom SI02/A1203 NerO % Are?_rﬁYg
Zedite A  CATAD, IPCL, INDA Net NHr 213 0.585
ZediteY  Zeoyst Gop, WK NHr NHr 520 0.20 780
ZediteP  CPP, NCL INDA \=} NH* 282 007 -

* Chamical compastion by XRF after aonvarted into NH* fam
2 2 2 EXCHANGING ION SOURCES

To aonvat the Nat famdf the zediites to NH.*fam ard then to the MF famrs, the nitrate sallts of the catiors Li*
ad were ed as exdarngng iansources. The Talde 2.2.2 provides detalls of the salts used

Table 2.2.2. Details ofion sources usedfor ion exchanges

Source Salt Chamicd Fom Qace and Assay
for ion fomuia Gade Assay
Li" Lithium Ntrate LiNO3.3H20 Laba Charrie, INDA R 98%
Mg MegesumNrate  MgNB26HD  Laoa Charie, INDA xR 99%
NH," Armorium Ntrate NH: NQ Loba Cheme, INDA R 995 %

2 2 3 BINDER MATERIAL

The binder sed for ponder aorsdicetion is PVA The details indudng the ndeauar wadgt (MA) ae gven in
Tabe223 ,

Table 2.2.3. Details ofthe binder used in the process. k..

Binder Full rere Chamicd formula Fom Assay and MWV
Assay MV

PVA de(\/lnyl dﬂi’d) [-O‘QO‘(G‘D—]F] Adich (h, W, USA 9% 1,00,000

41



CHAPTER I- METHODOLOGY ...

2.3. CHARACTERISATION TECHNIQUES

2 3.1 INTRODUCTION

This sedion will gve alief acoount of the various dheradterisation tedniques tsed In this investigation. Though
mery of themare conmin tedmiques, fewdf them are nat cammon. Brief outlines ard the instrumental detalls
ae gven for thearetical inrodudtion eg, Inpedence spedrasoopy ard themmoredienical analyss. For ather
aonon tednioues, the instrurentation details heve beengven

2 3 2 CHEMCAL ANALYSIS BY AAS AND XRF

The dhemica conpadtion of the samdes wes andlysed teng X +ay fluarescence specrasoopy (XRF) ad
atamic assaption spedrasoopy (AAS) with respect to the neture of the saide,

An et amout of sades wes taen in a datinum audble with id ad ignited to gat the dy weight of the
sape The sanrpe wes then aoded in adesccata and waghed The difference in waights gave the loss an
igntion The anhydas waght o the sanrpe wes nated The anhydraus sane wes treeted with hydrdfluaric
add (40 wt%) ad evgpoated an ahat date to rerove slicon in the fom of SFe. This treatent wes repoested
three times ad the sande wes again ignited. aoded in adesocatar and weigned The loss in the weight of the
sande wes detamined o gat the aotart of slica. The residue wes fused with potassum pyrasulphete ad
dssaved in wate. It wes then anglysed by CHEMITO 201 ATOMC ABSORPTION SPECTROMETER in
emisson mocke for the dements Naard Li. The Si aotert wes detemined by ganvimetry. A knoan anount of
sapes were pressed ino pelets of 2nm darete. The pellets were died uder IR lanp ad ket in a
desacata. They are dredtly inroclioad into XRF unit for denental analysis by fluorescence spectrascopy. The
aoncatration of Si ad Al in tenrs of denenta waight paraentagess (W %) wes detemrined ard the S/AI ratios
wae faud ot The irstrument tsed wes asequentid X -Ray fluarescence spedrareter, RIGAKU 3070E with
Rh target energzed &t 50 K ad 40 mA

2 3 3 X-RAY DIFFRACTION

The high terperature sdiid state readtiars indude various trarsfomretions in physical neture and fine structure of
the raw matenias. X+ay dffraction is acommn tedrigue to fdlow the structura transformations and fomnation
o aysta structure of the new phesesR Though this tedrique gves a quditative aocoout of the various
aystaline pheses present in the payaystaline mut-component said ponds, the guantification of eech phese
ad the amophous impunities aresstill nat yet estaldished well. Honever, there are fewreparts an tre latter® Ad
hence the present studies gve a quditative identification ard a semi-quartitative analyss (by “search-match”
softwere) of the pheses ahidh tenparatures.
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Ponder X- Ray dffraction pettem of the samdes heeted at various sanles were recadad usng RIGAKU DMAX
Il ve instrument eqipgped with aggdhite aystal monodraneta and Nal santilation counter. Niakd fittered G
K,, radation (X=1.542 A wes used with Si as intemal standerd far those sanples for which the lattice peraneters
wee cdaldated For ather sandes Si wes sed as exdemnd standad ad then 20 values ard interplanard
padngs were carected aooadingy ard refined using (esst squere

fitting

The XRD petters of nuitiphese ponds procuds after hedting to

vaios termpeaatures were suljected to an inouitt Rgaku search

nretch softwere (Casio verson) with the JCPDS standad file library

fadlity. This fadlity offers acarpaison of the unknoan pettem with Dielectric
aost 40,000 JCPDS starcad inageric minerd files. The Thickness
metding files were recaded ad later to dininate the repetiion of

smilar structures, they were natded menugly anag the files

listed in autosearch resut. The best metding phases with respect

to bath 20 ad rlative intersity values ware repated with the seni-

gueriitative amout of eech phese in it & cGdadated by the

softwere. Research repats an similar wak ae avalade in Dielectric  disc
iteratue’™. diameter

570 ON

wn g:/\

2 3 4 THERMOGRAVIMVETRY

As themrd treatment is the mein foce far aystallisation ard phese
trarsfamation, the behaviour o precursars an hedting reveals alat
of infarretion abaut the posskde dremonreainaved in sintering. Silver Paint
Themogavimety (TG) in aarbretion with differential themdl
analyss (DTA) hes bsen anost successiul tedmigue to aaouire
infarretion aoout this. Buce reviews tre latest devdgonents in
this tedriqe” Recatly, mary repats hae shoan thet this
tedriqe an ke eqadted in a better ad effident way in
aardbretion with aher goedrd tedmiques ke FTIR, Mess
Specrasoopy”™  Usudlly, these are aounted in temrs of the waght
losses ad the energy vaiiatiors. In the curent investigation, the
dangss in precusar sardes induding the structure adlagse ad
phese transfer processes & high temparatures were dneded by
recrdng TG/DTA [dots Lsng SETARAM TG-DTA 92 instrument in
air (in sore cases, ag) anogdhee & aheding rate of 5°C o
10 °C/mn The range o tenperature studed using this instrument
is framroomtenpaature (RT) to 1000 °C

€O

Lead connections

| igiire 2.3.1. Eleclrodiiif* \he disc
for dielcclric measurements.
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2 3.5 SCANNING ELECTRON MCROSCOPY

Scamning Hectron Maasoopy (SEM)) is atedmigue by which the danges in the solid sanales due lo the heet
treatments can ke visually seen. The newgengration tod, high resdution SEM is therefare exrendly useful as a
rad ad versatile deracteization tedrigue, both duing and after fakaication of caramic mateials. Using ths,
suface ad acsssectiona views of mescsoodc systens Gan aso ke dseved woking In a range o
aoodeaing vatages fram 1 to 30 ke The sintered samples were anglysed by scaning dectran maacsoopy
(SEM) to lock at the nopddogca ad patide size vaniatiors duing the course of heeting The system wsed
wes JEOL JSM - 5200 insturent. The EDX analysis wes caried out to determine the S/A ratio using the
Kewex attadmret to SEM. Few df the precursar sanples ware scaned for high resalution using SEM / EDX
PHILIPS XL 30 HIGH RESOLUTION unit The pictures were taken in different megrification with respect to the

sande neture The megnficatiars are gven dag with the maogans.
2 3 6. SOLID STATE MAS &STATIC NVR

Recart reparts show thet said state NVR is an effedtive tedmigue to eqdare the derse solid caramic matrices™
9 Exclisive NIVR studies an the aganic sintering agpeds have aso been caied aut by MacKerde and ao
wokers ad athes”™  Athough, NVR hes nat been used extersively in the area of zediite besed ogranic
preparatiors, Coyer ad his conakers studed the structure adiagse of zedite sade by NVRS Honeve,
there ware nat mary detals an the secondaty ogranic aystallisation. Metsunoto hes studed the arystallisation
o anathite agramic by NVRN

The present work indudes studies of various sintered ard geen saindes of MAS ard LAS zediite besed systens
by said state nudear megretic resanence (NIVR) for different prdoe nude, viz, NS, 20A and i, NIVR offers a
ponafu tod in the dneradeization of precursar poader solids as well as sntered oeramics for studying the
dfferent foms of the nude present in them Baxsically the interest wes to fdlow up the HT sintering &t various
temperatures. Honever the precursar pondas were aso studed by NVR . It is inpartant to note thet such NIVR
studies an the zedlites besed agamic aystallisation of cordeite and pspodurene metetias are repated for the
first e,

Though NVR is an effedive tod for nudd like A, 7SI and /Y, there are sae inherent and undesired issuies.
Despte its lowabundanoe (4.7 %) NSi offers less conrdications in gpedrd interpretations snce the nudear spin
for ’Si is half (1/2) and the megc ade spming (MAS) a ae guarantess a high resadution NIVR spedium
The MAS specrumdisplays anarroner resonance, Whose dnemical shifts canry the sgnature aoout the demical
envroent around thesiicon

(n the aher herd despite the Hgh netural alounolnce assodiated with ” Al and Yi (100 % ard 9258 %
respectivaly), the line neroang dieto MAS is rather poa. This is attiibbuted to the fallure of MAS to nerow the
goedrd lines fram integer-hatf queduypdar nude to which A (1= 52) ard N\i (| = 32 bdag In spite of this
danbadk, MAS wes sought to tae sed in the present studly for 224 snce we aoud identify the tetrahedid ard
odahedd Al under MAS. For Y, the eqpainental ddce wes linvited to static samples snce our MAS prdoe
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wes turelde anly in the range of (46.05 MHz to 7543 MHz), A Quedsdo expaiment wes tied to
suppress the quedupdar effect ard to gt well resaved Yi NIVR goectra

23.6. a and Magic Angle Spinning (MAS) Nuclear Magnetic Resonance

The 79 ad ™A MAS NVR goedra weare recadad &t 54.6 MHz ad 782 MHz respedtively usng aBRUKER
MSL-300 FT NMR goedraTeter. The goedrareter is equigoed with ASPECT 3000 conputer ad aBC - 132
fast dgtizer. A megc ande sanning ppdaee housing albaan nitide stator with doukdebearing design wes used
A ad 2°A frequendes aold be sdedtively tuned an the bheedbaendsd X-nudews damd. R.F pulses were
genaaed in aboed bard transmritter ddivering 300 watts of pused poner into the CP-MAS prdoe The fingly
pondered sanes were peded into a7 nmazrconia rotor and spun at agpeed of 24 kHz. The Free Indudion
Decays (D) weare adleded tsng a40 fiip ande pulse ad a 2 sec rdaxation dday. 4000 to 5000 transents
wae adtbed weng a sdandad CYCLOPS puse sequence to inprove sgnd o noise ratio. The cetia were
processed with 50 Hz line lbroedering priar to Fourier Transfamration. The dhamicd shifts of ~Si and 204 MAS
NVR specrawee refared to TMS ad ANy s s~ He o (0.0 [gaT) respectively.

2 3. 6. b. *Li STATIC and QUAD-ECHO Nuclear Magnetic Resonance

The Yi NIVR spedra were recaded in the static noce &t the Lammor frequency of 116.59 MHz an the Bruker
MSL-300 FT NIVR spedraeter. In ader torecad 'Li spediumwithout severe besdiine and intersity artifadts, a
Bruker Wide-ine prdoewes tsed To adheve shorter 90° pulses, a5 mm (1.d) rado frequency () cal mede yo
of flattened 22 gauge agper wire wes wourd ard this redacsd the 10 nmr.f adl in the [prdoe Insert. By this way,
0° pusedf32  cadd ke adheved s agairst 5 jxs genarated by the 10 mmaal. For 'Li NIVR spedra, the
time doren dia whee aogured etther ising a snge puse (QUADCYCLPO) o a 0™ - t - Oy
(QUADECHOPC) saquence While erdoying single puise sequence apre-acauistion dday of 15 ps wes used
to minimize transents fram pdae ingng entering the anelogue to dgital converter. The prdoe ringing effects are,
honever dininated when QUADECHO sequence is tsed, since the secad r.f pulse gengrates anedo a a
time X which is converiently dhosen to bein the range o 20 1040 (s, geater then the deediine (ca 1010 15
|s) of the receiver. By starting the detaaoqisiion an tp of the QUAD-ECHO, the full FID is digitized ard this
yom Fourier Trarsfomation yields an undistated 'Li quedupdar broedkened NIVR spectirum Typically 800 ard
1200 transients were sgnal averaged in the sngle puise and guedkedo expeariments, respectively.

2 3 7. DIELECTRIC CONSTANT MEASUREMENTS

The sntered pellets ware lggoed into reguiar discs of equal thidiess throughout the disc. They were then
dedroded (metalised) with a unfam aoeting of conduding silver peint as ardes of equel dareter an bah
sdes. They weare later ared a 450 °C for 2 hous to ersure poper dedrodng. Fgure 231 shows the
dedradng of the deledtiic samde The discs were naunted in adisc hdder setup as llustrated in Figure 2.3.2.
The aotadts were adusted to gt asteady cgpadtance to avad aotadt cgpedtance The ddedtic propearties
wae messured a afrequency range of 20 Hz to 1 MHz with amessuing curent of L =0.34 )IA AHP 4284
LCR BRIDGE intafaced in pardd with a maoprocessar aonrdied LCD display wes wsed for analysis. The
ddedric corstants of the discs ware caladated from the Ggpedtance messured using the fdlonmg relatiorship,
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e, &t
et =

A

where ' is the ddedtic codtat of the gven dsc ad ‘g, is the pemittivity of free goeoe, ‘XX is the
cgedtane in pF, ' is the ddediic thidaess ad Al is the ddedtic area of the disc &s llustrated in Figure
231

Figure 2.3.2. Measurement setupfor Dielectric constant with HP LCR meter.

2 3 8 IMPEDANCE SPECTROSCOPY

2 3. 8 a. Introduction

Inmpedance spedrasoopy is ae d the ready eerging tedniquies Lsed tostudly the miaostructural neture of the
said (as wel as liquid) sampes. Though the tedrigLe is rlatively new there are anunber of reparts in recent
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years. Insdid samples, the neture ard ader of the paddng of arystals dedde meny of thelr properties espedally
the dedranic properties. The knonkedge aboout peddng of arystals is very inpatant tostudy. In meny solid state
sntering processes, the aystdlite size incenet is very aonmn In addtion, the solid partides join together
duing the dersfication process. Many boundaties of the arystals and the aystal junctions are getting adjusted
duing this process. In dedranic godicatians, this aystallite levd gaocechis very impatant due to the fadt thet
the eech aystal reserrides an indvidual componat in atypcal araut. Meny times they behave as resistors or
cgpaatas o indudtos or the contaretias of al these in different penmutations, when an dedtric curent passes
through So the style of paddng reture of arystals and the aystal puity govemn these phenoneman Each kind o
padking can cardtitute each type of araut.  The impedence ganerated by each typoe of paddng is dneracteristic
adthis is the besc pindde behind this tedmigue Honeve, if the metaiia of interest hes nmore then ane phese,
agan it eqoonentially adcs to futher condicatios in interpretations of spedtral deta But this spedtroscopy offers
an effedive way of studying this agoect o retter.

The temrs RESISTANCE ard IMPEDANCE hath iy an dostruction to curent o eeciran flon: When dedling
with adrect curent (cb), anly resistors povde this effect. Honever, for the case of an atemating curent (a0,
araut eents such as capaatas ard inducdtars can also influence dedraon flor These dements can affedt nat
only the megnitude of an acwavefam) lut aso its time-dependant charadteristics or phese

2 3.8.b. Theory

Acoadng to the Chirks lawy the resistance of any o curent (frequency =0 He) is gven by the equation E = IR
where E is the dovdtage (E, vaits) ad | is the resuiting curent (I, an), R is the resistance (R, ohnrs). But for
ac aurent (nonzero frequenoy) theresistance is E =1Z ad Z is the inpedanag, the ac equvalent of resistance
adso Z =E/. The veda representation of this reation which indudes the redl and imeginary patt of acondex
system is

E+Ei

Z lkd=----------

r+if

whchis nathing but the indvidual addition of redl and imegnety inpedance s

dda=7'+Z7i

in whch the redl inpedance Z' is aorpared with the
‘fesstive” pat (pudy by resstance) of the tad
inpecence ad the imegnaty impedance 27 s
inductance also) of the draut

This indvicdla impedance cean ke aonpered with the
reture of ddedtic behaviour ard payaystaline said
Fif‘nre. 2.3.3. A typical Impedance plot. in Whch each td can be cosdeed & an
inchvidual coponat, This indudes the gain as well es

47



CHAPTER - METHODOLOOY ...

the grain boundaries. The impedance of poiycrystaliine samples may be measured at varying frequencies and
similar equations can be derived for the spectra. Figure 2.3.3. shows a typical impedance plot. For such
equations, equivalent circuits can be drawn with the possible components. This helps in understanding the
microstructure of the packing of polycrystalline solids.

This technique has been proved to be an effective tool to follow up the solid state chemical reactions and phase
transformations inside the solid samples during heat treatments' Sintering is another process, which can be
monitored by AC Impedance spectroscopy™” Initially it was planned to understand the microstructural changes
that occur during the heat treatments of these zeolite-based precursors. However, it was not possible to get a
resolved spectral arc for these sintered materials, using RT measurements. This is an indicative phenomenon
that shows the materials have highly resistivity™ So, the impedance spectra were taken in elevated temperatures
viz., above 300 °C. It was for our curiosity, the spectra were taken in various temperatures to study the effect of
measuring temperature. This was expected to result in a good realization to forgo with the study of sintering by
impedance. It is important to note that this study itself is a novel one for this kind of materials. However, due to
lack of time and machine availability, the current investigation is limited to only on the study of the influence of
measurement temperature on the impedance of sintered samples and not on the changes during the process of
sintering. This work was planned though there were no such reports available in literature for these materials
prepared by this method. Also this was a
preliminary work and has revealed
considerable information about the nature of
the materials at different temperatures.
Other calculations using these impedance
data have been prescribed in the later part
of the thesis, wherever required.

2. 3. 8. ¢. Experimental

The sintered pellets were metallised and

cured as described in the earlier section
Figure 2.3.4. A typical Nigvis! plot ofAC Impedance phi (2.3.7). The AC impedance of the sintered
ofa simple circuit interpreting the hulk (grain) impedance. samples was measured using a SOLATRAN
SI 1260 AC IMPEDANCE ANALYSER/
GAIN PHASE ANALYSER controlled by an IBM computer. The measurements were done in the frequency range
of 1 Hz to 13 MHz. The instrument is equipped with a furnace attachment controlled by the computer interface.
The sample pellets were electroded with silver paint with platinum wires and connected to the electrode leads.
The measurements conditions are as given below. The impedance measurements were done at various

temperatures and the effect of temperature and the electrical transport properties were studied.

The data collected from the AC Impedance unit was then processed by the software, EQUIVALENT CIRCUIT™,
and the plots were made at different modes with the different components of the equation as will be discussed in
the later parts of the thesis. Figure 2.3.4. shows a simplified typical NIQUIST PLOT (also known as Co/e-Cole
plot) of impedance spectrum illustrating the various data which can be obtained on the basis of the simple
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Randells model of equivalent circuits. X and Y axes are the real and imaginary coordinates of the impedance
experienced by the flow of current by the sample. Rp is the Polarization resistance generally originated by the
electrode contact or the grain boundaries, Rn is the ohmic resistance mostly by the bulk of grains (in a

poiycrystalline solid matrix). The onax is maximum angular frequency (=2nf, where f is the frequency). It is
equivalent to the inverse of the product of double layer capacitance and the polarization resistance generated

mostly at the electrode junctions. 0 is the depression angle.

2. 3. 9. THERMAL SHRINKAGE AND

A
EXPANSION STUDIES BY TMA TMA
Dr. TMA
The sintered pellets were lapped in '
carborundum powder of particle size of Load

around 38 microns (400 U.S. ivesh), for %T
6

Sm m o

getting uniform thickness all over the
disc. The disc dimensions were 3. 09)

<
measured using a screw gauge and o \ s 9
then used for shrinkage as well as the \ o =
expansion measurements.
B

2. 3. 9. a. Thermal shrinkage studies

Figure 2.3.5. A typical shrinkage plot by TMA. Point A and
These studies were carried out on the indicate the start and end ofshrinking process.

green samples of the precursors to
understand the extent of shrinkage on
sintering or on any phase transitions.
As described eadier, the zeolite
samples were expected to collapse
from their crystalline structure and
become amorphous powder. There are
possibilities for new phases to get
crystallized from this amorphous matter.
Under high temperature conditions the
phases getting evolved are usually
stable dense phases. When the dense
phases are formed the volume of the

same reduces to a considerable extent. Figure 2.3.6. A Typical Expansion Plot by TMA. Points A and B
are the expansion limits and Ti and T2 are the minimum and

This shrinkage is very characteristic for
maximum temperatures with in which the TEC is calculated.

samples and the purify of phase. A
maximum shrinkage yields a high-
density material. Generally, the shrinkage at relatively lower temperature is very attractive. However, this is a

significant criterion for this special case of application.
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The thermal shrinkage studies were carried out in SHIMATZU - 50H TMA dilatometer. The TMA was equipped
with a high sensitive, linearly Variable Differential Transducer’ (LVDT) along with a high precision quartz probe.
The probe was attached with a dilatometer rod head and a planar sample stub. At high temperatures, the furnace
block heating was effectively controlled by a turbulent chamber facility connected to a cold water circulation loop.
Rods of 4mm thickness and 16mm length were made out of samples and were lapped for uniform lop and bottom
surfaces. The green samples were analysed for the possible shrinkage during the course of sintering in between
the temperature range of 25 "C to 1200 °C in reducing N? atmosphere. Astatic load of 10mg (dynamic load = 0)
was given on the top of the sample during the course of measurement to ensure the precise measuring of
shrinkage of the sample. The heating was controlled with a rate of 10 “C/min. The derivatives of the shrinkage
curves were also plotted. A typical shrinkage TMA curve along with the Derivative and Load curves are given in
Figure 2.3.5. Aand B are the points between which the shrinkage occurs. The corresponding temperatures can
be considered as the densification range. The derivative TMA shows a sharp peak pointing out the temperature at
which the densification is at maximum rate. The load curve is to support with additional information like the
shrinkage based on a mere solid state phase transformation or any liquid phase or melting processes. But
unfortunately this measurement was not possible for all the samples. Hence, the shrinkage of other samples was
measured using conventional method by measuring the change in the dimensions of sintered pellets manually
with the help of screw gauge. The volumetric and linear variations were calculated and compared.

2. 3. 9. b. Thermal expansion studies

The thermal expansion coefficients (TEC) of sintered ceramic samples were measured in PERKIN ELMER TMA-
7 in force free condition (i.e., at zero static and dynamic forces). The thermal expansion coefficient [a = (dv/v)dT]
is the one of the important property requirement for MEP technique. Expansion measurements were done in a
relatively low temperature range (below 500 ”C) due to the instrumental limitation. The LVDT was connected to
copper alloy probe. The measurement was carried out in disc expansion mode in the temperature range of 25 °C
to 450 ”C with a heating rate of 20 °C/ min. The data were processed for calculating the linear themial expansion
coefficient (TEC) within the specified range of temperature. Figure 2.3.6. shows a typical shrinkage trend when
the expansion is plotted against temperature. T1
and T2 are the two different temperatures
between which the TEC was calculated. A and 8
are the expansion limits of the probe position.
More details about the theory and the

uge

instrumental details are explained elsewhere™\.

2. 3.10. APPARENT DENSITY AND LINEAR
AND  VOLUMETRIC SHRINKAGE OF
CERAMICS

2.3.10. a. Apparent density measurements
To find out the density of both the green and

Figure 2.3.7 Typical Density plots. Density and Grain samples sintered at different temperatures, the
size vs. temperature have been shown. . .
P well-established conventional method of apparent
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density calculations was followed for the samples. The average thickness (t) and the average diameter (d/2 =r) of
the lapped, uniform sized sintered discs were measured and then the “apparent volume" (Vepp) was calculated
considering the sample disc as a cylinder using the equation,

Vapp= nr’™t

The apparent density of the samples was then calculated using the relationship.
Apparent Density (papp) = Apparent Volume (Vax) Mass (w)

The density changes during the different stages of sintering were followed and plotted against temperature. This
plot gives an idea about the extent of densification and the temperature range at which the densification occurs. A
typical density plot looks as illustrated in Figure 2.3.7. As the temperature increases the grain size and density
also increase. After a point 'Pd, when the Density reaches a maximum but Grain size keeps increasing is the

indication of 'coarsening'. The state of process up to this point is nothing but the 'densification’

2. 3.10. b. Linear and Volumetric Shrinkage measurements

The diameter (Li) of the sintered disc was taken as the unidirectional length of the shrinking sample and then
variation in length with respect to the original sample length (U) at room temperature was followed for various
sample discs sintered at different temperatures. The linear shrinkage was calculated for a given disc using the
following equation.

% Linear shrinkage = [(Lo- Li)/ Lg] x 100

The apparent volume (Vapp)i of the sintered sample disc and that of the green sample disc (Vapp)o were calculated

as explained in section 2. 3.9. a. The % volumetric shrinkage was calculated using the following equation,

% Volumetric Shrinkage = {[(Vapp)o- (Vapp)t] / (Vapp)o} x 100

Those who think all scientific ideas are merely temporary explanations to be replaced later
should reflect on his theory, which will be right for ever"

- 'His' being of course, Archimedes
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THE ¢- SPODUMENE (LAS systems)

3.1. CERAMIC PREPARATION AND CHARACTERISATION

3.1.1. INTRODUCTION

This chapter discusses a known silicate system namely Lithium Aluminosilicates, LijO-AbOa-SiOa (LASS).
However, the preparation of LAS ceramics using zeolites is a new area of research. The discussion in this
chapter includes the preparation of LAS precursor powder samples and sintering at high temperatures and
characterisation of both the precursor and then ceramic product to understand different aspects of sintering and
their influences on the properties of the ceramic products. The later part of this chapter describes the
characterisation with special techniques like shrinkage and expansion studies. Except the thermal expansion
coefficient (TEC) and nuclear magnetic resonance (NMR) studies data and the discussions presented in this

chapter have been published during the tenure of the Ph.D work' |

3.1.1.a. The importance of Li20-Ah03-Si02 (LAS) systems

The LAS system is by far the most important commercial system. It is mostly used for glass-ceramic materials
having very low TECs and hence very high resistance to thermal shock. Among the trade names for materials in
this system are Coming’s Coming Ware, Owens-lllinois' Cer-Vit and PPG’s Hercuvil The very low TEC in this
system, which in some cases are appreciably lower than that of fused silica are associated with the presence in
the crystallised materials of crystalline /]-spodumene (Lizo.Al203.4 Sio2), which has a low TEC or f}-eucryp\i\e
(Li2 0 .Al203.2 Sio 2 ), which has a TEC that is larger in number and negative. Commercial compositions are found in
several ranges in this system. Different phase assemblages, characterised by different sets of properties, can
result from using Ti02 and Zr02 in varying proportions as the nucleating agents. Usually high temperature

polymorphs of Si02 and Al20s are in association with these phases.

P-Spodumene is formed during the synthesis of LAS based ceramics at high temperatures {>1000 °C) usually as
the major phase along with other phases. However, p-spodumene is of high interest for the application of
electronic packaging in many aspects. The recent trend in ceramics packaging research shows that the

composites or the solid solutions of various phases of LAS systems are challenging®. The current work also

involves different phases of LAS along with p-spodumene, in some cases as solid solutions. Before going to the

discussions on them, it would be more appropriate to have a mineralogical preview of the spodumene system
along with the general material properties of this particular p-phase, because, this information would help in the
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later discussions. A general overview of the other possible phases that are usually formed during the LAS based

ceramics preparation is also given.
3.1.1.b. The ore spodumene and its p phase - a mineralogical background

P-spodumene (LIAISizOx) 350797 Spodumene s 2 britle,
crystalline  mineral of the
pyroxene group, varying in

I colour from transparent white to
yellow, grey, green, and purple
depending on the origin of its

30 0 occurrence. It has a lithium
2 Theta degrees

aluminium silicate of formula

Figure 3.1. /. Thepowder XRD profile generatedfrom standard JCPDS LiAIS"Og, with a hardness of

data (JCPDSfile name is given above)
6.5 to 7 mohs and a relative

density of 3.13 to 3.20 g/cc. It occurs in massive form in large crystals, usually as a constituent In granitic
pegmatites. Spodumene is an important lithium ore and Is also used in the production of ceramics, enamel, and
glass. Two transparent and highly coloured varieties of spodumene are used as gemstones: hiddenite, a yellow to
emerald-green stone, and kunzite, which occurs as a pinkish-lilac crystal. p-Spodumene is the high temperature
phase of spodumene, which is more stable. Figure 3.1.1 shows the XRD profile of p-spodumene from standard
JCPDS data. It is formed usually at the temperature of around 1200 °C on heating the pure spodumene ore or

any similar LAS oxide systems with comparable stoichiometry.

The typical formula of p-spodumene is LIAISi206. However, this falls into the general formula as LixAIXSij-xCe (x=1)

of 'Virgilite' category. Virgilite is usually a solid solution formed during the phase evolution of p-spodumene in

which the x varies from 0 to 1. The details of this concept are discussed in the later part of this chapter.

3.2. EXPERIMENTAL
3.2.1. PLAN OF WORK

Due to the obvious advantages of the zeolite based preparation route as explained in the first chapter, the
preparation of the p-spodumene, by itself, is very interesting to study. It is also important to study the various
factors influencing the preparation route as they control the properties of the ceramic products. The present study
includes the preparation of powder precursors using ion exchange technique on zeolite powder and the
physicochemical characterisation of the powder using various techniques. As discussed in the first chapter, in
many ways this process is anticipated to be different from the conventional oxide based preparation. Hence, it
was aimed to understand the course of high temperature solid state reactions and the phase transformations by

following the changes in the sample’s nature during the course of heating.
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3.2.2. PREPARATIONOF p-SPODUMENE

3.2.2.a. The LAS precursor powder preparation

Nearly 100 g of zeolite Y was exchanged three times (Nx = 3) with 1 M solution of ammonium nitrate salt to get
the ammonium form of zeolite Y which was again exchanged three times with 1 M solution of lithium nitrate salt.
The exchanges were carried out as per the procedure given in chapter 2, section 2,1.2.a. Finally, the dry powder
labeled as LASY3 (meaning Lithium AluminoSilicate - Y zeolite, exchanged 3 times with 1 M Li salt solution) was

used for consolidation and other studies.

20 2 - theta, degree 40 60

Figure 3.2.1. The XRD patterns ofthe sample LASY3 before and after ion exchange

3.2.2.b. Powder characterisation

The powder was characterised using TG/DTA and XRD techniques for its thermal and structural properties
respectively. The chemical composition was found out from the atomic emission spectrum of Li. Nearly 30 mg of
the LASY3 powder was taken for a TG/DTA analysis in N2 atmosphere in the temperature range of 25 X (RT) to
1000 ° C with a heating rate of 10 ”C/min.

The powder-XRD patterns of the fine dry zeolite powder before and after the exchanges were recorded (Figure

3.2.1)) and the crystallinity changes were checked. The chemical analysis of the exchanged sample was found
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out using atomic absorption spectroscopy (AAS) as mentioned in the earlier chapter and the analysis shows the

elemental ratios as listed in Table 3.2.1.

Table 3.2.1. Elemental analysis of the LASY3 by AAS

Zeolite Cone, of UNOs N, Elemental ratios % Residual Na Label
soln. Si/Al Li/Al Na/Al wt.%
Y 1M 2.64 0.1285 0.0139 0.082 LASY3

3.2.3. SINTERING AT VARIOUS TEMPERATURES

The powder was bound with polyvinyl alcohol (PVA) and consolidated into pellets, each weighing roughly around
0.7 g as explained in chapter 2 - section 2.1.3.b. The pellets were fired at different temperatures viz., (T2 =) 480,
600, 700, 800, 900, 1000, 1100, 1200 ° C in a programmed fashion at a heating rate of 4 °C/ min. The heating
had a holding at 580 °C (TZ1) for 180 min. (t2) for binder removal. The samples were heated at higher temperature
(T2) isothermally for 360 min. (t4) and cooled naturally (refer Figure 2.1.3., chapter 2, for more details about the

parameters that are fixed during the programmed heating of the samples).

3.2.4. CHARACTERISATION OF CERAMICS

The heated pellets were crushed into fine powder and the XRD profiles were recorded for all the samples in the
2-theta range of 5 to 40 degrees with a scanning speed of 4 degree/min. The XRD data were processed and
plotted in series to have a comparative view. Figure 3.3.1 shows the multiple plots of the XRD patterns.that reflect
the phase changes which are discussed later. Selected samples in the course of sintering were checked for the
major changes in morphology and the particle size by SEM. The scanning electron micrograms are given in
Figure 3.3.2. The chemical composition, thermal expansion, shrinkage, density and dielectric properties of the

ceramic product were studied using various techniques.

3.3. RESULTS AND DISCUSSION

3.3.1. THERMAL PROPERTIES TG(%) DTG (mg/min) HEAT FLOW
Figure 3.3.1 shows the TG/DTA plot of LASY3 0 o mere) 0*
sample in the temperature region from 25 to
1000 “C. The TG of the powder LASY3 shows a /
total weight loss of around 23.8 % during the EXOtA -1007
heat treatment up to 1000 °C. Except the initial
weight loss (up to 260 °C), predominantly due to 407 Temperature (°C)

1010 3010 5q0 7Q0 9(1(0

the loss of adsorbed water and organic matters,

there is almost no loss after 400 X. The DTA Figure 3.3.1. TG/DTA plot ofLASY3
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shows an endothermic decay after 740 °C. The exothermic shoulder at 812 T does not correspond to any
weight loss in TG. This is attributed to the zeolite structure collapse. Zeolite Y being a faujasite has a higher Si/Al
ratio and is usually thermally stable upto a temperature greater than 900 °C. Li" is well known for being a good
alkali flux agent at high temperatures in many cases. Also, when compared to other cation exchanged Y zeolites,
the thermal stability of Li-Y is relatively less. This depression in thermal stability may vary with the loading of Li
into the zeolite. The effect of cation concentration in zeolite precursors has been discussed in the next part of this

chapter. The next exothermic shoulder around 920 °C is assigned to the initiation of the crystallisation of LAS, (3
spodumene. This is confirmed by the structure collapse and phase transfonnations in this region by XRD (Refer

Figure 3.3.2).

3.3.2. PHASE TRANSFORMATIONS BY X-RAY DIFFRACTION

XRD patterns of the sample before and after ion exchanges show a crystallinity loss of around 3.5 % that is
usually because of the multiple ion exchanges and intermittent heat treatments during the process. But the
reduction in the width of the diffraction peaks of the sample after ion exchange indicates that the heat treatment at
480 °C reduces the strain due to crystal-defects and that the crystallites have become well defined and have
grown bigger. Figure 3,3.2 shows the multiple plot of the powder XRD profiles of the sample heated at different
temperatures ranging from 480 °C to 1200 °C. There is a trend of the crystalline phase changes. The crystalline
zeolite phase collapses at a temperature above 700 °C and becomes completely amorphous. The temperature,

at which the amorphisation occurs, depends on the thermal stability of the zeolite precursors.

LASY3

1200 X
e 1000 °C U
c5
% 900 °C A

800 °C

700 °C
; 20 2-Theta, degrees 40 60

Figure 3.J.2. Powder XRD plots 0j LASY3 samples heated at different temperatures from 480 °Cto 1200 °C
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The thermal stability of zeolites exchanged with different cations has been studied welll Above 900 °C, the

amorphous matter crystallises into a highly crystalline LAS phases. The crystallisation follows with many

intermediate phases.

Though there are a few earlier works™" reporting the dense LAS phase fonnation at high temperatures using this
route, there is no report on the mechanistic pathway of this transfomiation. In fact it is very interesting and
important to understand this mechanism as it has a strong influence on the product formation and properties. The
present work is not only to identify the final phases but also to make an attempt to understand the mechanism of
the phase transformation. The major and explicit key intermediate phase during the transformation has been
identified as virgilite solid solution (SS), one of the LAS dense phase group, which is very close to p-spodumene
by structure. Section 3,3,4. of this chapter discusses more about this issue. The structure collapse and formation
of dense phase have been compared with the TG/DTA data in the earlier part of the discussion and it is found to
be ingood agreement. Using the 'search-match' package available with the JCPDS file library, the phases formed
during the process of phase transformations and densification are analysed. Table 3.3.1 lists the phases

identified.

Table 3.3.1. Phases identiried at different temperatures of sintering ofLASYS

g Temperature, °C
(E 480 800 900 1000 lioo 1200
Zeolite Y Zeolite Y Zeolite Y Silica(C) Silica(C) Silica(C)

Silica(C) Silica(C) Silica(K) Silica(K) Virgilite SS

® Silica(HQ) Silica(HQ-K) Virgilite SS Virgilite SS /3-spodumene
Alumina Alumina Mullite Mullite Mullite
AMORPH* Virgilite SS fi-spodumene /“spodumene

AMORPH*
C - cristobalite type; HQ - High-quartz type; K- Kealite type; SS - solid solution; AMORPH* - Amorphous phases

Phase Formula JCPDS file Phase Formula JCPDS file

Silica (C) Sio2 270605 Virgilite SS LixAlxSis-xCe 310707

Silica (HQ) Si02 120708 Mullite Al6Si2013 150776

Alumina Al20s3 100173 j3-spodumene LiAISi20e 350797
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3.3.3. SCANNING ELECTRON

MICROSCOPY CHAIVGE IIV PARTICLE SIZE

. . (  ~ 1200°C
The scanning electron micrographs of
1000"C

the samples fired at selected
. ) ) r 900 "C
temperatures are given in Figure

3.3.3.(a-e) The Figure 3.3.3(a) shows
(B
A 480"C

Tpagn wn O

528888

the microstructure of the sample LASY3

just dried after Li exchange and it

5 10 15 20

shows a very crystalline nature of the . .
y oty Particle size, Mm

sample with a regular uniform crystallite

size corresponding to around 0.5 |im Figure 3.3.4. Magnitude ofparticle size changes during the
course ofsintering of LASY3
Figure 3.3.3(b) is for the sample heated

at 800 “C and shows an amorphous and agglomerated nature of the sample. It may be noted that the XRD
multiple plots also show similar result at this range of temperature. The SEM of the sample fired at 900 “0 is
given in Figure 3.3.3(c) that shows the crystallisation of dense phases from the amorphous state. Figure 3.3.3(d)
shows an ungoverned, irregular morphology of the crystallizing dense ceramic phase at 1000 ”0. Finally, Figure
3.3.3(e) shows the sample sintered at 1200 °C which is almost regular with unifomi sized particles of the crystals.
Table 3,3.2 shows the change in the particle size observed by SEM for the samples heated at various

temperatures.

Table 3.3.2. Particle size variations by SEM

Sample name Firing temperature, °C Particle size range, |im
LASY3-480 480 0.5-1.0
LASY3-700 700 0.5-2.0
LASY3-800 800 (agglomerate flakes)
LASY3-900 900 1-4
LASY3-1000 1000 4-16
LASY3-1200 1200 3-5

The trend in the change of particle size variation at various temperatures reveals that the uniform particles of
zeolite precursors further reduces due to structure collapse around 700 “C and above. At this temperature, grains
do not have definite boundaries and are more or less like agglomerated flakes of solid mass. This Is due to the
formation of amorphous phase at this temperature. On further heating, the formation of intermediate starts and
further the crystals of the dense ceramic phase start growing. Though the growth is ungoverned at the outset
leading to the formation of asymmetric crystals with a large distribution of particle size, at high temperature the
particles are found to have almost uniform particle sizes. It is known that mullite crystals develop faster. This is

the reason for the formation of large particles. However, the distribution of particle size narrows down later at
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higher temperatures, may be due to the mullite getting transformed into the virgilite and then to crystalline p-

spodumene phases. At 1200 °C the particle size distribution becomes greatly narrow indicating the completion of
the densification. Figure 3.3.4 illustrates the relative magnitude of distributions of the particle sizes of samples
fired at various temperatures. The central region of the plot is the region where the sample is not having particles

with well-defined boundaries but agglomerated mass.

3.3.4. POWDER X-RAY DIFFRACTION STUDIES

The observed interplanar'd' spacings from the XRD pattern of sample LASY3 sintered at 1200 °C were corrected

with respect to internal standard silicon. The tetragonal unit cell parameters for (3-spodumene were refined using

two different least square fitting programs. The refined unit cell parameters are compared with that of the
literature values in Table 3.3.3. The unit cell parameters calculated for p-spodumene on the basis of XRD data of

the sample sintered at 1200 °C are in good agreement with the literature values with minimum standard deviation
as given in the Table 3.3.3. The occupancy of the cation Li* into the lattice sites was determined by simulating
the XRD pattern. The fundamental transfonnation of the zeolite precursor to the ceramic dense phase can be

represented as follows.

Table 3.3.3. Lattice parameters calculated from the powder XRD data

Precursor Densified Lattice parameters
symmetry symmetry Literature (A) Observed (A) Standard deviation
Cubic Tetragonal a =7.510 a =7.5066 +0.0103
(LASY3) (P-spodumene) ¢ =9.208 c= 9.2021 +0.0165
Cell volume, A* v= 1552.92 v= 1550.15 +5.3

Table 3.3.4. The overall compositional transformation of the precursor to ceramic

Zeolite Formula M Composition

Precursor (RT) Ceramic LAS (HT)

LASY3 NBS6AIS6SIt360384. H2O Li* LiseAlseSiiaeOss™ LixAlxSia-xOe (0<x<I)

Ifone assumes that all the Na* ions in the zeolite precursor get exchanged with the Li* ions in solution (1:1 ratio),
then the precursor composition at room temperature (RT) will be as given in Table 3.3.4. The ceramic LAS phase
has been represented with a variable formula in which the factor 'x' varies from 0 to 1. This is because of the fact
that the LAS system has several dense phases with varying Li content and number of moles of SiOz. However,

there is no report on the possible intermediate LAS phases that are formed during the fonnation of the desired p-

spodumene phase (refer section 3.3.2.), It would be more useful to make an attempt to understand the
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mechanism by which the phase transfomiation occurs. Before going into the details, it would be appropriate to

have an idea about the metastable phases of Si02 at high temperatures (in the range 800-1200 "C).

As a single component system, silica (Si02) has many polymorphs like a-(low-)quartz, (3-(high-)quartz, tridymite,
and cristobalite stable ypto various temperatures viz., 573, 870, 1470 and 1713 “C at 1 atm pressure. At high
pressures (>40 kbars)Jew more phases like coesite and stishovite are formed. Nevertheless, the pressure
changes affect the formalTon temperature of these phases to some extent. High-pressure conditions bring down

the temperature of formation of different phases drastically by several 100 °C.

However, the present case is not a single component system rather a ternary system of Lio2-Abos-Sio2. In
presence of any other cation like Al and Li, the high quartz phase is more likely to form a separate family of
aluminosilicate polymorph called keatite, Keatite structure is usually a solid solution in which atoms of Al and any
other cation like Li could be diffused inside. Keatite has a structural formula as MAISI206; where M is any metal
like Li. This is formed by the gradual change of the Si02 structure by accommodating Al and Li ions into the lattice

positions of Si.

4k
LASA3
1200 “C
800 °C
700 °C
10 20 2-Theta, degrees 30 40

Figure 3.3.5. XRD multiple plots of LASA3 samples heated at different temperaturesfrom 480-1200 °C

The XRD patterns obtained for the samples LASY3 show traces of this phase formation at temperatures above
800 °C. However, this is not observed very distinctly here. In order to assure this mechanistic pathway, it was

planned to study the sintering of some other LAS sample prepared from some other zeolite.
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Using similar ion exchange procedure as followed for the preparation of LASY3 sample (refer Section 2.1.2.a of
chapter 2), around 40 g of zeolite A was exchanged 3 times with 1 M UNOs solution and the exchanged dry
powder was labeled as LASA3. The powder was bound using PVA and made into pellets and fired at different
temperatures in the range of 480-1200 °C. The XRD patterns of the crushed fine powder of the pellets heated at
different temperatures were recorded. Figure 3.3.5. shows the multiple plot of the XRD plots of LASA3 samples

heated at different temperatures,

The structure changes are almost similar to the trend observed for LASY3. Zeolite precursor collapses at 700 °C
and the metastable silica phases are formed above 800 °C. However, new peaks around 20 (in degrees) =
25.56 in patterns for samples heated at 900 °C and above are to be noticed. Figure 3.3.6. gives the narrow range

of XRD pattern from 20 = 15 to 35 degrees of the samples heated in the range from 800 to 1200 °C.

LASA3
1200“C

800 °C
20 30 2-Theta, degrees 40

Figure 3.3.6. Close view ofthe expanded XRD profiles o f LASA3 samples heated at 800-1200 °C

The phase changes of Si02 with or without the presence of other oxides were unknown till recent past. Evans
reported a very preliminary study on the mechanism®*". Later, Li reported a deeper insight aboOMhe mechanism
and according to Li® the high quartz phase of LiAlSi2oe (Li2e.Al203.4 Sio2) composition reconstructively
transforms into the keatite phase at elevated temperature. According to this report the structure does not undergo
major changes but most atoms in the structure undergo very meager positional changes during the phase

transformation and hence, even DTA analysis usually does not show any significant peak for this process.
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Though the intensities of XRD reflections observed for these phases are usually weak in presence of any other

prominent phase formation, the three reflection of these phases (Table 3.3.5.) are usually the major ones.

Table 3.35. A match of three pairs of powder XRD reflections between high-quartz and keatite phases of UAISi20s

composition. (CuKa- radiation used)

High-quartz (HQ) phase Keatite (K) phase

hkl 20. d,A Mo Hk 20, d,A hlo
100 19.65 4518 11.7 m 19.26 4.608 8.3

101 25.58 3.482 100.0 201 25.55 3.486 100.0
112 48,24 1.887 191 400 48.27 1.885 10.0

The powder XRD reflections of LASA3 samples heated at this temperature range (800-1200 °C) were analysed
for the possible matching with these data. It was found that the samples heated in the temperature range 800-

1000 °C contain three major reflections corresponding to the phase transformation, 'High-quartz to Keatite’.

Table 3.3.6. A match of LASAS reflections with the HQ and Kphases at various temperatures

Details  High Quartz  Keatite 20, ° of .ASA3 samples at temperatures, °C Remarks
i o ® 800 900 W00 1100 1200  (temperature)
o 20,° 19.65 1926  1950HQ 1958HQ 1956HQ 22.60*  22.59P HQ" K
<2 hio 11.7 8.3 13.0 12.0 12.0 22.0 25.0 (800-1000)
GT‘) 20, * 25.58 2555 2556HO 2556HQ  2555<  2552P  25.50P HQoK
a h/lo 100,0 1000 1000 1000  100.0 1000  100.0  (800-1000)
% 20, ° 48.24 4827 4825HQ  48.27"  4827K 4831  48.28" LAS
X o 191 10.0 15.0 15.0 15.0 11.0 120  (1000- 1200)

The 20 (in degrees) of reflections observed for the LASA3 samples at high temperatures are marked with

superscript with the matching phases (Table 3.3.6.). The superscript mark 'HQ' stands for high-quartz, 'K' stands
for keatite and 'P' stands for virgilite SS and p-spodumene (dense LAS) mixture. These assignments were cross-

checked with the JCPDS standard data. The last column of Table 3.3.6. shows the over all phase transformation
of the process at this range of temperature. The overall changes clearly show that the mechanistic pathway for

the transformation of amorphous silica to p-spodumene is as follows.

Amorphous High-quartz Keatite LAS dense
phase phase
c .
. 800 °C .
(700 °C) (800°C) (800-1000 °C) (1000-1200 °C)
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The second part of the phase transformation is from Virgilife to (3-spodumene. At higher temperature keatite
transforms into virgilite SS (LAS solid solution) phase having a general formula LixAlxSaxCe® This phase is earlier
to the intermediate phase. It has been already reported that in presence of any alkali element like Na at various
concentrations, the high temperature treatment of similar system leads to the formation of disordered cristoballte.

It is important to know that usually keatite coexists with either quartz or cristobalite or both”

The quantification of keatite phase formed using the Li ions in its lattice would forecast the formation of the (3-
spodumene from the former. The XRD pattern recorded for the sample LASY3 fired at 900 °C can be used to
calculate the amount of Li* cations present in the lattice sites of keatite® ® The crystal details of keatite were used
for the above purpose. In other words the occupancy of Li*, on the basis of the XRD data, was calculated and
found comparable with the reported value in the literatures-"". According to the results shown in Table 3.3.7, the
value of x is 0.31 in the equation LixAlxSii-x02. The X' value for the minimum and maximum possibility of Li*
occupancy (0.0 and 0.33) along with the lattice parameters that were reported by others have also been given for

comparison.

Table 3.3.7. The occupancy and (he unit cell values calculated and the literature values

X a(A c(A) Reference
0.00 7.459 8.604 8
0.20 7.496 9.038 9
0.29 7.510 9.208 10
0.31 7521 9.210 This work
0.33 7.538 9.156 9

This calculation was thus significant to obtain a measure on the utilisation of Li for the phase transformation. As Li
is volatile at high temperatures a reduction in the Li concentration is expected depending on the nature of binding
of Li with the system. This loss of Li leads to non-stoichiometry in the sample. This is one of the main reasons
why the themiodynamics of a solid state reaction changes and leads to unwanted side products in many of the Li
based high temperature systems. This result shows that the Li uptake into keatite intermediate phase by the

system is satisfactory.

3.3.5. STOICHIOMETRY mBULK COMPOSITIONAL ANALYSIS BY EDX

To confirm this and to check the overall stoichiometric balance throughout the course of reaction, a series of
chemical analyses were carried out at different stages of heating during sintering. However, lithium, due to its low
atomic number is difficult to analyse by the conventional solid (powder state) elemental analysis techniques like

XRF and EDX. A quantitative analysis of Li was tried using ~Li NMR studies of the samples fired at higher
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temperatures. This part of quantitative NMR work will be discussed in the later part of this chapter. The other

elemental compositions have been shown in Table 3.3.8 for the samples fired at different temperatures.

Table 3.3.8. Elemental compositions and Si/Al ratio by EDX analysis

Sample name Elemental compositions and ratios in wt % (excluding Li)

(temperature, in °C)

Al Si Na Si/Al
LASY3(480) 2459 72.07 434 3.340
LASY3(900) 23.49 71.80 471 3.057
LASY3(1200) 23.92 72.01 4.08 3.101

Although, as expected, there is a minor dealumination with the increase in temperature, according to the values
obtained, there is no significant change in the stoichiometry of other elements in the samples heated at different

temperatures.

3.3.6. DIELECTRIC CONSTANT

The pellet of LASY3 sintered at 1200 °C was lapped for uniform thickness. It was electroded with silver paint and
cured using the procedure as given in the chapter 2, section 2.3.7. The diameter of the electrode was measured
using a vernier caliper and the area of the electrode was calculated. The thickness was measured usihg a screw
gauge. The pellet was mounted on the sample holder as explained in the same section in chapter 2. Under the
given conditions the capacitance values of the pellet were measured at different frequencies from 20 Hz to 1
MHz. a-Alumina was used as reference for measuring the capacitance in the LCR unit. The dielectric constant
(DEC) of alumina was calculated as 9.526 at 1 MHz, which is comparable with the DEC, reported in literature.

The dielectric constant of the sample was caiculate(;| as described earlier. The values are given in Table 3.3.9.

Table 3.3.9. Ttie dielectric and other properties of LASY3 heated at 1200 °C

Sample dielectric

. _ v. Hz C, pF Q et(DEC)
Dimensions of LASY3

1,000,000 6.5710 136.7 8.1
Thickness, T =0.097 cm 100,000 6.6165 79.9 8.2
Radius,t’ =0.530cm 10,000 6.7510 51.5 8.4
Area,a’ =0.8825 cm* 1,000 7.0050 26,5 8.7
1,00 7.7650 13,2 9.6
20 8,8250 111 11.0
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where, 'v' is the frequency in Hz, 'C is the capacitance in pF generated between the electrodes, 'Q' is a factor

(where Q= RcoC, where 'to' is the angular frequency applied across the electrodes, 2nv) and 'et' is the DEC of

the pellet.

The DEC of LASY3 was compared with that of p-spodumene reported in literature and found to be matching well.
The DEC values (at 1 MHz) of other materials commonly used in packaging technology are given in Table 3.3.10.

for comparison.

Table 3.3.10. The DEC of p-spodumene from LASY3 and other materials commonly used in MEP

S\. No Material Formula DEC @ 1 MHz
1 a-Alumina Al203 9.6
2 Beryllium oxide BeO 6.5
3 Alumina-96% Ab03-96% 9.3 .
4 Alumina-92% Al203-92% 8.5
5 p-spodumene from LASY3 LiAlSijOe 8.1

As discussed in chapter 1, low DEC materials are the most operative candidates for MEP technology. Though
BeO has a very low DEC (= 6.5), it is highly toxic in the powder form, which is one of the major disadvantages of

the conventional materials and hence unpopular. So, the p-spodumene prepared from LASY3 is apparently a

better candidate for MEP having the lowest DEC (=8.1) among the listed conventional materials.

3.3.7. DENSITY CALCULATIONS

The densities were calculated for the green and the sample sintered at 1200 °C using the procedure given in

chapter 2. Table 3.3.11 shows the calculated densities of the samples.

Table 3.3.11. Density of the green and sintered LASY3

No. Samples(temp. in °C) Volume(cc) Wt.(9) Density (g/cc)
1 LASY3(RT) 1.32367 1.35625 1.0246
2 LASY3(1200) 0.45307 0.97710 2.1566

These densities were compared with the X- ray density of the p-spodumene phase and the relative density was
calculated and the results are listed in Table 3,3.12, below. The achieved relative density of above 90 % is an
encouraging resuit for i“nowing the extent of sintering. On further fine-tuning of chemical composition

improved relative densities were achieved. They are discussed in the later part of this chapter.
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Table 3.3.12. Density changes on sintering and the relative density

Sample name Density in g/cc Relative density,
Green state Sintered X-Ray %
LASY3 1.0246 2.1566 2.3790 90.6515

3.3.8. SHRINKAGE
STUDIES ON GREEN
SAMPLES

Figure 3.3.7. shows the
thermomechanical

analysis (TMA) plot of
the green sample LASY3
in the temperature range
from RT to 1200 °C. The
TMA curve shows an
usual and plain trend in
which the sample is

stable up to higher
Figure 3.3.7. The .shrinkage TMA plot ofthe green sample LASY3 in the

temperature (800 "C
P ( ) temperature rangefrom RT to 1200 °C

and suddenly condenses

to a dense phase. There

is an initial shrinkage of -20% of the total shrinkage up to 800 °C which may be due to the expulsion of the
adsorbed matter and the strain from the lattice. There is a strong densification after 813 °C up to 1005 °C
indicating the structure collapse of the sample and then sintering of the sample. The XRD pattern of the sample
sintered at 800 °C shows that the zeolite precursor has collapsed into an amorphous material. The highest
densification rate was observed around 920 °C. This temperature is called as temperature at maximum
densification (TomeX). The value of Tovax for LASY3 is relatively much less than that of MASY3 (Magnesium
Aluminosilicate precursor from Y zeolite after 3 exchanges of 1 M Mg salt solution). A comparison of the two
results is given in chapter 5. This comparison offers a good realization about the effect of cation on sintering of
zeolite precursors for ceramic preparations. The over all shrinkage is estimated to be around 33.34 %. The
derivative of TMA shows a sharp peak indicating that the shrinkage is a one step process. However, there is a
shoulder around 990 °C indicating the possible chemical reaction extended even after the completion of
densification. This is a typical case where the sintering is getting over before the high temperature solid state
reactions. Usually, this kind of situation does not allow the phase transformation to complete which leads to
unwanted side products (other impurity phases). But this can be controlled to some extent by the optimization of

heating program. However such studies are beyond the scope of this thesis.
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3.3.9. THERMAL EXPANSION STUDIES ON SINTERED SAMPLES BY DILATOMETRY

Measuring system Dilaiomeier TMA - Perkin Elmer Figure 3.3.8. Thermal
Dianeter 15195 mm expansion  plot  of
Heigiit 3009mm sample LASY3 (sintered
Probe position (mm) Step: 1 at 1200 °C) in the
'I:illenam |2_(I:)Yt?)4a)oc moc/mn temperature range of

enperature (ate) ( ) 20 to 400 °C (TEC plot)

The disc of sample LASY3 heated at 1200 ”C is used for the expansion analysis. However, the measurement
beyond 450 °C was not possible because of the instrumental limitations. Figure 3.3.8 shows the thermal
expansion curve measured in force free conditions, in the temperature range, 25 to 400 °C. The curve shows a
typical 'lower bend' in the region of temperature range up to around 175 °C. The thermal expansion coefficient
measured at a range of 20 to 200 "C is 5.983 x 10 - ®/°C and it agrees with the reported TEC value for p-
spodumene (TEC =~5x 10~ TC)”. However the increase in the TEC may be attributed to two factors namely
(i) the symmetry nature of (3-spodumene phase and (ii) the impurity phases present, particularly the oxides of
alkali elements viz., Na, Li. The first factor, the anisometric nature of phase present in the sample makes the
expansion anisotropic. Table 3.3.13 collects the individual contribution from each coordinate of the particular
crystal symmetry to describe the effective thermal expansion coefficient 'a'eft*. The principal coefficients al, a2,
a3 are symmetry dependant whereas the secondary coefficients a4, aS, and a6 are dependant on the crystal
shape. On the basis of symmetry of the crystalline ceramic phase, the prediction of their contribution to the
effective TEC is easier. p-Spodumene has tetragonal symmetry and hence does not have dependence of
secondary coefficients but aeft is dependent strongly on al and a3. Ifa3 is relatively higher (usually is the case)
and the crystals are oriented along c-axis, such increments are observed. The second reason is due to the
impurity phases present viz., mullite and virgilite. Mullite is a well-known material often added to alter the TEC of
a material’® Park has demonstrated that the TEC increases drastically on addition of 4 - 8 wt.% of alkali and

boron mixed oxide as a fluxing agent, which also enhances the extent sintering*
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The measurement done ina different temperature range between 20 to 450 °C has resulted in an increase in the
TEC to 51.759 x 10 -W°C. The increment in the TEC is attributed to the characteristic feature of the temperature
range in which it was measured. The temperature dependence on TEC has been well studied in many oxide
solids. Kingery remarks in his book, a typical case in which the values for oxide structures with dense packing of
oxygen ions are in the range of 6 - 8 x 10  /°C at room temperature and increases to 15 x 10 - ® X near the
Debye characteristic temperature, 0d The temperature dependence of the TEC has been studied on variety of
materials’®® in our investigation on LASY3, when the TEC of the sample measured at different temperature
ranges are plotted verses temperature up to where the TEC is measured, as shown in Figure 3.3:9, a curve
appears to have a dual slope above and below the zero expansion level. This is a typical advantageous feature of

many LAS systems having negative TECs. This property makes the material suitable for microelectronic

applications.

Table 3.3.13. The effective thermal expansion coefficients for various crystal symmetries

Symmetry Principal coefficients Secondary coefficients
Cubic al al an 0 0 0
Hexagonal al al a3 0 0 0
Tetragonal al al a3 0 0 0
Trigonal al al a3 0 0 0
Orihorhombic al a2 a3 0 0 0
Monodinic al a2 a3 0 a5 0
Triclinic al a2 a3 a4 a5 a6

According to the literature available,
TEMPEARTURE DEPEIVDAIVCE of TEC this kind of phenomena is also
observed in sintering of metals and
metallic alloys. If the kinetics of this'
process is studied, more
understanding can be acquired on
the mobility of the defect sites
during the thermal vibrations at high
temperatures. A similar, work has
been reported earlier on Zn and Cd

elements in terms of mobility of

Figure 3.3.9. The temperature dependence ofthe TEC on LASY3 - (3 vacancies  during  inter-metallic
spodumene synthesised by zeolite route. Temperatures plotted are the

upper limits ofthe TEC measurements. diffusion processes"®.
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3.3.10. NMR STUDIES ON LASY3 SYSTEM

In early 80's, Asai, Fyfe and Klinowski were few of the earlier groups initially tried to exploit solid state NMR for
silicate and silicate based ceramic materials™ ¥\ OldfilFd and Engelhardt developed many new experiments in the
area of solid state NMR for the characterisation of ceramic materials™-"". The next two decades have witnessed
the capability of solid state NMR on ceramic characterisation. There are general NMR reports on the ceramics
synthesised by conventional routes like spodumene or cordierite, which are widespread in MEP technology.
Jancke has reported a study of NMR characterisation using S NMR of cordierite synthesid by sol-gel routers.
However, there are not many reports on the sintering of zeolite based ceramics™. The present NMR based
investigation is somewhat unique, as there is no documentation of a multinuclear approach to study the sintering
phenomenon of the zeolite-based ceramic precursor, LASY3 by solid state NMR to find out the phase changes as

a function of temperature. This includes the NMR studies on nuclei namely, MSi, YAl and “\i.

This particular route follows”morphization of the ciystalline raw material (zeolite) as a first step and consecutively
the crystallization of new ceramic phases from the amorphous matter. This gives an opportunity for one or more
amorphous phases to co-exist at a given temperature and this is clearly observed and evidenced by the raise in
the baseline in the XRD pattern taken for sample heated at 800 °C. It is obvious, that the characterisation of this
state of matter just by XRD is extremely difficult. Though XRD is useful for the phase identification, the inherent
disadvantage of XRD is the inability to detect materials having small crystallite size (below 0.1 micron). So, XRD
becomes ineffective in the case of samples having both crystalline and glassy phases together. Here the support
of NMR is very effective to study even the so-called amorphous ‘trystals’. NMR provides information at local
molecular level and principally does not depend on the crystallinity. The present study involves the NMR spectral
characterisation of the samples that are sintered at various temperatures in the range from 480 °C to 1200 "C,
through the nuclei ™Si and A, The “Li NMR has been studied using the quadrupolar echo (QUADECHO) pulse
sequence. General experimental conditions are described in chapter 2, section 2.3.6.b. Table 3.3.14 lists the
different types of silicates and their notations along with the ~Si NMR chemical shifts. It is important to note that
the chemical shift moves to low field as the ordering of Si-O-Si increases. The present study involves various
silicates viz., soro- and ino- silicates which have chemical shifts in the range of - 68 to -96 ppm. Various such

silicates that are encountered in this investigation are listed in the Table 3.3.15.

Table 3.3.14. Types of silicates and their NMR chemical shift ranges (S,ppm)

Sr. no. Types of silicates Order Notation 6, ppm
1 Neso-silicates Mono- QP -60,0 to -83.0
2. Soro-silicates Di- Q -68.4 10 -95.3
3 Ino- and cyclo-silicates Chain- and Ring- Q -80.0 t0-96.0
4, Phyllo-silicates Layer- @& -91.5t0-101.5
5. Tecto-silicates 3D cross linked- Q' -107.0 to 121.0
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Table 3.3.15. Chemical shifts of silicate phases identified.
Chemical shift, ppm

Sl. no Name of the phase Formula Observed Reported Ref.
Cristobalite Si02 -108.7 -108,5 27
Sodium disilicate Na2Si205 -94.9 94.4 26
p-spodumene LIAI[SI205] -91.6 91.6 28
Lithium sorosilicate Li2Si205 -92.6 92.7 26
Sillimanite ASGs -87.1 87.1 28
aquatz Si02 -107.6 107.4 26
Mullite AIBSI2013 -87.1 87.0 29
3.3.10.a. Nuclear magnetic resonance studies

Figure 3.3.10. shows the MSi MAS NMR spectra recorded at a spinning speed of 2,3 kHz of LASY3 samples
heated at different temperatures ranging from 480 to 1200 “C, All these NMR studies in the present investigation
are related to only one sample namely LASY3, The spectrum recorded for the sample heated at 480 °C is typical
of that of a zeolite with medium Si/Al ratio where the O* (4SI-0Al) and Q(3Si-1Al) environments are clearly
distinguished by peaks at -106,9 and -101,3 ppm respectively. The peak positions match with the literature
values of these environments. The shoulders at higher field next to the O* (3Si-1Al) indicate the presence of very

low level populations of (2Si-2Al) and (1Si-3Al) environments.

The NMR spectrum of sample heated at 800 °C is broad due to the structure collapse. The amorphous
environment is also reflected by XRD of the same sample. Better resolution begins from the samples heated over
900 °C onwards into two distinct symmetric bands. One moves upfield in the range of around -87 ppm indicating
the formation of Q' (3Al) type of sorosilicate species and another to a downfield range of around -110 ppm

indicating the crystallisation of  (QAl) type of tectosilicates and exclusively the polymorphs of SI02.

From the crystallization point of view, NMR spectrum of sample heated at 900 °C is a combination of the two
broad bands, probably including many other phases which are amorphous after the structure collapse of zeolite

metaphase. The actual crystallisation seems to start above 900 ”C and end at 1100 °C with a clear distinction of

two separate bands.
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At 900 °C, the major peak (belongs to the right band) at -108.77 ppm corresponds to the Si02 polymorph,
cristobalite (reported 5 = -108.5 ppm)™*. The powder XRD profile of this sample shows the presence of two
different Si02 phases (JCPDS files 270606 and 120708). The second Si02 may be related to the high quartz
structure, which is usually expected in this range of temperature. However, XRD results show that the zeolite
structure has not completely collapsed and partly remains with a heavy loss of crystallinity. Hence, the NMR
spectrum for sample heated at 900 °C shows the co-existence of both LAS based HT product and the
polymorphs of Si02. The formation of two major bands along with the broad component in between them proves

this. The broad component is due to the existence of the zeolite environment still at this temperature.

The NMR spectra of samples heated in the range, 900 °C to 1200 °C includes the movement of the peak at 5 = -
86.72 ppm to a symmetric peak at 8 = -87.17 ppm. The peak at -86.72 ppm (of the left band) shows an
environment of  type of silicate that corresponds to sillimanite, observed at 5 =-86.9 ppm, which later turns to
AbSIOs, (reported S = -87,1 ppm™’) type of species at high temperature. The amorphous broad component in

between the two bands disappears as the temperature increases indicating the segregation of crystallized

products into two major categories from the amorphous matter.

At 1000 °C the formation of lithium aluminosilicate species starts as indicated by the peak at 5 =-91.6 ppm. The
reported value is 5 = -91.6 ppm™. Virgilite (LixAlxSiaxCe) is the previous phase to crystalline |3-spodumene. At
high temperatures, the fraction x becomes an integer x = 1 to form (3-spodumene (LiAlSiaOs). This observation is
supported from the XRD characterisation described eariier. As the Si/Al ratio is considerably high in ceramic
phases, it is not possible to have Si-Al ordering like low Si/Al ratio zeolites have. Also it is very well known that the

Si signal shifts upfield as the Si/Al ratio increases during sintering.

Oldfield reports the same kind of

spectrum for a mixture of mullite and MAS NMR
Si02. Figure 3.3.11 shows the spectrum

observed by Oldfield and coworkers for

the mixture of mullite and Sio2, spun at a

speed of 25 kHz (MAS) and almost

similar experimental conditions.  The

spectrum consists of relatively narrow

peak at - 87.0 ppm, due to crystalline

mullite and a broader peak at -108.3 ppm

due to a neariy pure Sio2 glass (pure -100 -150

Sio2 glass is at approximately - 111 Chemical shift from TMS, ppm

ppm). In the present study, the XRD 010 33.11. MuHile-SiOl mixture. 2.5 kHz, \Si MAS NMR,
profile for the particular sample heated {ref. Oldfielde! al. Am. Ceram. Soc. Bull., 66(4) 656-63 (1987) }

upto 1100 °C shows the presence of
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mullite and Si02. From the temperature 1100 "C to 1200 “C, the spectral lines are sharper indicating that the
crystallization is getting over with two major components. One includes the glassy and crystalline Si02 phases
and the other includes the LAS phase, p-spodumene and mixture of mullite and glassy silica (Al6Si20i3, observed
5 = -87.17 ppm and reported 5 = -87.1 ppm”) as major crystalline impurities. These results are in good
agreement with the XRD characterisation of the same. The results are in accordance with the reported

literature”'.

3.3.10.b. Nuclear magnetic resonance studies

2Al being a quadrupolar nucleus the typical quadrupolar features are seen. Unlike MSi, it becomes difficult to
quantify ™Al spectrum as the complication arises, because of its quadrupolar nature. However, the narrow and
sharp peak at 59.03 ppm indicates the presence of typical tetrahedrally coordinated Al atoms in zeolite
environment. The LASY3 sample heated upto 800 °C shows a considerable amount of octahedral occupation
close to 0 ppm. This is due to the collapse of the zeolite structure at that temperature. Klinowski and his
coworkers™ have studied the dealumination and the themial destruction of zeolite framework using NMR. Figure

3.3.12 shows the Al NMR of the samples heated at various temperatures.

LASY3 sample heated at 900 °C shows a reduction of intensity and another broad peak starts growing near 0
ppm (4.31 ppm at 900 °C) indicating the formation of the amorphous matter in which the Al atoms are moving to
the octahedral positions. Assignments are based on the fact that Al atoms, when tetrahedrally coordinated by
oxygen atoms resonate at 50 + 20 ppm and when octahedrally coordinated, resonate at 0 + 10 pon"3-3#4

The slight shifting of the main tetrahedral peak from 59.03 ppm to 57.87 ppm and to 58.66 ppm at 480, 800 and
900 °C respectively shows the gradual collapse of zeolite structure. On the other hand, the formation of the sharp
peak at 13.6 ppm (at 900 “C) shows a well ordered octahedral coordination of Al atoms as the same in alumina.
The detection of the presence of alumina phase (JCPDS 100173) at 900 "C by XRD is confirmed by NMR. The

alumina again transfomis into other products at high temperatures.

It is clearly understood from the XRD results that the (3-spodumene is fonned through the key intermediate phase
virgilite. The slow conversion of virgilite to p-spodumene is in fact a conversion from octahedral to tetrahedral
again. The Al atoms are tetrahedrally coordinated in p-spodumene. The formation of p-spodumene is observed
by XRD in the range of 900”C to 1000 °C. This Is reflected by the movement of the tetrahedral peak al 58.67
ppm (of 900 °C) to 55.80 ppm (1000 °C) at the expense of the octahedral peak (4.31 ppm). It continues to remain

at 55.11 ppm at the temperature range of 1200 °C indicating the completion of crystallisation of p-spodumene

around 1200 X.
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The new peak around 21 ppm to 23 ppm in the spectra of samples heated from 1100 to 1200 °C is the range
where the A) is in five coordination and will be in distorted octahedral structure. This is due to the presence of
mullite that is according to the XRD results, another major intermediate in LASY sintering. This is in accordance
with the result of Merwin™ He has proved that the A MAS NMR spectra of sintered- and fused-mullite
measured at different Larmor frequencies revealed clearly the presence of 3 distinct Al sites, i.e., of octahedral
(MI), tetrahedral (M2), and distorted tetrahedral (Al*) sites. Due to this reason, there are satellite side bands
around the tetrahedral peak at 53.60 ppm of sample heated at 1100 °C (possibly distorted).

The spectrum recorded for the sample heated at 1200 °C looks more simple and the tetrahedral main peak due
to the LAS ceramic phase (3-spodumene remains intact with the distorted environment at 55.11 ppm. The
distorted tetrahedral of mullite Al atoms show a peak around 23.24 ppm and the octahedral mullite at 3.42 ppm.
Hence for sample heated at 1200 °C, the NMR shows peaks for two major phases mullite and (3-spodumene.
The main peak moves towards high field to 53.6 ppm to 55.1 ppm indicating the mullite phase with a distorted

octahedral coordination of Al.

3.3.10.c.~Li nuclear magnetic resonance studies

The i QUADECHO NMR results are shown in the Figure 3.3.13. At the very outset, it is important to note that
the position of “Li nuclei is very distinct from that of the other nuclei like "'Si and ~Al. In fact the Li ions are highly
mobile in the zeolite environment, as they do not sit in the lattice positions. However in dense ceramic phases,

the lithium mobility is highly restricted and is fixed with the lattice positions (only lattice vibrations).

The narrow Li signal at 0 ppm in the beginning of sintering (for the sample calcined at 480 °C) indicates its mobile
nature and thus averaging out the quadrupolar interactions isotropically. The quadecho conditions preclude the
possibility of missing out if any possible appearance of broad feature at this temperature. The onset of the phase
transformation of LASY zeolite precursor into a condensed LAS phase is clearly seen by the appearance of the
broad component for the sample heated at 900 °C. The broad component is definitely due to the satellite
transitions that are normally observed for ~Li in many simple Li compounds and for immobile Li oxide materials
viz., lithium acetate, lithium carbonate, layered oxides of Li, which are diamagnetic. However, the loss of so-called

‘powder pattern” features of the satellite transitions is due to the lack of very high crystallinity for the (3

spodumene. This is also due to the fact that there is a distribution of chemical environment of Li as it remains in

more than one phase viz., virgilite, p-spodumene and other amorphous (glassy) Li oxides, during the process of

crystallisation. These are commonly noticed in many Li glasses.
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Another possible reason may be due to the dipolar interaction of
Li with Al. Engelhardt reports these types of dipolar interactions
in his book for Li exchanged Na-A zeolites™e. In the present
study in the LAS systems, LixASaxCe (virgilite) and also
LiAISiaCe (p-spodumene) there is a 1:1 site population for Li:Al.
It is possible that Al broadens the satellite features and makes it
not prominent. Figure 3.3.14 shows the i NMR spectrum
recorded for various conditions. It shows that the quadaipolar
features are enhanced using a quadecho pulse sequence
instead of the single pulse and also that the Al;Li dipolar

interaction suppresses the enhancement.

3.3.10.d. Quantitative NIMIRstudy on Li content

Evaporation of Li is a common problem in many Li based HT
ceramic preparations. Li being a volatile element, the
stoichiometry of the ceramic phase at high temperatures will not
be the same as that of the starting precursor. Hence it is
important to monitor the Li content through out the sintering
process. The analysis of Li content by atomic absorption
spectroscopy (AAS) was somewhat difficult, as the high
temperature dense phase (especially the silica-rich) LAS
ceramics are rather difficult to be digested into aqueous solution
for AAS. So, the AAS based analysis may not be reliable and an
additional technique is needed to support the results. The
quantitative solid state NMR study can be employed for this
purpose as it uses the solid mass itself for the analysis. There

are many such studies reported in literature™.

CHAPTER - LAS

ALi NMR

Single-
pulse
spectrum

* Typical
quadecho
spectrum

Quadecho
with Li:Al
dipolar
V__ ™ interaction
: 1

+100 0 -ICO

Chemical shift ,ppm

Figure 3.3.14. 7Li NMR spectrum of
single pulse quadecho and quadecho with
Li.Al interaction. * shows the enhanced
quadrupolar features in typical quadecho
conditions.

The LASY3 samples heated isothemially at different temperatures viz., 800, 1000 and 1200 °C for 6 h, were

crushed into fine powder and used for NMR study. Samples weighing exactly 0.18735 g each were loaded in the

NMR sample tubes with uniform packing. Using the similar probe used for the quadecho ‘i spectroscopy, the ‘\i

single pulse static signals were collected using experimental conditions mentioned in chapter 2. The FIDs were

Fourier transformed with a line broadening of 40 Hz for minimum signal/noise ratio. Phase and base line

corrections were done and integration was performed over the main central transition signal. Figure 3.3.15 shows

the “\i static NMR spectra recorded for samples heated at different temperatures. The integrated area values are

plotted in Figure 3.3.16. Generally the spectra look very narrow for samples heated at low temperatures and
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become broad for samples heated at high temperatures. The broadening is due to the fact that the Li ions get into

lattice positions at high temperature that restricts the mobility of them. However the reduction in the intensity

along with broadening keeps the integrated value the same indicating that the lithium loss is negligible during high

temperature treatments. The Li content in terms of the integrated values plotted in Figure 3.3.16. The value varies

marginally from 1985.9 (800 °C) to
19201 (1200 X) which s
commonly observed marginal loss
in L based high temperature

material synthesis™

3.3.10.e. Summary of
multinuclear NMR studies on

sintering of LASY

Multinuclear NMR studies on the
sintering process of LASY has
given a better understanding of the
entire process in terms of the
nuclear  environment of the
elements irrespective of crystalline
and amorphous nature of the state
at a given temperature. The NMR
results are quite supportive and
appropriate fp_the results obtained
by XRD at similar temperatures.
Few aspects like the presence of
alumina only in the range of 900 °C
by XRD is confirmed by the ™A
NMR  results. ~A  being a
quadrupolar nucleus, is relatively
difficult for interpretations. However,
the literature sources suggest that

the high speed spinning at higher

Quantitative A
\i NM_R 1200 ° C
analysis 1
\ 1000 °c
j\A 800 °C

Chemical Shift, ppm

Figure 3.3.15. Quantitative Li NMR study on LASY3 sample sintered
at various temperatures (800, WOO and 1200°C)

Li CONTENT by QUANTITATIVE NMR

-B-

8 1600

1400

5 1200
- 1000 Temperature, °C
800 1000 1200

Figure 3.3.16. Quantitative Li NMR studies on sintered samples of
LASY3 sample. The integrated area over the central transition
signal is given in text.

field will increase the resolution of the spectrum that would help in distinguishing the overlapping peaks. Special

NMR experiments which would decrease the quadrupolar interactions like multiguantum (MQ) might help to

understand the spectrum better.
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CHAPTER 3

PART B. INFLUENCE OF PRECURSOR STOICHIOMETRY ON LAS

SYSTEM

3.4. INTRODUCTION

The second part of this chapter deals with the studies carried out to find out the influence of variation of different
parameters on the sintering of LAS systems. It is well known that in solid state HT reactions, the difference in
chemical compositions of the precursor materials drastically affects the purity of the phases formed at high
temperatures. In solid state HT reactions unlike the liquid state reactions, generally there is not much control on
the thermodynamics of the reactions. Hence it is very important to know the way in which the sintering process
and the phases formed get affected when the composition of the precursor is changed. Consequently, one can

achieve a reliable control over the quality of the final product.

Practically, ail Na* ions in the zeolite lattice can not be exchanged and hence there would be always a fraction of
residual Na in the precursor composition. It is very important to note that this influences the purity of the final
phase and the sintering process as well. This will, however be discussed in the later sections of this chapter. In
this view, in the sintered ceramic product, all expected lattice sites for Li* in the lattice of p-spodumene need not
be occupied by the Li* cations. Also, the occupancy of the Li+ ion in the entire unit cell may vary with the defect
structure and the phase purity. This influences however, the purity of the final phase, as well the sintering process
due to the fact that the presence of trace amount of Na in the precursor acts as a flux during the solid state high
temperature phase transformations. In general, alkali oxides and fluorides are known as fluxing agents. This
aspect has been well discussed by many workers and reported*®*’. One of the major elements present in the
system, viz., Li* itself is known to behave as a 'self-flux' at high temperature™’. It is usually added in some

systems as an external fluxing reagent.

In oxide based conventional preparations, meeting the stoichiometric requirement is rather unrestrained as the
components (in the case LAS, the components could be SiO?, Al20s, and LiO?) are mixed apparently. However, in

zeolite based route, the case is different. Firstly, for a given zeolite precursor the SiOa/AbOs is fixed. However one

can choose or synthesize the zeolite with desired Si/Al ratio.

Secondly, cation concentration can be altered by the magnitude of cation exchange. However, the number of
cations that can be exchanged is directly proportional to the number of Al atoms present in an unit cell, depending
on the valency of the cation (in Li exchanged zeolite, the cation is Li" and the valency is 1, So, the ratio Alii
would be 1:1). In this aspect, the compositional variations in zeolites are easily possible with respect to the

concentration of cations and Si/Al ratio. As mentioned in chapter 1, in today’s ceramics market composites are
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much attractive materials than single-phase ceramics. In that view, better fine-tuning of the chemical composition
of the precursor is required to make composites and solid solutions with Improved properties. If has been often
reported that in oxide systems the presence of excess Sio2 in the precursor powder also affects the reactions at
HT. Takeo Iga has reported that the presence of excess SiO? in sintering of alumina inhibits both densification
and grain growth™ It is also proved that this does not affect the material transport during the sintering but the
grain growth. Yong Bai Son and coworkers have studied the crystallisation behavior of similar systems in Al0s
rich and Si02 rich conditions to understand their individual effects® However the influence of excess Si02 is
different with different systems and hence, it would be an interesting study. The studies on the influence of cation

concentration and the Si/Al ratio (in the precursor powder) on the sintering behaviors have been discussed in this

part of the chapter.

3.4.1. EFFECT OF CATION CONCENTRATION AND Si/Al RATIO IN PRECURSOR

3.4.1.a. Plan of work

It was planned to prepare samples with varied cation concentration. The differences in the sintering behavior with
respect to different concentrations of Li in the precursor samples were followed by various techniques. XRD was

the main tool used by which the phase changes were followed.

3.4.1.b. Experimental

3.4.1.h.l. Sample preparation

The Li content in the zeolite precursor was modified by changing the concentration of the cation solution and the
number of exchanges. Zeolite Y was first exchanged three times with 1 Msolution of NHsNQs to get the NHs form
of Y and then with the different molar solutions of LiNOa. Solutions were prepared with different molar
concentration from 0.01 Mto 1 Mas listed in the Table 3.4.1. The number of repeated exchanges were changed

with sample to sample as listed in the table. The elemental compositions analysed by AAS are also given.

Table 3.4.1. Sample details for cation concentration variation.

Sample name Cone, of Li No. of Elemental ratios, wt. %
soln. exchanges Li Na Si/Al
LASY1 1M 1 0.53 0.076 3.392
LASY2 1M 2 0.76 0.082 3.417
LASY3 1M 3 131 0.075 3.401
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Nearly 10 g of three zeolites namely zeolite A zeolite P and zeolite Y with a Si/Al ratio 1.12, 1.8 and 2.51
respectively were exchanged with each 300 ml of 1 M LiNOs solution for three times. Li* using the similar
procedure prescribed in chapter 2 - Section 2.1.2.a. for ion exchange. The powders designated as LIA3, LIP3

and LIY3 respectively as per given in Table 3.4.2.

Table 3.4.2. Sample details for Si/Al variation

Sample Source Cone, of L solution No.of exchanges Si/Al
LIA3 Zeolite A 1M 112
LIP3 Zeolite P 1M 1.80
LIY3 Zeolite Y 1M 251

3.4.1,h.2. Consolidation and sintering

The powders of all three samples were mixed with appropriate amount of binder PVA and dried. They were
pressed into pellets and then sintered at various temperatures from 480 °C to 1200 °C as per the procedure
given in chapter 2. The pellets were fired at different temperatures viz.. (T2 =) 480, 600, 700, 800, 900, 1000,
1100,1200 ° C in programmed fashion with a heating rate of 4 °C/ min. The heating had a holding at 580 "C (T1)
for 180 min. (t2) for binder removal. The samples were heated at higher temperature (T2) isothermally for 360

min. (t4) and cooled naturally (see in chapter 2 for more details about the temperature and time parameters).

J.4.1,h.3. Characterisation

The powder XRD patterns of samples sintered at different temperatures were recorded. The phases were
identified and matched with the JCPDS available with the Rigaku XRD instrument. A semi-quantitative analysis of
the various phases present in the samples heated at 1200 °C was carried out. The results are discussed in the
following sections. Densities of all the LASY samples heated up to 1200 "C were measured and the general trend
of density changes with respect to the cation concentrations were analysed, as the density variations at various
temperatures are hints of the extent of densification. The shrinkage of the samples due to densification was

measured and analysed.

3.4.1.c. X-ray based phase study

3.4.1.e. 1. Effect of cation concentration on phase transformation

Figure 3.4.1 shows the multiple plot of the XRD profiles obtained for the samples heated at 750 ”C of the ‘LASYn’
(zeolite) precursors (LASY1, LASY2 and LASY3) having different cation concentrations, 'n' in the sample label
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indicates the number of times of exchanges carried out with the cation Li* Table 3.4.3 shows the Li loading and

the residual Na present in each sample.

The phase estimations of the XRD profiles have been carried out. The simplified results of the phase
identifications are given in Table 3.4.3 along with the matching JCPDS files. As per the results, it seems the
overall behavior of the phase transformation is similar in all the samples. However, the major transformations
occur at different temperatures for different samples. At 800 °C all the samples form amorphous matter along
with silica polymorphs and alumina. One of the silica polymorphs represented here as 'silica (a)' is found to be
structurally closer to keatite (Si02) [JCPDS-270605} and the other is a silica polymorph (represented here as)
‘silica (b)' is found to be structurally closer to cristobalite (Si02) [JCPDS-120708], Keatite type of Si02 continues

to remain till the end of crystallisation where as cristobalite type of Sio2 disappears at high temperatures.

5k

LASY3 Zeolite Y +

Amorphous
LASY?2 Zeolite Y
LASYI Zeolite Y
20 2 - theta, degree 40 50

Figure 3.4.1. The XRD profiles of LAS samples with different Li* concenlralion heated at 750 °C
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Table 3.4.3. Various phases identified during the sintering of the sample with different Li concentrations (JCPDS Wes with

which the recorded XRD profile was compared, are given below)

a.

E

< 480
Zeolite Y
Zeolite Y

@

<
Zeolite Y

Phase

Silica (a)
Silica (b)

Alumina

800

Zeolite Y
Silica(a)
Silica(b)
Alumina

AMORPH*

Zeolite Y
Silica(a)
Silica(b)
Alumina

AMORPH*

Zeolite Y
Silica(a)
Silica(b)
Alumina

AMORPH*

Formula
Sio?
Sio2

AI203

Temperature (°C ) and the phases formed

900

Zeolite Y
Silica(a)
Silica(b)
Alumina
Virgilite SS
AMORPH*

Zeolite Y
Silica(a)
Silica(b)
Alumina
Virgillite SS
AMORPH*

Zeolite Y
Silica(a)
Silica(b)
Alumina
Virgilite SS
AMORPH*

JCPDS file

270605
120708
100173

1000

Silica(a)
Silica(b)
Alumina
Virgilite SS
Mullite
AMORPH*
Silica(a)
Silica(b)
Alumina
Virgilite SS
Mullite
AMORPH*
Silica(a)
Silica(b)
Virgilite SS
Mullite

p-spodumene

Phase
Virgilite SS
Mullite

(3-spodumene

1100

Silica(a)
Silica(b)
Virgilite
Mullite

fi-spodumene

Silica(a)
Silica(b)
Virgilite SS
Mullite

p-spodumene

Silica(a)
Virgilite SS
Mullite

p-spodumene

1200

Silica(a)
Silica(b)
Mullite
Virgilite SS

p-spodumene

Silica(a)
Mullite
Virgilite SS

p-spodumene

Silica(a)
Virgilite SS
p-spodumene

Mullite

AMORPH?* - Amorphous ptiases

Formula
LixAIXSia-xOe
AleSiaOij
LiAISiaOe

JCPDS file

310707

150776
350797

In LASY1 and LASY2 (he amorphous phase extends up (0 1000 °C where as in LASY3, major part of it

crystallises into other crystalline forms. On the other hand, the p-spodumene phase starts crystallising early, at

relatively lower temperature in LASY3 (1000 °C) compared to LASY1 and LASY2. This is due to the fact that

when the precursor has composition closer to the stoichiometric requirement, the phase transfomiation is easier
and in many cases, simpler without any side products. In LASY3 the lithium content is relatively very high (1.31

wt.%), nearly more than 2.5 times than that in LASY1 (0.53 wt.%). Also, in LASY1 the trace of cristobalite

(polymorph of Si02) is found even after 1100 °C as an impurity phase.
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3.4.1.d. Density based study
Li CONCEIVTRATION & DENSITIES
3.4.1d.1 Effect of  cation

concentration on density

The magnitude of densification can be
realised by comparing the values of
density of the green sample at room
temperature and that of the sintered
product at high temperature. It is known Li Concentration. wt.9%
that the green density is always lower

Figure 3.4.2. Influence ofcation concentration on

than that of the sintered density.
ceramic density.

However, the difference between the

two densities is an important factor in density based ceramic applications. In the case of pure single phase, the
density is dependent only on the synthesis procedure. In contrast, for composite materials with more than one
phase, the density is dependent on many variables. In the case of the present material of interest, the cation
concentration in the zeolite precursor is one such variable, which directly influences both the number and amount
of side products formed during the HT treatment. This is evidenced by the discussion in the earlier section.
However, if is important to study the change in density as a function of cation concentration. This Is due to the
fact that the apparent density of the final product is the effective value of the characteristic densities of individual

phases.

Table 3.4.4. Green and sintered densities of LASY samples

SI. no. Sample Li conc. wt.% Density, g/cc
Green Sintered
1 LASY1 0.53 1.0530 3.0889
2 LASY2 0.76 1.0391 2.4873
3 LASY3 131 1.0246 2.1566

The green and sintered densities (papp) of the three samples LASY1, LASY2 and LASY3 (as shown in Table
3.4.4.) were measured using the procedure prescribed in chapter 2. The Figure 3.4.2 shows the graph of the
densities (both green and sintered) plotted against the cation concentrations. As the precursors are from the
same source, even after chemical modifications there is no significant change in green densities of the samples.
The sintered density decreases from 3.0889 to 2.1566 (in gm/cc) with increasing lithium concentrations from 0.53
to 1.31 wt.%. Table 3.4.5 shows the respective HT phases formed at 1200 °C when the three different LASY

samples were heated. The observed apparent density and the X-ray density of the individual phases are given.
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Table 3.4.5. Phases formed and their individual densities

Sample Phases Relative
(at 1200 °C) amounts*
Silica(a) Very low
Silica(b) Very low
HASYL Mullite Medium
Virgilite SS Low
P-spodumene Low
Silica(a) Very low
Mullite Medium
HAsY2 Virgilite SS Low
(3-spodumene Medium
Silica(a) Very low
Virgilite SS Very low
HASYS /3-spodumene High
Low

Mullite

CHAPTER - LAS

p observed (g/cc) Phases P x-ray" (g/cc)
Silica(a) 2.533 - 2.648
3.0889 Silica(b) 2.194-2.334
Keatite 2.497 - 2.503
Mullite 3.125-3.166
Virgilite SS
24873 P-spodumene 2.379

*ery low=<20% Low =20:30%
Hgh=6080% Medium= 30-60%
\ery high=>8P%6

2.1566

*- relative amounts are based on the semi-quantitative estimations

""- according to CRC hand book of materials, (CRC -1985)

At 1200 ”C, though all the three samples yield the same phases, the relative weight fractions of the existing

individual phases are very important which govern (he observed apparent density of the material. The phase

transformation, above 1000 °C follows through the crystallisation of (3-spodumene at the expense of virgilite and

mullite intermediate phases. Mullite, being the densest phase among those formed during the heating of LASY

Si/Al RATIO vs DEVSITY (LAS)

Figure 3.4.3. Influence ofSi/Al ratio on density of LASY

samples.

samples and having a highest X-ray
density of 3.1 g/cc, the relative quantity of
its presence becomes the major factor that
decides the observed density of the
ceramic product. At higher lithium
concentrations, mullite finds relatively
more Li to react with and forms (3
spodumene reducing its own
concentration. Hence the effective density
is less. However, at low Li concentrations
the mullite to |3-spodumene transformation
is relatively less and hence the excess

mullite increases the density.
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3.4.1.d.2. Effect of Si/Al ratio on density

Figure 3.4.3 shows the densities of all the three samples that are sintered under similar conditions at 1200 °C.
The curve shows a maximum near Si/Al = 2 indicating that the density dependence on the Si/Al ratio is nonlinear.
The highest density (2.36 g/cc) is observed around Si/Al ratio 1.80.

Table 3.4.6. Densities of LASY samples with different Si/Al ratio

Sample Si/Al Density, g/cc
LIA3 112 1.225
LIPS 1.80 2.360
LIY3 251 2.151

The following may be a possible reason. The major side product in this process is muilite (Al6Si20i3), which has a
Si/Al ratio of 0.33. The formation of this phase is dependent on the availability of Al and the excess SiOa available
at high temperatures in the amorphous solid mixture apart from the amount of Si02 consumed for the LAS

(virgilite or (3-spodumene) phase formation. Table 3.4.6 shows the apparent densities of the samples with

LAS zeolite
Amorphous
phase
A
Low Si/Al ratio High Si/Al ratio
Virgilite SS
LAS (virgilite)
Muilite
Silica

LAS (p-spodumene)

Figure 3.4.4. Schematic representation ofthe possible mechanistic pathways of the crystallisation of LAS
ceramic phases al different Si/Al ratios. The relative magnitude ofmuilite and excess SiOi has been
schematically represented.
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different Si/Al ratio. Beyond 1000 °C, the sample with low Si/Al ratio (LASA3) level in precursor, has a low excess
of Si02 compared to that of high Si/Al. This low content of excess SiOa reacts with the available Al20s and forms
mullite. When the Si/Al ratio increases, the formation of mullite also proceeds. Hence, the overall density of the
system increases as well. When the Si/Al ratio of the amorphous matter apart from the LAS phase crosses
beyond 0.33, the fonnation of mullite stops due to the unavailability of Al2Os leaving excess of relatively low
density Si02 in the system. Hence the silica, which has a lower density, starts crystallising into its respective
polymorph thermodynamically possible at that temperature. This leads to the termination of increase in density
and the consecutive decrease. On the basis of the phases identified and estimated semi-quantitatively, the
pathway of the phase transformation at different situations of varying Si/Al ratios may be proposed as given in the

schematic diagram. Figure 3.4.4.shows the most possible mechanistic pathway.

3.4.1.e. Shrinkage based study

Kodama of Hitachi Ltd., has exclusively studied the impact of unidirectional shrinkage during sintering to fabricate
ceramic packaging substrates which meet requirements of very low dimensional tolerances (high dimensional
accuracy)'™. As present LAS material has a potential scope in the same application, it would be more important to
have coverage on this aspect. Unidirectional (or linear) shrinkage is unique in those systems where in there is an
orientation of crystal growth during the process of crystallisation. Unlike volumetric (three-dimensional) shrinkage,
unidirectional changes may be measured to understand the influence of orientation effects due to their nature

including the particle size of the precursor powder, their crystal structure and the sintering history.

Bruneton has studied the influence of
. . CATION COIVC. vs

heterogeneity that comes firstly from the use of SHRIIVKAGE
different reagents as gel formers (Si and Al
alkoxides) or of a mixed nature (Si-Al ester) and
secondly from the hydrolysis-polycondensation
route on the shrinkage and expansion of sol-gel
based ceramic production"®. However, the
present study on the shrinkage of zeolite based
precursors for the ceramic sintering has been
attempted for (he first time. Particularly, in zeolite 800 1000 '

P ( Y Temperture, 'C
based ceramic preparation, where densification

. . Figure 3.4.5. The influence ofcation concentration on

process includes a phase transformation or/and Shrinkage of LAS samples.
crystallisation from an amorphous intermediate
phase, the study on unidirectional shrinkage is
very important as the anisotropic shrinkage can be well influenced by typical stoichiometric conditions. The
current investigation is to study the change in unidirectional shrinkage as a function of the precursor chemical

composition. The study has been carried out with different Li concentrations and different Si/Al ratios as
described below.
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3.4.1.e.1. Influence ofcation concentration on shrinkage

Figure 3.4.5. shows the shrinkage observed for the samples LASY1, LASY2 and LASY3. The cation
concentration has a tremendous influence on the shrinkage of the LAS materials. The three samples have a
similar shrinkage without significant changes at lower temperature 900 °C. At 1200 °C LASY1 reaches a
minimum shrinkage of 29.58 %, where as LASY3 exhibits a shrinkage of 60.07%. This is due to the fact that at
high Li concentrations the formation of p-spodumene is enhanced as explained earlier, which fomis a major
single phase (by estimation, more than 70 %). When less quantity of impurity phases are present, it always
expected that bulk homogeneity in crystal packing and in lattice ordering of atoms is better. Thus the pores and
defects are usually reduced leading to a high shrinkage. As per the application point of view in MEP technology,
minimum shrinkage is usually desirable. Hence, one must think about reduction of excess shrinkage without
loosing the high phase purity and apparent

Si/Al RATIO & SHRIIVKAGT: density. Recent report from NASA suggests that

the change in atmospheres at which the sintering

occurs effectively influence the shrinkage strains*®.

3.4.1.e.2. Influence of Si/Al ratio on

shrinkage

Figure 3.4.6. shows the shrinkage observed for

the samples LASY1, LASY2 and LASY3. The

Si/Al ratio cation concentration has a strong influence on the

Figure 3.4.6. Influence of Si/Al ratio on the shrinkage shrinkage of the LAS materials. The shrinkage
OTLAS samples increases as the Si/Al ratio increases from 1.12 to
2.51. Table 3.4.7. shows the % shrinkage observed for the three different LAS samples with different Si/Al ratios.
LASA3, LASP3 and LASY3 are the samples prepared by the Li exchange (3 times) of Na in Al P and Y zeolites
respectively having different Si/Al ratios (refer Table 3.4.7.). LASY3 has the highest shrinkage of 42.01 %, This
may be due to the fact that the sintering is enhanced by the presence of excess Sio2 as if converts itself into

denser Sio2 polymorph cristobalite compared to other polymorphs of Slo2 possible at that temperature.

Table 3.4.7. Influence of Si/Al ratio on shrinkage

Sample Si/Al Shrinkage %
LASA? 1.12 10.922
LASP3 1.80 32.138
LASY3 2.51 42.014

90



CHAPTER Il - LAS

3.4.2. EFFECT OF SINTERING ATMOSPHERE
3.4.2.a. Plan of work

It was planned to change the sintering atmosphere of LAS samples to study the effect of atmosphere during
sintering. The major possible changes are the availability of atmospheric oxygen during oxidative air atmosphere
and the oxygen deficient argon atmosphere. This is basically to study by XRD whether the atmospheric oxygen

involves in the phase transformation or not and ifso how much.

3.4.2.b. Experimental

As described in chapter 2 the HT solid state phase transfomiation reactions were perfomied in programmable
furnace. The reactor setup has been described with schematic figure in chapter 2. Pellets of LASA3, LASP3 and
LASY3 were sintered both in oxidative air atmosphere and in reducing argon (INOX) atmosphere. The gas flow
was controlled by a mass flow controller with a flow rate of 40 ml per minute. A detailed procedure is given in
chapter 2. The pellets were heated with a heating rate of 4 “C/min and sintered at 1200 °C for 6 h. followed by a
natural cooling to RT. They were crushed into powders and were characterised by XRD and the phases formed

were identified.
3.4.2.c. Results and discussion

Figure 3.4.7. shows the multiple plots of the XRD profiles obtained for the samples LASA3 (a) and LASY3 (b)
heated in both air and argon atmospheres The various phases formed along with their semi-quantitative
estimations during the course of sintering of different LAS samples at 1200 °C both in oxidative air and reductive
argon atmosphere are given in Table 3.4.8. In oxidative atmosphere, generally, from the observations it is clear
that the oxygen uptake at high temperatures leads to various oxides of Si and Al individually or together, which
hinders the formation of (3-spodumene. Incase of low Si/Al ratio zeolite sources like LASA3 and LASP3, due to
presence of relatively higher aluminum content, there is fonnation of alumina (JCPDS 100173) phases at 1200
°C. However, there is a distinct increase in the fonnation of p-spodumene phase, which is very attractive as per
the phase purity, is concerned. However, as discussed eariier the density of these materials are relatively low.

In reductive argon atmosphere, the general observation is that the number and quantity of the side products
formed are less. For instance, the fonnation of multiple polymorphs of silica is restricted and only one polymorph
of Si02 (JCPDS 270605) is formed. It Is very interesting to see at low Si/Al ratio samples like LASA3 and LASP3,
there is no silica fonnation. They have only mullite and p-spodumene* phase (JCPDS 350794). This is close to
the composition of the phase, LiAISiaOs. Also the main and very interesting result is that the precursor LASY3 has
formed a single phase, p-spodumene* (refer Figure 3.4.8.). This proves that with proper fine-tuning of the
chemical composition of the zeolite precursor and with an optimised heating conditions, high purity

single-phase ceramics can be prepared using zeolite as precursors without undeslred side products,
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LASA3
M M M M P- pspodumene* 350794
M- Mullite 150776
ARGON
7312
A- Alumina 100173
M- Mullite 150776
M p' p-spodumene 350797
AM M

rpf FT

L U, s PA

20  2- lhela, degree 40 50

AIR

Figure 3.4,7,a. XRDpatterns obtainedfor the LASA3 samples sintered in argon atmosphere.

LASY3
PILN@E* 350704
ARGON
1
© I N> tm
5"-- silica (a) 270605
silica (b) 120708
= Alumina 100173
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M - Mullite 150776
AIR HH VA - ~ |
” "iIAJ,/_LyV
20 2 - lheta, degree 40 50

Figure 3.4.7.h. XRD pallerns oblainedfor the LAVJS samples sintered in argon atmosphere.
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Table 3.4.8. The sari-gentitative arvlysis of veriaus phases formred during tre differant sinterirg of LAS sanples in
differatatmogaeres.

Sample Zeolite In air (oxidative) Inargon (reductive)
source Phase Estimation, % Phase Estimation, %

LASY3 y Silica (a) 01.1
Mullite 21.2 p-spodumene 100.00
Virgilite SS 07.4 {single phase)
p-spodumene 70.3

LASY2 Y Silica(a) 03.8 Silica (a) 018
Mullife 31.0 Mullite 05.2
Virgilite SS 214 Virgilite SS 93.0
fi-spodumene 43.8

LASY1 Y Silica (a) 04.2 Silica (a) 04.3
Silica(b) 01.7 Mullite 03.3
Muilite 34.7 Virgilite SS 92.4
Mrg\WHe SS 294
p-spodumene 30.0

LIPS P Silica (a) 011 p-spodumene* 96.2
Mullite 03.6 Mullite 03.8
jB-spodumene 95.3
LIAS A Alumina 01.9 p-spodumene* 98.1

Mullite 04.3 Mullite 01.9
j3-spodumene 93.8
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3.4.3. PROBABLE PHASE TRANSFORMATION MECHANISM

The chemical compositional variation studies in the zeolite based LAS precursors which are discussed in the later
part of this chapter prove that with fine tuned chemical composition and an optimised heat treatment it isrpossible
to produce highly pure lithium aluminosilicate ceramics without impurity phases. However, the understanding of
an overall pathway of the phase transformation seems to be somewhat tougher as there are many crystalline and

amorphous phases involved in the entire transfonnation process.

According to available literatures, the oxide based or alkoxide based LAS precursors usually transform into a

high-quartz (HQ) structure, which then transforms to p-spodumene or p-spodumene* (refer appendix) through
keatite phase that is structurally close to p-spodumene™’® Astrid proposes the pathway of (3-quartz to p-

spodumene in the presence of Nz, which stabilises the quartz phase up to 1200 On the basis of this
literature infonnation and also according to the present observations by XRD and multinuclear MAS NMR studies,

it is viable to propose a most possible phase transformation pathway of the zeolite based ceramic preparation as

given below.
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In present zeolite based ceramic preparations, it is observed that the crystalline zeolite precursor collapses at
moderately high temperatures (in the range of 800 to 900 °C) and forms an amorphous phase. Figure 3.4.9,

LASYS3

b-spodumene
1200
mullite
virgilite
Alumina
Silica(b)
Silica(a)

Phases present zeolite Y

shows the existences of various crystalline phases during the heat treatment of the sample LASY3 (excluding the
amorphous glassy phase). This contains partially or fully crystallised silica polymorphs (JCPDS 270605 and
120708). Consequently, the
polymorphs of SiO? like meta-stable

high quartz (HQ) and cristobalite 8 .

Silica (a)
are formed. Above 900 X, QI
depending on the Al content in the .

Mullite
precursor, these polymorphs along g
with A, form mullite (JCPDS g Virgilite SS
150776). If the Al content is g
considerably high, in oxidising s:

Q. b-spodumene

atmosphere,  alumina  (JCPDS

100173) is also formed along with Air Argon

mullite.
Figure 3.4.10. Single phase procJucdon at reductiye afniosphere

. . CP'has been represented as ‘b’
Above 1000 C. during the second P )

part of the transformation from HQ to LAS ceramics ((“spodumene or p-spodumene*), there is an intermediate

phase namely virgilite S3 (JCPDS 310707). This is a solid solution and is observed in between HQ and 3
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spodumene (JCPDS 350797) or p-spodumene* (JCPDS 350794). This intermediate phase has a chemical
composition of LixAlxSsxCe, (where x takes wide range of values from 0 to 1). As the temperature increases, the
L and Al atoms move into the interstices positions of the Si02 based keatite framework and hence the x
increases from zero to one (x =0 4 1). When ' x ' tends to become 1, the stoichiometricaliy balanced p-
spodumene (LiAISI206, *5) (JCPDS 350797) Is formed. The advantage of reducing atmospheric change has been
depicted schematically in Figure 3.4.10. The phase or p-spodumene* (JCPDS 350794) has been represented as

b-spodumene(*).
3.5. CONCLUSIONS

The widely used electronic LAS ceramic phase, p-spodumene has been.successfull*repared using zeolite as a
precursor and both the precursor and the ceramic have been characterised using various physico-chemical
techniques. Techniques like multinuclear MAS NMR and approaches like density and shrinkage based
composition variation studies are novel to t.he zeolite based LAS ceramic systems and have revealed interesting
results. They have given better understanding about the phase transformation phenomena at higher
temperatures in the ceramic preparation using zeolites as precursors. The results from TG and XRD studies
together show that the stmcture collapse and the recrystallisation of the dense ceramic phases occur at the
temperatures less than 950 °C, giving a straight proof for better chances of low temperature processability
through this novel ceramic preparation route. The SEM studies show that the ceramic particle size growth though
is ungoverned primarily, a narrow particle size distribution with a range as small as of 3-5 (im is observed at
higher temperatures of 1200 °C. The crystal symmetry and lattice parameters of the dense ceramic phase, p-

spodumene were determined and were found to be matching with that of the literature values.

XRD studies on the phase formation of the ceramic dense phase shows that the phase formation from the
amorphous state is through a meta-phasic silica polymorph namely keatite. On further heating. Al substitutions in
the Si positions of keatite, changes this to virgilite, a LAS pro-phase to p-spodumene. Stoichiometry of the
system through out the thermal treatment shows that it is intact till final temperature at 1200 °C though there is a

minute loss of volatile lithium after 1000 °C.

Dielectric constants of LAS ceramic compositions prepared using zeolites as precursors are relatively lower than
that of the materials that are being widely used for the MEP applications and hence these are suited better. This
material shows a relative density of above 90%, which is an encouraging result to understand the extent of
sintering. A single step shrinkage by TMA measurements with a maximum densification temperature (Tonex)
around 919 “C shows a linear shrinkage around 35 %. Thermal expansion studies show that these ceramic
materials are low expansion materials, which have a wide scope and demand in the high temperature ceramic
application. The TEC of the ceramic is found to be matching with that of silicon, which is one of the important
prerequisites for MEP applications. The themial dependence of the TEC of these materials gives new directions

on further studies.
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Multinuclear NMR studies on different stages of the formation of p-spodumene ceramic phase from zeolite
precursors have given a better understanding of the process. The appearance of the bands corresponding to the
tectosilicate ranges (from -107 to -112 ppm) in MSi NMR spectra shows the phase predomination of several
silica polymorphs at the temperature range of 900-1000 °C. One of the observations by XRD, the co-existence of
glassy silica and crystalline mullite mixture has been supported by the results of S NMR studies. The changes
in the environment of Al during the course of phase formation has been understood by sorting out the broad band
in 22 NMR spectra, as a distribution of tetrahedral (MI), octahedral (M2) and distorted tetrahedral (Al*)
environments. The loss of powder pattern features, which are normally observed at these temperatures in ‘\i
quadecho NMR studies, shows the possible lack of crystallinity and phase purity and the dipolar interaction
between the Li and Al atoms due to the 1:1 population of Li:Al in the ceramic phases. However, it is understood

that better resolved NMR patterns with high spinning speeds may provide more information.

Series of variation studies were effectively carried out to study the effect of variations in the precursor
stoichiometry on the sintering processes, the phases, density and the shrinkage of the ceramic formed. Effect of
cation concentration has proved that Li concentration is Indirectly proportional to the temperature at which the
dense phase is formed. The density of the ceramic material increases with the Si/Al ratio to certain extent and
reduces on further increase in SI/Al ratio. This is due to control on the formation of mullite, which is the major

factor that decides the apparent density of the ceramic composite.

v
Shrinka”is higher for the sample having high Li concentration. Though this difference is less pronounced in
lower temperatures viz., 900 °C, at higher temperature, viz., 1200 °C, shrinkage difference is observed to be as

large as 30%. High Si/Al ratio leads to high shrinkage because of the higher formation of dense silica and mullite

phases.

Astudy on the effect of sintering atmosphere has proved that in reductive atmosphere the number and quantity of
side products are effectively reduced. LASY3 has crystallised into a single LAS ceramic phase. This shows that
single phases can be aimed by fine-tuning the stoichiometry and sintering conditions. Usually undesired side
products have been frequent problems in many such preparations. After a rational watch on the phases formed

for various samples of different chemical compositions, a most probable phase transfer mechanism has been

proposed.

... The scientist does not study nature because it is useful to do so. He studies it

because he takes pleasure in it, and he takes pleasure in it because it is beautiful

- Poincare
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THE CORDIERITE (MAS systems)

Chapter

PART A. GENERAL STUDIES

4.1. CERAMIC PREPARATION AND CHARACTERISATION

4.1.1. INTRODUCTION

This chapter will discuss another important system viz., Magnesium Aluminosilicates, MgO-AlaOs-SiOz systems
(MASs). This includes the preparation of MAS phases and in specific, the cordierite (2 Mgo .2 Al203.5 Sio 2 ) phase
from zeolite precursors by heat treatment at various temperatures ranging from 480 °C to 1350 °C. The process
of sintering was studied using various characterisation techniques. Thermal expansion and shrinkage studies,
density measurements were carried out to understand the properties of material. This part of the work has
recently been published'. In addition, AC impedance spectroscopy has been used as a special technique to study
the dependence of impedance on working temperature of cordierite ceramics. AC impedance spectroscopy has
emerged as an efficient tool to study the microstructure of ceramics. AC impedance study on the sintered
cordierite (magnesium aluminosilicate) ceramic phase prepared using zeolite precursors is a novel study, which is
of great interest and scope. The electronic properties of the ceramic products are basically dependent on their
microstructure. The effect of cation concentration and Si/Al ratio on the sintering behaviour, shrinkage and
sintered density were studied and reported for the first time on cordierite ceramics prepared using zeolites as
precursors. The major intermediate phases and byproducts that are fonned during the heat treatments have also

been discussed.
4.1.1.a. The importance of Mg -Al2os-Sio2 (MAS) systems

This temary system is important in understanding the behaviour of a number of ceramic compositions that falls
into this class. This system is composed of several binary compounds individually together with two ternary
compounds, cordierite, 2 Mgo .2Al203.5Sio2 and sapphirine, 4 Mgo .5 Al203.2 Sio 2, batl;if of which melt congruently.
Figure 4.1.1 shows the common compositions in the ternary system Mgo -Al203-Sio 2. Ceramic compositions that
in large part appear on this diagram include magnesite refracteries, forsterite ceramics, steatite ceramics, and
cordierite ceramics. Mgo -Al203-Sio2 system forms glass-ceramic materials having high electrical resistivity and

high mechanical strength. The high strength has been associated with the presence of crystalline (3-cordierite.

The compositions of some useful glass-ceramic materials in this system cover a range of MgO, A0z, Si02 and

Tio2. Tio2 is added mostly during the crystallisation of these systems as an efficient nucleating agent (sometimes

Zro2 also).
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Cordierite ceramics are particularly useful since they have a very low coefficient of themial expansion (TEC) and
a good resistance to thermal shock. Cordierite, unlike p-spodumene, has been studied extensively due to its

application in many different areas from structural to electronic application. Usually these ceramics are formed

around 1350 "C. Amongst the available synthesis routes for cordierite ceramic, sol-gel has been unique in its

exceptional advantages by means of the phase purity and improved material properties®™ However, due to its

MIO-AG
(spinel)
2135t20”

20301 20°

MAS

SAG-ZSI0,

(mullite)

mot 0

2Mg0-2A12035Si0j

(cordierite)

1595+ 10*

KSStS-'Si0j

1713+£5*

Figure 4././. Phase diagram - Common compositions in MAS ternar}’ system

Mg0-Al20}-Si02. (from Kingery, W. D,

Publications 1976, p 308)

Introduction to ceramics, Wiley

failure in cost effectiveness,
there has been a need for
an alternative route. A
serious problem in many
routes for cordierite
preparation is the low bulk
density of the sintered
bodies. There are many
recent reports on this
aspect of improving the bulk
density of cordierite ceramic

materails” ®

High-density cordierite
honeycombs  with  high

thermal shock resistance

are the promising
candidates in the
replacement of
conventional catalyst

supports  for  catalytic

converter applications.

These ceramics are in high demand to meet the environmental problems today. Business Communications Co

Inc (BCC) notes that ceramics used In chemical processing and environmental-related applications represent a

strong market. This sector constituted a value of $1.26 bn in 1996 and is projected to increase to $1.65 bn in

2001, reflecting an average annual growth rate (AAGR) of 5.6%. Growth will be anchored by heavy demand for

ceramic catalysts and catalyst support Inthe chemical industry and automobiles®.
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4.1.1 .b. The cordierite and its other phases - A mineralogical background

The name 'Cordierite’ is originally used after the French mineralogist, P.L.A. Cordier (1777-1861) for a
magnesium aluminosilicate mineral called iolite or dichroite. Different cordierite phases exist at various

temperature ranges depending on their thermodynamic stability. Few of them that are often encountered in many
cordierite synthesis

Cordierite-1 (M gjairsison~) 120303 processes are

cordierite, €

120

e 0 - e o L cordierite and a-
80 ..

w cordierite. pto a
40 Conversion occurs

o

s e - high
. ) at ig

_ d D 2 %0 40 %0 temperatures near

1J_ 2 Theta degrees :

& - to incongruent

Figure 4.1.2. XRD profile ofcordierHefrom standard JCPDS data.
melting (>1350 "C).

H - cordierite forms in some cases during the devitrification of cordierite type glass below 1000 °C. However, the
P - form Is generally referred to as 'cordierite’ and hereafter if will be followed in the same way in this thesis. This
phase is fomied usually above 1300 °C on heating magnesium aluminosilicate (MAS) precursor of comparable
stoichiometry. Figure 4.1.2. shows the computer generated XRD profile of cordierite with in the 2-theta range of 0

- 60 degrees.

The typical formula of this phase is MgjAUSIsOis. Conventionally cordierite is prepared by heating the
stoichiometrically mixed oxides of Si, Al and Mg at high temperatures. Though cordierite was identified later to
have potential scope for technical ceramic applications, still there are technical constraints for such preparations.

However, the present investigation deals with the recent novel route namely zeolites to ceramics.

4.2. EXPERIMENTAL

4.2.1.PLAN OF WORK

Similar to p-spodumene, cordierite ceramics are also attractive for their various material properties, which can be

altered by the preparation routes and the sintering conditions. The present study includes the preparation of
cordierite ceramic phases using ion exchanged zeolite precursors and the characterisation of both precursor

powder and the ceramic product after high temperature treatment using various techniques.
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4.2.2. PREPARATION OF CORDIERITE

4.2.2.a. The MAS precursor powder preparation

Zeolite (Na-)Y is used for the preparation of precursor for general studies. Around 100 g of zeolite Y was
exchanged three times (N* = 3) with 1 Msolution of ammonium nitrate salt to get the ammonium form of zeolite Y
which was again exchanged three times with 1 M solution of magnesium nitrate salt. The ion exchanges were
carried out as per the procedure given in chapter 2, section 2.1.2.a. Finally, the dry fine powder was labeled as
MASY3 (meaning Magnesium AluminoSilicate prepared from Y zeolite by 3 exchanges of 1 M Mg nitrate solution)

and was used for consolidation and for the further studies.

4.2.2.b. Powder characterisation

MASY3 powder was characterised using TG/DTA and XRD techniques for its thermal and structural properties
respectively. Nearly 30 mg of the sample was taken for TG/DTA analysis in No atmosphere In the temperature

range of RT to 1000 ° C with a heating rate of 10 °C/min. The powder-XRD patterns of the fine dry zeolite

1

Figure 4.2.1 XRD profiles ofzeolite samples before and after three Mg exchanges.
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powders before and after the exchanges were recorded and the crystallinify changes were checked (shown in
Figure 4.2.1.) The chemical analysis of the exchanged sample was found out using M S as mentioned in the

earlier chapter and the analysis shows the elemental ratios as listed in Table 4.2.1.

Table no. 4.2.1. Hlarental analysis ofMASY3

Cone, of Elemental ratios % Residual Na
Zeolite  Mg(Nos)2 soln. N¥ Si/Al MyAl Na/Al wt.% Label
Y 1M 3 3.4198 0.1072 0.00837 0.0837 MASY3

4.2.3. CONSOLIDATION AND SINTERING

Using PVA the powder was bound and consolidated into pellets as explained in chapter 2 - section 2.1.3.b., each
pellet weighing roughly around 0.7 g. The pellets were fired at different temperatures viz., (T2 =) 480, 700, 800,
900, 1000, 1100, 1200 ” C in a programmed fashion with a heating rate of 4 °C/ min. with the program
parameters as T1= 580 “C ; t2 = 180 min. The samples were heated at higher temperature at different T2s (as
given above) with t4 = 360 min. isothermally and later cooled naturally (refer Figure 2.1.3., chapter 2, for more

details about the parameters that are fixed during the programmed heating of the samples).

4.2.3.a. Nomenclature of samples

Table 4. 2. 2. shows the nomenclature of samples prepared and used for various studies in this work. MASY3 is

the source prepared with three times Mg exchange with NHs form of Y zeolite. These designations will be used

for the ensuing discussion.

Table No. 4.2.2. Narenclature of sanples prepared and trairdetails

Sl Sample Name Precursor Heated at  Rate of heating, Holding time  Atmosphere
No source T, °C °C min< atT, hr.

1 MASY3-480 MASY3 480 4 6 Air

2 MASY3-800 MASY3 800 4 6 Air

3 MASY3-900 MASY3 900 4 6 Air

4 MASY3-1000 MASY3 1000 4 6 Air

5  MASY3-1100 MASY3 1100 4 6 Air

6  MASY3-1200 MASY3 1200 4 6 Air

7 MASY3-1300 MASY3 1300 4 6 Air

8  MASY3-1350 MASY3 1350 4 6 Air
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4.2.4. CERAMIC CHARACTERISATION

The heated pellets were crushed into fine powder in an agate mortar and the powder XRD profiles were recorded
for all the samples in the 2-theta range of 5 to 40 degrees with a scanning speed of 4 degree/min. The XRD data
were processed and plotted in series to have a comprehensive view of the phase changes. The changes in the
phases were discussed in the following section. Selected samples in the course of sintering were checked for the
major changes in morphology and the particle size by SEM for size variations. The chemical composition, thermal
expansion, shrinkage, density and dielectric properties of the ceramic product were studied using various

techniques.

4.3. RESULTS AND DISCUSSION

4.3.1. THERMAL PROPERTIES

Figure 4.3.1 shows the TG/DTA plot of MASY3 sample in the temperature region from 25 to 1000 °C. The TG of
the powder MASY3 shows a total weight loss of around 22.8 % during the heat treatment up to 1000 "C. Major

weight loss is observed before

DTG (mg/min) HEAT FLOW 450 °C, in two steps; one is up
i \% 0
0.0 (micro V) to 280 °C (peak max at 185 °C)
50 and the other is up to 410 °C
(peak-max at 320 °C). However,
EXO

-100 this is usually observed for
faujasite type zeolites and

7150 ~
predominantly due to the loss of
Temperature (°C) -200 adsorbed water and organic and
100 300 500 700 900 other matter.  There is an

exothermic peak around 865 "C
Figure 4.3.1. TG/DTA plot ofMASYS accompanied by no weight loss.
This may be attributed to the zeolite stmcture collapse followed by transformation of phase, which is observed
distinctly in powder XRD profiles obtained at these temperature ranges. This is due to the fact that at this
temperature, usually glass silica gels converted into its crystalline polymorph cristobalite. At this temperature the
TMA based shrinkage studies show significant changes. This aspect is discussed in the later part of the chapter.
Firstly, like Li* the cation My™ is also known for being an alkali flux agent at high temperatures. The formation of
cordierite phase is exclusively beyond 1250 "0, as the phase changes observed by XRD patterns. Hence the TG
should be done at higher temperature range to understand the recrystallisation process of the cordierite dense

phase. Due to the non-availability of such high temperature instruments, this was not possible. However, the

collapse of the zeolite structure is relatively at higher temperature than that for LAS samples (refer chapter 2).

105



CHAPTER IV - MAS

4.3.2. PHASE TRANSFORMATIONS BY X-RAY DIFFRACTION

Figure 4.3.2. shows the multiple plot of the powder XRD patterns of MASY3 sintered at various temperature
ranging from RT to 1350 “C. The changes in the powder pattems shows the typical trend of zeolite based

ceramic preparation. Similar to the LAS systems, here also the amorphisation is followed by the crystallisation of
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Figure 4.3.2, Multiple plot ofXRD profiles o f MASY3 samplesfired at different temperatures rangingfrom
480 °Cto 1350 C.

dense phases. The third pattern from the bottom in Figure 4.3.2, corresponds to the sample MASY3-900, and
shows the initiation of the crystallisation of the dense phases from the amorphous bulk. This reveals the formation
of peaks corresponding to mullite (JCPDS 150790) phase. As the temperature increases further, the mullite
phase grows further and above 1100 °C, the formation of cordierite phase (JCPDS 130293) starts along with a
silica polymorph, (crlstobalite type) (JCPDS 270605). At a temperature of 1350 X (sample MASY3-1350) the
formation of cordierite is the maximum though other phases also crystallise as well. The product formed by
sintering the sample MASY3, thus yielded a ceramic that contains cordierite. The temperature ranges of the
processes, structure collapse and formation of dense phase, have been compared with the TG/DTA data in the
earlier part of the discussion and it is found to be in good agreement. Using the 'search-match’ package available

with the JCPDS file library, the phases formed during the process were identified and estimated semi-
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quantitatively and are listed in Table 4.3.1. The ceramic phase was found to possess cordierite (major), mullite
(minor) and silica (very low). Unlike, high temperature MAS systems, which contain p -spodumene phase, the

ratio of major phase (cordierite) to the side products, is rather low in MAS systems.

Table 4.3.1. Phases idmtified at diffarant tenperatures on sintlerilg MASY3

E Phases and temperature, °C

to 480 900 1000 1100 1200 1300 1350

@  Zeolite Y Mullite Mullite Mullite Mullite Mullite Mullite

|>ﬁ AMORPH*  AMORPH* Cordierite Cordierite Cordierite Cordierite

< Silica Silica Silica
VIORPH* - Amorphous phases

Phase Formula JCPDS file Phase Formula JCPDS file

Mullite Al6Si20I3 150776 Cordierite Mg2Al4Si50i8 130293

Silica SiQj 270605

4.3.3. SCANNING ELECTRON MICROSCOPY

Table 4.3.2 shows the change in the particle size observed by SEM. The average size distribution out of 10
measurements of different particles of each sample is listed in Table 4.2.2. In the temperature range from 700 °C

to 1000 °C, the measurement was not possible due to agglomeration.

Table 4.3.2 Partide size \eriatias by SEM

Sample name Firing temperature, °C Particle size range, |.im
MASY 3-480 480 1-1.5
MASY3-700 700 1-1.0
MASY3-800 800 (agglomerate flakes)
MASY3-900 900 (agglomerate flakes)

MASY3-1000 1000 4-11
MASY3-1200 1200 7-14
MASY3-1300 1300 12-16
MASY3-1350 1350 13-16
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The trend in the change of particle size variation at various temperatures seems to be similar to that of the LAS
systems. However, there is an effective reduction in size as well as the distribution of size for the final ceramic

product, MASY3-1350 at 1350 "C. Figure 4.3.3. illustrates schematically, the relative magnitude of particles size
distribution in the respective range of

CHAIVGE IN PARTICLE SIZE temperatures.
1350 °C/~ §
o) The zeolite precursor has a very
9 narrow particle size distribution
around 1 fim. As the structure starts
g' collapsing around 700 °C and above,

the particles look more like

agglomerated flakes and the particle
5 10 15 20

Particle size, nm size measurement became difficult,

Figure 4.3.3. Magnitude ofparticle size changes during the course as there is no definite boundary for
ofsintering o f MASY3 the flakes. Unlike LASY3, for MASY3
sample, this amorphous

agglomerated region persists up to 1000 °C. At this temperature, grains do not have definite boundaries and are
like agglomerated flakes of solid mass. The amorphous phase is expected to contain amorphous silica and other
oxides. On further heating, the formation of intermediate starts and the crystals of the dense ceramic phase start
growing as seen in the XRD patterns. Similar to the LASY3 sintering, though the growth Is ungoverned at the
outset, leading to the fonnation of asymmetric crystals with a large distribution of particle size, at higher
temperatures, the particles are found to have substantially unifonn particle sizes. From many reports, it is usually
observed that mullite crystallises faster from the amorphous mass™® The multiple plot of powder XRD patterns of
the fired MASY3 sample (Figure 4.3.2) shows that the formation of mullite though may start around 900 "C, a
notable trend of gradual growth is observed fill 1200 "C for a long temperature window of about 300 °C. As per
the report®, the thermodynamically stable mullite phase can exist with a particle size as small as 0.017 to 0.15
fim In this system, the mullite crystal growth may have a low rate till 1200 °C beyond which other major phases
start crystallising. However, the distribution of crystal size narrows down at higher temperatures, due to the
formation cordierite at the partial expense of mullite formed. Above 1300 "C, the major crystalline cordierite
phase seems to have a relatively narrow particle size distribution. Figure 3.3.3 Illustrates the relative magnitude of
distributions of the particle sizes of samples fired at various temperatures. The central region of the plot indicates

the region where the sample is not having particles with well-defined boundaries but amorphous mass.
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4.3.4. XRD BASED CRYSTAL STUDIES

The XRD data obtained for the sample MASY3-1350 were indexed using PDP11 software and the 'h' 'k’ and T
values were calculated. The unit cell parameters were calculated and compared with that of the literature values.

Table 4.3.3. shows the lattice cell parameters along with the corresponding literature values.

Table 4.3.3. Lattice parareters claulated framtre poader XRD data v
Precursor symmetry Densified Lattice parameters
symmetry Literature (A) Observed (A) Standard deviation
Cubic Orthorhombic a = 17.083 a =17.0149 +0.0190
(Mg-Y) (Cordierite) b =9.7380 b =9.7633 +0.0128
(MASY3) (MASY3-1350) ¢ =9.3350 c=9.3314 + 0.0092
Cell volume, 519.33 i/= 518.53 +2.3

The unit cell parameters calculated for cordierite (JCPDS 130293) on the basis of XRD data of the sample
MASY3-1350 are in good agreement with the literature values with minimum standard deviation as given in Table

433.

Table 4.3.4. The oerall cavpositia sl trarsformratian of the precursor toceramic phese

Zeolite Formula Composition
Precursor (RT) Ceramic U\S (HT)
MASY3 NaseAlssSi 130 34 H20 My* My 28A15:Si 1360334 14Mg2Al4Si50i8 (+ 66Si02)

Table 4.3.4. shows the overall composition of the precursor and the product after the reaction. The stoichiometric
possibility of the consumption of precursor shows that considerable amount of Sio2 would be fonned in excess
along with the main phase. This shows that for a pure single-phase cordierite production, the precursor
composition should be altered to gel a lower Si/Al ratio (in this specific case, the ideal ratio of Si/Al of precursor is
= 1.25) in such a way to meet the required stoichiometry. However, this example of making cordierite from zeolite
Y was chosen to demonstrate the relative ease of preparation of ceramic phases, 3-spodumene and cordierite
from the same zeolite precursor. The effect of variations in Mg concentration and Si/Al ratio of MASY samples on

the sintering and the phase formations have also been studied and discussed in the later part of this chapter.
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4.3.5. DIELECTRIC CHARACTERISATION

Table 4.3.5. The didedtricand otterprgaerties ofMASY3 pellet sintered at 1350 'C

Sample dielectric V, Hz C. pE Q 6T(DEC)
Dimensions of pellet *

1,000,000 6.313 29.7 7.5
Thickness, T m0.100 cm 100,000 6.641 21.8 7.9
Radius, Y m0.55 cm 10,000 7.130 158 8.5
Area, 'a’ m0.9503 cm* 1,000 7.995 8.13 9.5
1,00 10.405 3.46 124
20 17.165 2.65 204

*V’ is the frequency in Hz, 'O’ is the capacitance in pF generated between the electrodes, 'Q’ is the Q factor

(where Q= RcoG, where 'co' is the angular frequency applied across the electrodes, 2nv) and ‘et is the DEC of

the pellet.

A pellet of MASY3-1350 was lapped with fine carborundum for uniform thickness. It was electroded with silver
paint and cured using the procedure as given in the chapter 2, Section 2.3.7. The diameter of the electrode was
measured using a Vernier caliper and the area of the electrode was calculated. The thickness was measured
using a screw gauge. The pellet was mounted on the sample holder as explained in the same section in chapter
2. Under the given conditions the capacitance values of the pellet were measured at different frequencies from 20
Hz to 1 MHz. a-Alumina was used as reference for measuring the capacitance in the LCR unit. The dielectric
constant (DEC) of alumina was calculated as 9.526 at 1 MHz, which is comparable with the DEC, reported in
literature. Table 4.3.5 shows the dielectric constant (DEC) values calculated for the sample. The DEC of MASY3
is found to match with that of cordierite reported in literature™. The increment in the DEC for this particular case is
due to the presence of silica and mullite, which have higher DEC. The DEC values (at 1 MHz) of other materials

commonly used in packaging technology are given in the Table 4.3.6. for comparison.

Table 4.3.6. The DEC ofaxderite franMASY3 and other materials conmmonly used inMEP

SI. No Material Formula DEC @ 1 MHz
1 a-Alumina AlOs 96 m '
2 Beryllium Oxide BeO 6.5
3 Alumina-96% Al203-96% 9.3
4 Alumina-92% Al203-92% 8.5
5 /3-Spodumene LiAISi206 8.1
6 Cordierite Mg2Al4Si50i8 7.5
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It is known that the most operative candidates for MEP (Microelectronic Packaging) technology are low DEC
materials. As it is known that due to its toxicity in the powder form, BeO is not popular though it has a very low
DEC (= 6.5). From this point of view, the cordierite seems to be a better candidate for MEP having the lowest

DEC (=7.5 for cordierite prepared from MASY3) among the listed conventional materials.

4.3.6. DENSITY CALCULATION

The densities were calculated for the green and the sample MASY3-1350 using the procedure given in the

chapter 2. Table 4.3.7. shows the calculated densities of the samples.

Table 4.3.7. Darsity of thegreen and sinterad MASY3

No. Samples Volume(cc) Wt.(g) Density (g/cc)
MASY3 (green) 0.64388 0.71040 1.0624
MASY3-1350 (sintered) 4.15801 1.02250 2.4541

These densities were compared with the X - ray density of the phase cordierite and the relative density was
calculated although the MASY3-1350 is not a pure single phase of cordierite, to have a comparative idea of
density and the results are listed in Table 4.3.8. The relative density of above 98 % is a remarkable sintering
result. On further fine-tuning of chemical composition improved relative densities were achieved, which are

discussed in the later part of this chapter.

Table 4.3.8. Darsity changes on sinterirgand tre rdative darsity

Sample name Density in g/cc Relative
density, %
Green state Sintered X ray*”
MASY3-1350 1.0246 2.4591 2.508 98.0502

*ref—X—ay aystal stnucture -Mirerals, CRC Hand book of Physiics and Gramistry (1974)
4.3.7. SHRINKAGE STUDIES ON GREEN SAMPLES BY TMA

Figure 4,3.4, shows the shrinkage TMA plot of the green sample MASY3 in the temperature range from RT to
1200 °C. The TMA curve shows an usual and plain trend in which the sample is stable up to higher temperature
and then suddenly condenses to a dense phase. However, there is a gradual initial shrinkage of -20% of the total
shrinkage up to 880 °C. There is a strong densification since 889 °C up to 1011 °C indicating the structure
collapse of the sample followed by sintering of the sample. The XRD pattern of the sample sintered at 800 °C
shows that the zeolite precursor has collapsed into an amorphous material. The highest densification rate was
observed around 920 °C, The temperature of maximum densification rate (Tomex) is observed at 979 X. The
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value of Torex for LASY3 is relatively lower (920 °C) than that of MASY3. This comparison offers a good

realization about the effect of cation on sintering of zeolite precursors for ceramic preparations. The over all
shrinkage is estimated

to be around 32.86 %.

jr887 °C 100,00 8- The derivative of TMA

0,00 MA S
c shows a sharp peak

S
Dr. TMA e indicating the
0.00 . .

Load < shrinkage is a one
B step process.

§ -1000.00 0
0 - However, the XRD

-100.00
_g 1011 °C patterns show that the
S i crystallisation starts at
.} -200.00 .
much higher
979 °C

-2000.00 Temperature, °C temperatures (~ 1250
5(|)0 o7 -300.00. °C) after the
completion of
Figure 4.3.4. The Shrinkage TMA plot ofthe green sample MASY3 in the densification. In other

temperature rangefrom RT to 1200 °C
words, the sintering is

getting over before the
high temperature solid-state reactions. Particularly, for MAS system, the temperature of crystallisation of
cordierite is much delayed than the fonnation of p-spodumene in LAS system. Usually, this kind of situation does
not allow the phase transformation to complete which leads to unwanted side products (other impurity phases).
That is the exact reason why cordierite fonnation in MASY3 sample was accompanied by considerable amount of

mullite and silica phases.
4.3.8. THERMAL EXPANSION STUDIES ON SINTERED SAMPLES BY DILATOMETRY

The sample of MASY3-1350 is used for the expansion analysis. The measurement was taken from RT to 450 “C
(higher temperature measurement was not possible because of the instmmental limitations). Figure 4.3.5 shows
the thermal expansion curve measured in force free conditions, in a temperature range of 25 to 450 °C. The
curve shows a typical 'lower bend' in the region of temperature range up to around 180 °C. The thermal
expansion coefficient measured at a range of 20 to 200 'C is 8.8614 x 10  /°C and it falls close to the reported
value TEC value of cordierite. According to literature the high purity cordierite has a TEC around 2.06 x 10®/
"C'o. However, Ikeda reports a range of TEC values around 4.2 or 5.8 x 10® °C for Invar-cordierite cermet-type
sintered compact, where the metal alloy. Invar has a TEC around 7.4 or 9.7 x 10®"C”. It is known thus that the
pure cordierite has a low TEC and it increases when mixed with higher TEC materials. The literature reports that
mullite has a higher TEC than cordierite and that the mullite has been added to cordierite phase to alter the TEC

of cordierite’® Thus the presence of mullite in the ceramic cordierite which is prepared from MASY3 increases the
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TEC considerably. In addition to that the increment in the TEC may be attributed to two common factors namely
(i) the symmetry nature of cordierite phase and (ii) the impurity phases present, particularly the oxides of alkali
elements viz., Na, Li. The first factor, the anisometric nature of phase present in the sample malces the expansion
anisotropic. Table 3.3.11 in chapter 2 collects the individual contribution from each coordinate of the particular
crystal symmetry to describe the effective thermal expansion coefficient ‘a ’eff. Cordierite, having an orthorhombic
structure, does depend on the principal coefficients ai, a?, aa like the (3-spodumene and not on the secondary
coefficients a 4, as, and ae which are dependant on the crystal shape. Phase studies by XRD shows the presence
of significant amounts of mullite (in the MAS product at 1350 °C) and it is also known from literature that mullite is

often added to alter the TEC of a material.

Measuring system Diiatometer TMA - Perkin Elmer Figure 4.3.5. Thermal

Diameter 13.670 mm expansion  plot  of

Height 2.355 mm sample MASY3

Probe position (mm) Step: / Atrmosphere (rate):  Argon(2ml/min) (sintered at 1350 °C)

Filename MASY3 in the temperature

Temperature (rate) 20 to 450 °C (20 °C/min) range of 20 to 400 °C
(TECplot)
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4.3.9. AC IMPEDANCE SPECTROSCOPY STUDIES ON MAS CERAMICS

4.3.9.a Introduction

Conventional electrical measurements of dielectric properties and resistance studies for the characterisation of

materials used for electrical applications were limited to fixed frequencies. However, the development of

impedance spectroscopy (IS) has made it possible to cover a broad range of frequencies. The technical

development of the instrumentation now allows a fast tuning to higher frequencies with shorter intervals of

frequencies with high precision and measuring of gain and phase angle over a wide range. Also the

microprocessor-controlled units provide a precise and fast data recording along with various data processing

facility according to the recent developments of the impedance spectroscopic theory.

-7.500e6

-5.00e6

-2.500e6

-2.500e6 0.00 2.500e6 5.000e6

Z 7
Figure 4.3.6. AC Impedance spectrum ofsample MASY3-/35

recorded in RTfrom | Hzto | MHz. Z' and Z” are the real an
imaginary components (Ohms) oftotal impedance Z

The plots of real wversus imaginary
components can be used to analyse the
systems in terms of simple equivalent
circuit  parameters’”.  The individual
contribution of the grains and the grain
boundaries towards the total impedance
of the system can be estimated and thus it
gives a measure of the existence of large
number of grain boundaries if the grains
are very small or vice versa. The basic
theory of AC circuits and the IS have been

given in chapter 2.

Doped and undoped zinc oxide varistors
are few of the typical materials, which are
successfully characterised by 1S Doped
varistor shows reactive contribution to the
total impedance whereas the undoped
zinc oxide shows only the resistive
contribution from the bulk of the grain

interior. The hydration of cement and the

phase formation of high Tc superconductors are some of the typical dynamic processes studied by this

technique'®?
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4.3.9.b. Plan of work

It was aimed to understand the change In microstructure during the course of phase transformation of ceramic
phase from zeolite using impedance spectroscopy. The spectral output was very bad due to heavy resistive effect
of the sample, when the sample was done initially. However, the result could indicate that the measuring
temperature had to be raised to get a reasonable output gain. Figure 4.3.6 shows the impedance spectrum
recorded in room temperature for sample MASY3-1350. The linear trend along the Y-axis direction shows the
material is highly resistive and the grain boundary effects can be visualised only either at very high working
frequencies or at elevated measuring temperatures where the major contribution of ohmic resistance for the total
impedance becomes negligible. The impedance recorded at high frequencies (up to 32 MHz) also showed a low-
resolution spectrum. However, frequency generator in the instrument has a upper frequency limitation at 32 MHz

So, there was a need for optimisation of measuring temperature.

Moreover, it would be interesting to know the effect of operational temperature on its electronic properties of the
ceramic materials as substrates due to the fact that the substrate in electronic circuits get heated up during
operation. Hence it was planned to carry out the spectroscopic measurements on MASY3-1350 sample at various
temperatures ranging from 100 °C to 600 °C. Though the operational temperature of circuits will not go up to
such a high temperature as 600 °C, it was expected that the resolution of the spectmm will increase at high

temperatures and would help in understanding the effect of temperature on the total impedance.

The current study includes the impedance spectral studies on MASY3-1350 sample at a working frequency range
of 1 Hz to 32 MHz. The resistance (R) and capacitance (C) values at various temperatures have been estimated
from the spectra. The variation in R and C as a function of temperature has been studied. The nature of
conductivity in the sample has been discussed by considering the change in the activation energy of the charge
flow at various temperatures. The influence of frequency on the activation energies has been studied. The results

are discussed with reference to the various reasons for the changes encountered as a function of temperature.

4.3.9.C Effect of tenperature on AC Impedance

As per the procedure given in the chapter 2, the impedance spectra of MASY3-1350 were recorded at various
temperatures viz., 300, 400, 500, 550, 600 °C. Figure 4,3,7.a shows the spectra recorded in between the
temperature range of 300 to 400 °C for the complete range of frequency from 1 Hz to 1 MHz . Figure 4.3.7.b
shows the expanded version of the marked region given in Figure 4.3.7.a,, which covers the total impedance
response of the sample at 400 °C in the sample frequency range. The semicircle shows the typical model of
combination of an R and C circuit. The reduction in the diameter of the semi circle of the spectrum at 300 “C to

that of 400 "C is the direct indication of the reduction in the total impedance (nearly 10 fold) as the temperature

increases.
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IMPEDANCE SPECTRA OF MASYS3

Z ,ohms

Figure 4.3.7.a. The AC Impedance spectra measured infull range offrequencyfrom | Hz to ! MHz at
300 and 400 °C of MASY3 sinteredat 1350° C

IMPEDANCE SPECTRA OF MASYS3
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Figure 4.3.7.h. The AC Impedance spectra measured higherfrequency range at 300 ° C and 400 ° C of

MASY3 sintered at 1350 ©C. The expanded version of the part marked with dotted line in the earlier
figure 4.3.7.a.
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As given in Figure 2.3.4, chapter 2, the change in the individual contribution of the ohmic and polarisation
impedances towards the total impedance can be realised by the change in the spectra at increasing

temperatures.

Figure 4.3.8 show/s the AC impedance spectra recorded for the sample MASY3-1350 at 500, 550 and 600 °C in
the frequency range of 1 Hz to 32 MHz. This shows that as the temperature increases the total impedance

decreases. However, compared to the ohmic bulk resistance (Rn), the polarisation resistance (Rp) has a

negligible contribution for the change inthe total impedance as a function of temperature.

IMPEDANCE SPECTRA OF MASYS33

¢ 500 -C
¢ ¢ ¢
m 550 “C
4.00E+04 A 600 “C
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(0]
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2.00E+04
¢
¢
0.00f-+00 I
QOC=0 4.00E+04 8.00E+04 I.20E+05
Z', ohms

Figure 4.3.8. The AC Impedance spectra measured at 500, 550 and 600 °C infullfrequency range of | Hz
to 1| MHz ofMASY3 sintered at 1350 ° C.

Table 4.3.9. shows the various parameters calculated from the AC Impedance results. 'T' is the temperature at
which the impedance spectrum was recorded, 'Centre/ is the real centre, 'Centrei' is the imaginary centre, 'D' is
the diameter of the estimated semicircle (Rn). low C and 'High C’ are the lower and upper limits of the
intersection on x-axis by the semicircle. The 'Angled' is the angle of depression, 0 in degrees, 'conex is the
maximum angular frequency (= YC<iRy), and 'R' and 'C are the estimated resistance and then capacitance in

ohms and farads respectively.
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Table 4. 39. Varias parareters estinated franthe AC Inpedance realits

T Centrer Centre]
CC) (Ohms)  (Ohms) D Low C

300 8.06E+06 1.46E+06 1.64E+06 —6395.5
400 5.00E+05 1.04E+05 1.02E+06 368 88
500 7.04E+04 2.03E+04 1.40E+05 3340.21
550 3.10E+04 1.13E+04 6.76E+04 —88014
600 1.15E+04 1161.63 2.08E+04 1152.48

WWW- R

(

Figure 4.3.9. Randles equivalent circuil model

Angled, Qv R (Ohms) C
High C (degree) (Farads)
1.61E+07 10.2802 1.65E+03 1.61E+07 3.68E—11
9.99E+05 11.8091 3.18E+04 9.99E+05 3.08E-11
1.38E+05 16.8137 2.28E+05 1.34E+05 3.12E-11
6.29E+04 194388 5.65E+05 6.38E+04 2.62E-11
2.18E+04 6.4201 1.63E+06 2.06E+04 2.96E-11

The values of real and imaginary centres are lowering
indicating the decrease in the total impedance of the
system as the temperature increases. This reflects in the
change of diameter of the spectral semicircle, in the low
and high intersection on the x-axis (Rp and Rn+ Rp
respectively). This can be easily visualised by using the
Randles model of equivalent circuits. Figure 4.3.9. shows a
model equivalent circuit for the polycrystalline solid phase
similar to that of the present case where the bulk
resistance, and polarisatoin resistance along with  the

double layer capacitance can be indicated as Ru, Rp and

Qd respectively. However, the rate of decrement of R and C are different. In other words, while the resistance of

the systemdecreasesdrastically as afunction of increasing temperature, the capacitance does not show any

significantchange. This indicatesthat thecontribution of the double layer capacitance (Cdi) that is usually

expected at the electrode-electrolyte junction, towards the total impedance is negligible when compared with that

of the ohmic resistance due to the bulk.

4.3.9.d. Studies on the electrical conductivity mechanism

An expanded part of the plot of C and R estimated by the spectral results versus temperature is shown in Figure

4.3.10. The inset shows the ful plot with range of temperature. It would be interesting to understand the reason

for such partial influence of temperature on the R and C of the system. However, it needs more understanding

about the nature of available infrastructure in the microstructure and the crystal structure of the ceramic phases.

Table 4.3.10 gives the R and C values calculated by the AC impedance measurements. It is well known that the

conduction in solid electrolytes is either through electron or by ion.
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Table 4.3.10. R and C calaulatsd farMASY3-1350
In either case, the diffusion coefficient of the

T,°C R, ohms C, farads carrier, 'D' and the electrical conductivity, 'a' are

closely related. The famous Nernst-Einstein's

300 1.61e+07 3.68e-11 equation stales the relation as,
400 9.99e+05 3.08e-11
500 1.34e+05 3.12e-11
a nqg
550 6.38e+04 2.62e-11
D kT
600 2.06e+04 2.96e-11

where, ‘q’ is the charge of the carrier particle and 'n’ is the concentration per unit volume which make a

contribution 'a' to the conductivity, T" is the absolute temperature and 'k’ is the Boltzmann’s constant. It is more

appropriate to remember here

that the simultaneous

R & Cvs TEMPERATURE

measurement of D and a can

disclose important information
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TEMPeRATUCfieS

about the mechanism of the

1 1S0Cr0?

conduction and diffusion®.
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However, one of the characteristic

Tefrpefrture.*C j

features of the ionic conductivity

of a solid electrolyte is its variation
RESISTANCE.  -CAPACN-ANCE

3 "mgBO wwM

with temperature'®. This fact is the
main impetus for the present

OQOCEH0
investigation to understand the 500 550

mechanism of the conductivity in -1.00E+06

this solid material. According to TEMPERATURE, »C

the report, two facts stand out
Figure 4.3.10. The resistance and capacitance for MASY3-1350 as a
function ofmeasuring temperature

plainly;

1 The existence of two main regions inthe conductivity curve

2, Inboth these regions, the logarithm of conductivity is roughly a linear function of T*

It is also known that the diffusion coefficient, D is inversely proportional to the activation energy, Ea of the current
flow also, reflects this trend when it is plotted versus the inverse of T. Hence, it was planned to calculate the
activation energy of the solid samples MASY3-1350 at various temperatures and to check for the dual trend of the
activation energy as a function of temperature, which would give an idea about the possibility of the ionic

conduction.
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4.3.9.e. Studies on activation energies
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According to Arrhenius theory, the rate of diffusion of the charge carriers, k can be written as,

k=Ae BRI

where A is the pre-exponential factor, Ea is the activation energy, R is the universal gas constant (R = 8.314

J/IK/mol) and T is the temperature in K This equation can be modified as,
log k =- Ea/(2.303 RT) + log A

which is equivalent to the equation of a straight line, y = mx +c, where,

y=logk ; x=2UT ; and m=-EJ{2.303 R)

lonic Conductivity Dual Trend

@Z

UT (K)

Figure 4.3.11. Dual conductivity trend observed at 1000 Hz for
different temperatures ranging from 300 to 350 °C for the sample

MASY3-3350 (from impedance spectroscopy results)

Similarly, replacing the k with the
impedance (2) of the system, a plot
of log Z versus inverse of T will give
a straight line corresponding to the
slope from which the activation
energy can be calculated. Similar to
the reported work in the literature,
the existence of dual trend in the
change of impedance  with
temperature is a characteristic
feature of the ionic conductivity®. It
was hence planned to calculate the
activation energy of the electrical
conductivity at various temperatures

to verify this.

Figure 4,3,11. shows the Arrhenius plot of log Z versus UT in K There are two distinct trends of the change of

impedance as a function of temperature. The main two regions, having a "knee" at 400 °C, one from 300 °C to

400 °C and the other from 400 °C to 550 °C, are Individually linear and have distinct slopes. The activation
energy calculated for the low temperature range 300 "C to 400 °C Is higher (Ea = - 0.20 eV) than that of the high

temperature region (Ea= - 0.87 eV). As this is a characteristic feature of ionic conductivity, the mechanism in

cordierite ceramic prepared from MASY3 is more likely to be 'ionic’. The aiiovalent (any impurity ion with a

valency differing from that of the corresponding ion of the host lattice) nature of the cations present in the system

are usually expected to respond to the electrical field applied as the charge carrier.

120



1/T(K)

Figure 4.3.12. Arrhenius plots for the temperature range 300 to
550 °C in the lowfrequency rangefrom 250 to 5000 Hz

CHAPTER IV - MAS

Arrhenius plot (Figure 4.3.11) is though
according to the result obtained at 1
kHz, the slopes of this dual trends
seem to have a strong influence on the
frequency of the applied voltage. Figure
4.3.12 shows such Arrhenius plots of
UT versus log Z recorded at various
temperatures in  different applied
frequencies. Table 4.3.11 shows the
log Z wvalues obtained for the
impedance response at various
frequencies in the temperature range of
300 °C to 550 °C. Though the dual
slope trend having a ‘knee" at 400 °C
remains in all these frequencies, the
slope of the low temperature range
(300 "C to 400 ”C) changes
significantly as a function of frequency.
This may be explained by the concept
of Frenkel and Schottky models of

defects for the solid crystal structure. It

is clear from the literature that the two different regions of the dual ionic conductivity have distinct properties™

The high temperature section of the curve below the transition region or “knee", in general is an intrinsic property

of the substance, and measurements in this region are quite reproducible. On the other hand, the low

temperature conductivity not only displays a smaller slope but also depends in magnitude on the particular

specimen employed and to some extent on its thermal history. This can be realised by the variation shown by the

measurements as seen in Figure 4.3.12. However, this fact has been proved already for few simple electrolyte

systems like KCI'®
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Table 4.3.11. Inpedance resuits — lay Z \alues at varias frequencies fram 251 t©5010 Hz in the taperature range of 300
X 1550 °C

Frequency log Z at different emperatures (°C) To have a close look into the
(Hz) m 400 500 550 intrinsic  property that is usually
1fTA 0001745 0001486  0.001294  0.001215 expected at high temperature
5010 5212188 5702431  5.082785  4.768638
3980 5350248 5783189  5.003422  4.777427
3160 5589950  5.845098 5107210  4.782473
2510 5778151 5885361 5110500  4.783904
2000 6.008600 5928396  5.120574 4.788168 the two different temperature
1580 6181844 5049300 5123852  4,790285 regions which are having different
1260 6.465383 5978181  5.130334  4.796574 slopes. Then these lines can be
1000 6785330 5980458  5.133539  4.793002
794 6918030 5989005 5136721  4.795185
631 6970812 50980450 5136721  4.795880
501 7.033424 5992995 5139879  4.792392 exp (-Ea/RT).
398 7.064458 5992111 5143015  4.791691
316 7.086360 5995635 5143015  4.790285
251 7164353 5997386 5146128  4.789581

region, the dual trend line may be
considered as the superimposition

of two straight lines obtained from

represented as A, exp (-Eai/RT) for

the low temperature region and Aj

The Frenkel model of crystal structure can be used for further understanding of this. Figure 4.3.13. shows a
typical cubic structure where an interstitial position has been marked with a bigger sphere at 'A 'A, \& Frenkel
supposed that under the influence of thermal fluctuations, atoms will
from time to time undergo such large displacements that they become
detached from normal lattice positions and find themselves in
interlattice (interstitial) positions. An ion in the interstitial position will
vibrate about this point in the normal way, until there is again a large
fluctuation in energy when it will be pushed through a gap in the
surrounding atoms to the next interstitial position (e.g., from * 5,5 to
I, 5,5). The vacancies created by this jumping will be replaced by the
neighboring ions. Thus both vacancies (also called as Frenkel

defects) and interstitial are mobile as pairs. The formation and

Figure 4.3.13. Frenkel model of a

cubic crystal and the interlattice
position at ') setup depending on the temperature and pressure. The occurrence of

recombination of vacancies occurs until a dynamic equilibrium is

this dynamic equilibrium decides the position of "knee" in the
Arrhenius plot. Also the activation energy, Ea of the process, thus varies before and after the attainment of
equilibrium. However, it is obvious that the concentration of defects will depend on temperature through a

Boltzmann factor involving their energy of formation.
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However, as expected, the energy of
activation has a strong dependence of the
temperature. Figure 4.3.14. shows the Ea
calculated at two different temperature range
(from 300-500 "C and 500-600 X). Usually
the Ea at the high temperature region is
lower than that at low temperature region.
The trend of the current investigation holds
good for the same and thus additionally
supports the possibility of ionic conductivity.
It is also noticed that at low temperature the
variation of Ea with respect to frequency is

larger than that of high temperature.

4.3.9.f. Conclusions

CHAPTER IV - MAS

IIVFLUEJVCE OF TEMPERATURE QIV Ea

1000 2000 £000) 4000 5000 60)0
-range 500-600'C
range 3M-M0°C

-14
Frequency, Hz
Figure 4.3.14. The activation energies (E,) calculated for
MASY3-1350 at low temperature range (300-550 °C) and high
temperature range (500-600 °C)for thefrequency range 300 to
5000 Hz

The AC impedance studies on the cordierite-mullite composite prepared using zeolite precursors have shown that

the ohmic resistance is the most dominating component to the total impedance compared to the double layer

capacitance. The dual nature in energy of activation for the electrical conductivity as a function of temperature

indicates the possible ionic conduction.
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CHAPTER 4

PART B. INFLUENCE OF PRECURSOR STOICHIOMETRY ON MAS SYSTEM

4.4. INTRODUCTION

This part of the chapter will discuss other important aspects namely the influence of various parameters that
affect the sintering process and property of the sintered products. This includes the preparation of MAS
precursors with various chemical compositions and sintering of the precursors at different atmospheric conditions
to study the influence of the effect of the atmosphere on the sintering and then phase purity. Though the major

phase is cordierite (2Mgo .2 Al203.5 Sio 2) the sintering atmosphere changes the dense product phases.

Unlike LAS systems, in MAS systems we have a very basic difference in the nature of chemical modifications. Li+
is a univalent cation whereas My™ is a divalent lon. Hence, there is a reduction in the number of cations per unit
cell in MAS and if would be just Yi that of LAS. Thus, each Mg™ cation would be supporting two neighboring AP*
atoms through oxygen atoms for the total charge balance. It is observed from the ion exchange results that the
loading of M* per exchange (in wt. %) is lesser for MAS system than LAS. Also, as explained in the first part of
this chapter, the thermal stability is higher for MAS than LAS and hence the structure collapse and shrinkage are
at much higher temperature for MAS systems. However, the amorphous window (the range of temperatures in
which the system prefers to be amorphous i.e., the temperature range from the structure collapse and
recrystallisation of dense phase.) is longer for MAS than LAS. Mullite is the key intermediate phase for MAS
systems. However, the study on the sintering behaviors of MAS precursors in the cases of higher and Iower' My
content and higher and lower SI/Al ratio is very interesting and important. Son Yong studied the effect of higher
silica and alumina content in the precursors on the glass ceramic product. He has reported that both the

conditions affect the crystallisation and the microstructure of MAS glass™°. However, it is a non-zeolitic route.

Ruedinger and coworkers have studied the phase formation of MAS ceramics on Mg exchanged P zeolite”'.
However, the phase formation may be influenced by various possible factors and it is really meaningful to study
them as this novel route of precursor powder synthesis and the product ceramics have got an immense potential
in microelectronic applications. However, there are no reports on the various factors and their influences on the
cordierite phase formation from Y zeolite especially on the properties of the ceramic products like density and
shrinkage. As these properties are vital, which make these products to be better candidates In the ceramic market

for special applications like MEP, they are, thus important to study.

4.4.1. EFFECT OF CATION CONCENTRATION AND SI/Al RATIO

4.4.1.a. Plan ofwork

Similar to the variation studies described in chapter 3 - part B, samples with varied chemical compositions were

prepared and differences in the sintering behaviors with respect to the different concentrations of Mg and Si/Al
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ratio in tfie precursor samples were studied by various techniques. The influence of ch™miGaKtomposition

changes on phase formation, density and shrinkage of the ceramic product were studied.

4.4.1.b. Bgerimental

4.4.Lb.l1. Sample preparation

The Mdg2* content in the zeolite precursor was modified by changing the concentration of the cation solution and
the number of exchanges similar to the procedure followed as described in chapter 2 section 2.1.2.a. Zeolite Y
was first exchanged three times with 1 M solution of NHsNO:s to get the NHs form of Y and then with different

molar solutions of Mg(Nos)2 to obtain fi*ASY precursors with different Mg loading.

Table 4.4.1. Sample details for cation concentration variation and the elemental compositions

Sample name  Cone, of No. of Elemental ratios, v*. % Residual Na
Mg soln. Exchanges SI/Al M/Al Na/Al wt.%
MASY01 01 M 1 3.4206 0.0790 0.00756 0.081
MASY05 05M 1 3.3539 0.0814 0.00932 0.101
MASY1 10M 1 3.3921 0.0940 0.01035 0.111
MASY?2 10M 2 3.4061 0.1069 0.00966 0.103
MASY3 10M 3 3.4198 0.1072 0.00837 0.089

Solutions were prepared with different molar concentration from 0.01 Mto 1 Mas listed in the Table 4.4.1. The
number of repeated exchanges were changed with sample to sample as listed in the table. The elemental ratios

were calculated for the X-ray fluorescence analysis.

10 g of three zeolites namely zeolite A zeolite P and zeolite Y with a Si/Al ratio 1.12,1.80 and 2.51 respectively
were exchanged with each 300 ml of 1 MMg(No3)2 solution for three times using the similar procedure described
in chapter 2 for ion exchange. The Si/Al ratio of the samples as obtained by XRF analysis for the powders

designated as MASA3, MASP3 and MASY3 respectively are given in Table 4.4.2.

Tab/e 4.4.2. Sample nomenclature and details for Si/Al variation

Sample name Source Si/Al (before Cone, of Mg No.of exehanges
excahnge) solution
MASA3 Zeolite A 1.12 1M 3
MASP3 Zeolite P 1.80 1M 3
MASY3 Zeolite Y 251 1M 3
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4.4.1.h.2. Consolidation and sintering

The powders of all samples were mixed with appropriate amount of binder PVA and dried. They were pressed
into pellets and then sintered at various temperatures from 480 "C to 1350 “C as per the procedure given in

chapter 2 section 2,1.4.

2k
1350 C
IVIASY3
o MASY2
e
& MASY1
wJ
MASYos
u
MASYo1
20 60

2 - theta

Figure 4.4.1. Multiple XRD plots ofall the MASY samples healed at 1350 °Cfor 6 h.

The pellets were fired at different temperatures viz., (T2 =) 480, 700, 800, 900,1000,1100,1200,1300,1350 " C
in a programmable furnace at a heating rate of 4 “C/ min. The samples were heated at 580 °C (T1) for 180 min.
(t2) to remove the binder, The samples were heated at higher temperature (T2) isothermally for 360 min. (t4) and
cooled naturally (refer chapter 2, section 2.1,4, for more details).

4.4.1,b.3. Characterisation

The powder XRD patterns of the samples sintered at different temperatures were recorded. The phases were
identified and matched with the JCPDS files. The semi-quantitative analysis of the various phases present in the

samples heated at 1350 °C was carried out. The results are discussed in the following sections.
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Densities of all the MASY samples heated up to 1350 °C were measured and the general trend of density
changes with respect to the cation concentrations and Si/Al ratios were analysed. The density variation at various

temperatures indicates the extent of densification. The shrinkage of the samples due to densification were

measured and analysed.

4.4.1.c. X—aybased phase study

4.4.1.C.1. Effect of cation concentration on phase transformation

Figure 3.4.1 shows the multiple plot of XRD profiles for samples heated at 1350 X of the precursors MASY0L,
MASY05, MASY1, MASY2 and MASY3. Table 4.4.1. shows the elemental ratios of each element present in the
systems and the residual Na present in each sample. The phase estimations of the XRD profiles have been
carried out.

Table 4.4.3. Various phases identified during the sintering of the sample with different My concentrations (JCPDS riles with
which the recorded XRD profile ivas compared, are given below)

?f Temperature (°C) and the phases formed
E
* 480 800 900 1000 1100 1200 1300 1350
Zeolite Y Zeolite Y Zeolite Y Mullite Mullite Mullite Mullite Mullite
;$n~ AMORPH*  AMORPH*  AMORPH*  AMORPH* AMORPH*  Cordierite
S Silica Silica Silica Cordierite  Silica
Silica
,, ZeoliteY Zeolite Y AMORPH*  Mullite Mullite Mullite Mullite Mullite
° Mullite AMORPH*  AMORPH*  AMORPH*  AMORPH*  Cordierite
: Silica Silica Silica Cordierite  Silica
Silica
Zeolite Y Zeolite Y AMORPH* Mullite Mullite Mullite Mullite Mullite
i Mullite AMORPH*  AMORPH*  AMORPH*  Cordierite  Cordierite
S Silica Silica Silica silica
Zeolite Y Zeolite Y AMORPH* Mullite Mullite Mullite Mullite Mullite
;>0‘ Mullite AMORPH*  AMORPH*  AMORPH*  Cordierite  Cordierite
S Silica Cordierite  Silica silica
Silica
Zeolite Y Zeolite Y AMORPH* Mullite Mullite Mullite Mullite Mullite
\% Mullite AMORPH*  AMORPH*  AMORPH*  Cordierite  Cordierite
S silica Cordierite ~ Silica silica
Silica
AMORPH?* - Amorphous phases
Phase Formula JCPDS file Phase Formula JCPDS file
Mullite AleSi20i3 150776 Cordierite Mg2AUSI50i8 130294
Silica Si02 270605
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@

Table 4.4.3 shows the simplified and comprehensive results of the phase identifications along with the matching

JCPDS files. As per the results,
the overall phase transformation
of MASY sample of different
chemical compositions  with
respect to the cation
to be

concentration  seems

simple and the number of
phases involved are less
compared to that of LASY
samples. It has been found from
the semiquantitative estimation
that silica (JCPDS 270605) is in
low amounts (5 to 8 wt. %) and

is almost same in all the samples

MASYO01
MASYO05
MASY1

MASY2

MASY3

RELATIVE PHASE
EXISTEIVCE 11V
MASYs AT 900 °C

composite

amorphous n zeolite
m amorphous

zeolite

0O composite

Figure 4.4.3. The schematic representation ofthe relative existences of
the phases in various MASY samples at 900 degrees

heated at 1350 °C and this shows that the silica formation is not significantly influenced by Mg loading. Hence, it

will be convenient to exclude the amount of silica for the further discussions. Apart from this, the key intermediate,

mullite (JCPDS 150776) seems to be the only satellite phase and seems to be dominating in all these samples

above 1000 °C.

900 X

Figure 4.4.2. Multiple plot ofdifferent MASY samples at 900 °C. (z -

2-theta

MASY2

zeolite : m - mullite)
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However, one can see the distinct change in the existence of the phases as the effect of cation concentrations.
The starting material (zeolite Y) and the final products (muilite and cordierite - JCPDS 150776 and 130294
respectively along with low quantity of silica) are highlighted. It shows that at low cation concentrations (MASYO01
and MASY05) the zeolite precursor's themial stability is higher and so the structure collapse occurs at higher

temperatures (900 °C) whereas the other three high Mg content samples start collapsing around 800 °C itself.

Similar results are seen at higher temperatures too. The final composite material (muilite and cordierite) is formed
at relatively higher temperatures (1350 °C) for samples with low Mg content whereas the high Mg samples
crystallise into the product at a lower temperature (1300 °C). However, as the amorphous window is observed as
relatively longer for MAS system, two stages of temperature were selected to monitor the effect of cation. One is
the collapse of the zeolite structure at 900 °C and the second temperature is 1100 where the recrystallisation

occurs. Figure 4.4.2. shows the multiple plot of all MASY samples heated at 900 C for 6 h.

At 900 °C, MASYO01 shows the collapse of zeolite phase whereas MASY3 shows the formation of cordierite-
mullite composite. This is a clear evidence that cation concentration has a strong effect on the ease of high
temperature phase transfomiation of zeolite MAS precursors. The schematic illustration (Figure 4.4.3) shows the
relative existence of different phases, which indicates the proportionate change of phases at 900 °C. This shows

that the Mg cation concentration is directly proportional to the relative ease of the phase transformation in MAS

2k
1100X
A..lU A MASYS3

@
&
d

i fw

[oN
5 20 O 60
2 - theta

Figure 4.4.4. XRD mulliple profiles ofvarious MASY samples healed at 1100 °C.(m - muilite)
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zeolite precursors, which is similar to that observed for LAS systems. However, this does not seem to have
similar influence on the fomiation of the cordierite-muliite composite product at higher temperatures. Figure 4.4.4

shows the XRD multiple plots of all MASY samples, which are heated at 1100 °C for 6 h.

STEP | STEP Il
Amorphisation Kk Cordierite-
MASY and mullite T Mullite
formation composite
900 °C 1100 °c
STEP I :- Influenced by cation concentration
STEP I Not influenced by cation concentration

At 1100 °C the XRD of all MASY samples show the formation of the cordierite-muliite composite starts from the
amorphous matter. This state of phase transformation is not showing any significant difference as a function of
Mg concentration. It is clear from this that though there is a distinction in the phase status and the mullite
formation which starts selectively in the higher Mg loaded sample MASY3 at a temperature of 900 °C. The
formation of cordierite-muliite composite is not affected by the cation concentration variation. This is a typical
example where the thermodynamics takes over the formation of the reaction products irrespective of the chemical
stoichiometry. However, the semi-quantitative estimations show a trend as function of Mg concentration. Using
the in-built Rigaku search-match facility, the semi-quantitative individual phase estimations were carried out on

the XRD output of all MASY samples sintered at 1350 °C for 6 h. The results are as given in Table 4,4.4.

Table 4.4.4. The phase estinatias ofdll MASY sanples sintered at 1350 °C far6 h (eduding silicd)

Sample Name Heated up to, ®C Matching phases Estimation, %
MASY01-1350 1350 Cordierite 71.0
Mullite 29.0
MASY05-1350 1350 Cordierite 73.6
Mullite 26.4
MASY1-1350 1350 Cordierite 734
Mullite 26.6
MASY2-1350 1350 Cordierite 754
Mullite 23.6
MASY3-1350 1350 Cordierite 76.6
Mullite 234
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Figure 4.4.5. shows a typical plot of the phase estimations (excluding silica) with respect to the MASY samples
heated up to 1350 C for 6 h. The cordierite formation is naturally enhanced by the increase in the Mg content
where as the relative existence of mullite is decreasing. This result supports the discussion given in the earlier
section 4.4.1.C.1. on influence of cation concentration on phase transformation. This study is relatively simple,
due to the fact that the number of phases
involved in MASY system are only two
(excluding the low quantity of silica), unlike
LASY (lithium aluminosilicates from Y

zeolite precursors) systems.

4.4.1.e.2. Effect of Si/Al ratio

In section 4.4.1.b.1., Table 4.4.3. show the
details of MAS samples prepared for the

Coivd E m w @R

MASYOl ~ MASYO5  MASYl ~ MASY2  MASY3
study of effect of Si/Al ratio on the sintering
Figure 4.45. The relative existence of the phases in

of the systems and their phase cordierite-mullite composite estimated by Search-match

transformations. The Si/Al ratios of these

samples were analysed by XRF and are reported in the Table, The samples were heated at 1350 " for 6 h and
their XRD were recorded. Figure 4.4.7. shows the multiple plot of the XRD patterns recorded for the cordierite-
mullite composites prepared by heating the zeolite precursors at 1350 °C. This shows almost similar pattems for
all three samples. Table 4.4.5 shows the semi-quantitative estimations of the phases formed during the heating of
MAS samples with different SI/Al ratios at 1350 °C for 6 h. The phases were identified and matched with the
JCPDS files using the search-match facility of the Rigaku XRD software.

Table 4.4.5. MAS samples prepared with diffarat SVAl ratics

Sample Source Si/Al Phases formed at 1350 °C Estimations, %
IVIASA3 Zeolite A 112 Cordierite 79.1
Mullite 20.9
MASP3 Zeolite P 1.80 Cordierite 78.5
Mullite 215
MASY3 Zeolite Y 2.51 Cordierite 76.6
Mullite 234

On heating the precursor at 1350 °C for 6 h. all the three samples form the mullite-cordierite composite. Though
th change in the estimated phase fractions of mullite and cordierite is not much significant, it is clear that as the
SI/Al ratio increases the mullite fomiation is more pronounced. In other words, at low Si/Al ratio the cordierite
formation is higher. The over all finding is that lower Si content with maximum Mg content enhances the formation

of cordierite in the composite. The overall result of this study has been depicted schematically in Figure 4.4.6.
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MAS precursor

.

High S¥Al ratio

1350 °C

Figure 4.4.6. Influence of SVAl ratio on the formation of cordierite-mullite composite .

4.4.1.d. Density based study
4.4.1.d.1. Effect of cation concentration on density J"
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Table 4.4.6. Green and Sintered darsities ofLASY sanples

SI. Sample Elemental ratio Density, g/cc

No. Mg/Al, wt. % Green Sintered
1 MASYOL 0.0790 1.238 2.472
2 MASY05 0.0814 1.201 2.468
3 MASY1 0.0940 1.119 2,459
4 MASY2 0.1069 1.020 2.457
5  MASY3 0.1072 1.062 2.454

Figure 4,4.7. shows the trend of density changes as a function of fAg loading. The green density of the MASY
samples seem to have little differences in the range from 1.062 to 1.238 g/cc where as the sintered density do not

have much change. However, there is a
. . . DEIVSITY AIVD Mg COIVCEIVTRATIOIV
gradual decrease in the sintered density 9

] 2475
(from 2.472 gl/cc to 2.454 g/cc) as a function +JASYOI
of increasing Mg loading. It is important o o °*' iMASYOS
note that the formation of cordierite is ” 2.465
enhanced by the increase in My loading. The 9 o6
0>

X-ray densities (from CRC Handbook of @ RAASY2 _

2:455 '"MASVi
materials, 1985) of the individual phases

2.45

present in the composites are given in the
Table 4.4.7, Figure 4.4.7. Influence of cation concenlralion on sintered
ceramic density.

Table 4.4.7. IrdividLal phases formred on sintering of MASY sanples and treirx—aydasities

ai. No Name Formula Corresponding JCPDS file Densityx-ray, g/cc
1 Mullite AI6Si2013 150776 3.166
2 Cordierite Mg2AI4Si50i8 130294 2.508

Since mullite has a higher X-ray density (3.166 g/cc) the reduction in mullite content as a function of increasing
Mg content reduces the apparent density of the composite. Also the increase in the presence of the relatively
lower density phase, cordierite (2,508 g/cc) as a function of Mg loading also accounts for the gradual decrease in

the apparent density of the composite from 2,472 g/cc to 2.454 g/cc.

4.4.1.d.2. Effect of Si/Al ratio on density

Table 4.4.8. shows the sintered density of the cordierite-mullite composite formed at 1350 °C on heating the MAS

samples varying with the Si/Al ratio. Comparing the X-ray densities of cordierite and mullite, mullite is a dense
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phase, which is, formed more in the composite prepared by using the precursor with high Si/Al ratio. MASY3 has
a high Si/Al ratio and hence the presence of mullite is more. This raises the apparent density of the composite to
2.454 glcc. On the other hand, the low S/AI ratio precursor fonns a composite in which the cordierite phase is

leading to a lowering in the density (2.151 g/cc)

Table 4.4.8. MAS sanple with differat SV/Al raticsand treirceraric dasities

Sample Si/Al Phases present X-ray density Estimation Sintered density,

glce g/cc

MASA3 1.12 Cordierite 2.508 79.1 %
. 2.151

Mullite 3.166 20.9 %

MASP3 1.80 Cordierite 2.508 78.5 %
2.237

Mullite 3.166 215 %

MASY3 2.51 Cordierite 2.508 76.6 %
) 2.454

Mullite 3.166 23.4 %

4.4.1.e. Shrinkage based study

4.4.1.e.1 Effect of cation concentration on shrinkage

The percentage shrinkages of the MASY samples with different Mg concentrations, which are heated at various

temperatures, have been calculated and listed in Table 4.4.9.

Table 4.4.9. Shrinkages measured fardiffaatMASY sanples heated at diffaret tenperatures

Temperature, ®C Samples & Shrinkages, %

MASYO01 MASY05 MASY1 MASY?2 MASY3
1000 13.6 14.46 15.01 15.12 15.63
1200 33.02 33 04 32.94 32.71 31.95
1300 33.07 32.94 32.56 32.38 30.42
1350 33.19 33.24 33.07 32.91 32.86

Figure 4.4.8.a shows the shrinkages of these samples plotted against the various temperatures. Though till 1200
°C all the samples show similar shrinkage patterns, above 1250 °C the shrinkage trend changes from sample to
sample. To have a close view of these values the high temperature part of the plot has been given in Figure
4,4.8.b. Around 1300 °C the sample MASY3 (high Mg concentration) shows a coarsening phenomenon that is
usually expected to be accompanied by a rapid phase transformation process. Also XRD patterns shows that
though the mullite starts forming above 1000 °C, the cordierite fomiation occurs only around 1300 °C (reported

temperature of phase transformation to cordierite is 1345 { 5) °C)™"*
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SHRINKAGE AT HIGH
TEMPERATURES
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Figure 4.4.8.b. Shrinkage ofMASY samples with
different Mg concentrations at  highe
lemperatures(1200-1350)

As the Mg concentration increases the coarsening is an indication of the rapid fonnation of more cordierite. This

is another clear indication for the influence of cation concentration on the phase formation. However, around 1350

°C the systems again shrink back to original trend line as the formed cordierite phase sinters to dense phase.

4.4.1.e.2. EffectofSi/Alratio on Shrinkage

It is known that for any composite material, for instance the present system of interest, viz., cordierite-muilite

composite, the shrinkage Is based on the relative quantities of the phases formed and their individual shrinking as

a result of high temperature treatment. The increase in the Si/Al ratio has resulted in the increment of mullite

fonnation in this system as discussed in
section 4.4.2.b. As mullite is relatively denser
(3.11 g/cc) compared to cordierite a dense
composite is formed with maximum shrinkage
of 32.86 % (refer Table 4.4.10). Figure 4.4.9
shows the trend of shrinkage as a function of il
Si/Al ratio. Though high shrinkage is not a i
very attractive factor for the MEP application,
a dense and highly shrunk composite is highly

5?
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9
€
<
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M ASPAAA

hermitic and hence is very idea! for the Figure 4.4.9. Effect of Si/Al ratio on shrinkage of MAS

application in this view.

samples after heating upto 1350 °Cfor 6 h

135



CHAPTER VI - MAS

Table 4.4.10. Shrinkage of MAS samples with different Si/Al ratio on heating upto 1350 °C

Sample Si/Al Shrinkage
MASA3 112 27.14
MASP3 1.80 29.44
MASY3 251 32.86

4.4.2. EFFECT OF SINTERING ATMOSPHERE

4.4.2.a. Plan ofwork

The section 3.4.2. of chapter 3 has described the various results of similar studies on LAS systems. The
important finding is that in reduced atmosphere the number and quantity of side products are less and also in few
cases there are possibilities for a single-phase formation. With that background infomiation similar studies were
tried on MAS systems. It was planned to study the sintering of MAS samples at different atmosphere. It was
planned to carry out the sintering of three different MAS samples namely MASY3, MASA3 and MASYO01. The
results of MASY3 (high Si/Al ratio), MASA3 (low Si/Al ratio) were supposed to be compared to understand the
variation of Si/Al ratio. The results of MASY3 (high Mg content) and MASYO01 (low Mg content) were supposed to

be compared to understand the effect of Mg loading.

4.4.2.b. Bgerimental

The samples MASY3, MASA3 and MASYOL (Table 4.4.1. and 4.4.2.) were sintered using the same heating
program as followed for other samples but at different atmospheres. As per the reaction setup described in
chapter 2, the sintering was carried our either in air and argon atmospheres. The flow rate was adjusted to 40 mL
minThe heating rate was fixed to 4 °C min * The pellets of the samples were heated upto 1350 °C with a
holding at 550 °C for binder removal and with a holding at 1350 °C for 6 h. The pellets were cooled naturally
inside the furnace in respective atmospheres and crushed into fine powder using agate mortar and pestle. The
powder XRD profiles were obtained for ail these ceramic products and the phases were identified. The semi-
guantitative phase estimations were carried out using the Rigaku search-match facility and the results were

compared.

4.4.2.C. Results and discussion

Figure 4.4.10 , Figure 4.4.11. and Figure 4.4.12 show the multiple plot of XRD profiles of the sample MASY3,
MASA3 and MASYO01 heated upto 1350 °C for 6 h. respectively.
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Figure 4.4.10. XRD multiple profile of MASY3 heated in air and argon atmosphere

Figure 4.4. H. XRD multiple profile of MASA3 heated in air and argon atmosphere
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Figure 4.4.12. XRD multiple profile of MASYOI healed in air and argon atmosphere

The Figures include the XRD multiple profiles of samples heated both at air and argon atmospheres. The semi-

quantitative phase analyses of all these XRD profiles were estimated and are given in Table 4.4.11.

Table 4.4.11. The sari-q.antitative analysss of variass phases formred during the diffarat sinterirg of MAS sanples in
diffeatatnogdere

Sample Zeolite In air (oxidative) In argon (reductive)
source Phase Estimation, % Phase Estimation, %

MASY3 Y Cordierite 76.6 Cordierite 73.8

Mullite 23.4 Mullite 26.2

MASYO01 Y Cordierite 71.0 Cordierite 78.0

Mullite 29.0 Mullite 22.0

MASA3 A Mullite 100 Mullite 100

The effect of cation concentration on the different sintering studies at various atmospheres shows an unusual
trend. While the oxygen-free argon atmosphere reduces the cordierite formation in the high Mg content sample
(MASY?3), it facilitates the formation of cordierite in low Mg content sample, MASYOL1. This indicates that the My

content governs the cordierite formation whereas the available oxygen governs the mullite formation. Also to
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some extent the Mg concentration does not influence the formation of mullite as mullite does not include any Mg

in its structure.

Another interesting observation is that at low Si/Al ratio (sample MASA) in both oxidative and reductive
atmospheres, only mullite (100 %) is crystallised at 1350 ”C. As compared to the other samples and their
phases, cordierite phase may fomi above 1350 °C which has not been checked during the current investigation.
This suggests that high Si/Al ratio is needed for the formation of cordierite phases. As the results shows that the
change in atmosphere does not have a same trend for samples with different Mg ratios (MASY3 and MASY01)
further studies on few more samples with different Mg concentration may help in understanding the effect of

atmosphere on this system.

4.5. CONCLUSIONS

One of the popular commercial magnesium aluminosilicate (MAS) materials is cordierite (- mullite composite) that
could be prepared successfully through the zeolite precursor method during the present investigati® AC
impedance spectroscopy is/one of the advanced solid state analytical tools)and has been fried toT the
characterisation of the MAS ceramic products and their electronic behaviour at various temperatures. Other
techniques like TG/DTA, SEM, XRD have been used for the routine characterisation. The lattice parameters for
the crystal structure of cordierite phase have been determined and found matching with the reported. The XRD
results show that the phase transformation includes an amorphous phase around 900 °C. However, the phase
remains amorphous upto 1200 °C followed by a slow formation of mullite. Supporting inferences were observed
by the change in particle sizes using SEM. The shrinkage studies on MASY3 sample shows a single step
shrinkage at high temperature around 890 °C with an over all shrinkage of about 32 %. This material has a
relative density of 98 % that is very attractive for MEP applications along with this minimum shrinkage. The
expansion study proves that this material can be exploited as a low expansion material in special applications like
MEP and the TEC is matching the reported values for the similar material prepared by other routes. The low

dielectric constant (7.5 at 1 MHz) observed for this material shows its immense scope in electronic industries.

The effect of measuring temperature on the electric conductivity of the cordierite-mullite ceramic composite
(prepared from MASY3 after heating at 1350 T ) has been studied in the temperature range of 300-600 “C. The
AC impedance spectra results show that as the temperature increases the total impedance reduces to nearly 10
fold. However, polarisation resistance has a negligible contribution to the total impedance as a function of
temperature. This indicates that the contribution of electrical double layer capacitance to the total impedance of
the system is negligible. The microstructure of the material has been visualised using a simple Randles model of

equivalent circuits. The rate of decrement of the resistance and capacitance has been analysed.

An attempt has been made to understand the electrical conductivity in the material. With the fact that one of the

characteristic features of the ionic conductivity of a solid electrolyte is its variation with temperature, the
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conductivity changes of this material as a function of temperature were studied. The results show that the energy
of activation (B8) changes with the temperature. The energy values {Ea(300 -400 °C) = - 0.20 eV} and {Eg(400-
600 °C) = - 0.87 eV}) calculated, have a significant difference for two different temperature ranges to prove that
this characteristic dual trend is an indication of a possible ionic conductivity in the material. The reason for the
dual trend in activation energy as a function of temperature has been explained using the Frenkel crystal model

with interlattice positions and the dynamic equilibrium between the creation and recombination of Frenkel defects

(vaccancies).

The second part of the chapter discusses the influences of different changes in the chemical composition of the
precursor on the phase transformation processes at high temperatures and on density and shrinkage of the final
phase assemblages. Itis observed that the cation concentration influences the amorphisation of zeolite precursor
around 900 °C where as the formation of cordierite-mullite composite is not influenced. Increase in the Mg
loading increases the formation of cordierite and decreases the mullite formation. For precursor with low Si/Al
ratio more cordierite is fonned where as more mullite is formed for the one with high Si/Al ratio. The density
measurement shows that the My loading facilitates a good sintering as it increases the density of the composite
and the Si/Al ratio also increases the density. Shrinkage generally decreases with an increase in Mg loading

where as increases with Si/Al ratio.

Sintering atmosphere has a peculiar effect on sintering of MAS samples. With low cation loaded sample,
reduction atmosphere increases the formation of cordierite where as, with high Mg loaded sample the reduction
atmosphere reduces the cordierite formation. Moreover with low SI/Al ratio sample like MASA3, mullite is fonned

as a single phase in both reductive as well as oxidative atmospheres.

"...Science seldom proceeds in the straightforward logical manner imagined by

outsiders. Instead its steps forward (and backward) are often very human events in

which personalities and cultural traditions play major roles

- James Watson
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COMPREHENSIVE SUMMARY AND
FUTURE SCOPE

Chapter

5.1. INTRODUCTION

The preparation of electronic ceramic materials using zeolites as precursors is a novel approach by itself and in
fact it is an incipient area of research. This method has been claimed for its wide range of advantages over the
conventional way of ceramic preparations. However, the curiosity to understand the extent of these advantages
and limitations if any, was the basic objective of the investigation. The commercial importance of the two dense
phase systems, viz., LAS and MAS ceramics has given an extra-stimulus to select these two systems for the
investigation. Exposing this field of research to the modern spectroscopic techniques and understanding the
nature of the materials as well as the techniques are the two prime advantages gained by this research work. The

present chapter presents a comprehensive summary of this dissertation and future scope of the research

problem.

5.2. THE DISSERTATION WORK

In view of the idea that it would help in understanding the uniqueness of the present novel route from the
conventional ceramic preparation routes, a basic introduction about the various processes that are involved in the
preparation of precursor powder and ceramic fabrication has been given in the first chapter. The first chapter
provides an overview of the global ceramic market and demands. It also describes the advantages of zeolite®
precursor over the conventional routes along with an introduction about MEP technology and zeolites. It briefs the

present research problem along with the plan of work of the thesis.

The second chapter describes the methodology adopted for the preparation of precursor powder and the ceramic
preparations. It gives the details of the materials that are used for the sample preparations. The last part of this
chapter describes the principle and instrumental details about various characterisation techniques and the
experimental conditions that are followed during the measurements. A theoretical introduction and details of

instrumentation have been given for few of the new techniques such as AC impedance spectroscopy.

The third chapter of the thesis deals with lithium aluminosil cate (LAS) system. (3-Spodumene ceramic samples
were prepared using the; powder of”zeolite Na-Y thal-was exchanged with lithium after three ammonium

exchanges (LASY3). Thermal stability and other transformations that are involved on heating were analysed by
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TG/DTA experiments. The pellets of the PVA bound powder were heated to high temperature upto 1200 “C. The
change in the nature of the sample at different temperatures was analysed using XRD and SEM. The particle size
variations during the course of heating and lattice constants of the ceramic phase [3-spodumene were determined
and analysed. The dielectric constant, TEC, shrinkage and density of the final ceramic product prepared from
powder sample tI\SY3 were determined. A multinuclear solid state NMR study, including for ™A, ~Si and ‘i
nuclei on U\SY3 samples heated at various temperatures was tried. The effect of cation concentration and Si/Al
ratio of the precursor powders on phase transfomiations from zeolite to ceramic phase and on the density and %

shrinkage of the final products were studied. A possible phase transformation mechanism and other findings are

given in the end of the chapter.

Magnesium aluminosilicate (MAS) dense system has been studied in fourth chapter. Similar to LAS preparation,
the Na-Y zeolite was exchanged with Mg nitrate solution to prepare MAS powder and other studies were carried
out. Apart from the common characterisation techniques used, AC impedance spectroscopy, an advanced tool
was employed to study the properties of the cordierite ceramic samples. The contributionsp f the possible
individual components for the total impedance of the system were analysed. The most feasible nature of electrical
conduction in the sample was predicted and the influence of temperature on the energy of (activation of) electrical

conduction was also studied. The findings are summarised at the end of the chapter.

53. REALISATION
J

After a series of detailed studies as described in the previous chapters, few substantial concepts werejgalised.”
The process of ceramic preparation using zeolite as precursor is not only novel but also a competent route by
which a variety of phase assemblages with different phase compositions could be prepared. The characterisation
of the®owder precursor)shows that tlI» powder f»s-a'small particle size with a narrow distribution, which is
usually considered as one of the very important criteria for better ceramic fabrication. The premier ion exchange
capacities of these zeolite powders offer an excellent way to alter the chemical composition of the precursor
effectively. Compared to the literature reported, this route is found to have a facile phase transfomiation with
relatively lesser impurity phases. This is due to the better chemical homogeneity of the precursor powder. The
following scheme illustrates the concept of various levels of homogeneity that can be achieved by different ways

of precursor preparation procedures.

143



CHAPTER V -SUMMARY $ SCOPE

Conventional
oxide route

Particle level
homogeneity

Novel zeolite
O#0 300 O"G‘O 0,, o* precursor route

C g O. <« O ° 0 O
' I J ’
Zeolite particle Zeolite particle omog i
with cation HI with cation H1 : dei?f?gliqucaum

Atomic level
homogeneity

This zedlite route gives an atomic level homogeneity, which reduces the transfometion tenperature to
considerable extent. Hence, it is possible to think about the usage of inexpensive Metals for meking conducting
pattems on VEP substrates, which is are of the today’s most wanted dermands and which is expected to bring
down the cost of such products drestically. However, nore systemetic optimisations are needed to practically
reach such levels of lowterperature processability.

One of the distinct features of this raute is the collapse of crystalline phase to an amorphous phase during the
heet treatment of these precursors. It is interesting to observe thet the fomration and existence of this anorphous
phase is dependent on the chemical nature of the precursor. For instance, LAS sanples hed a narrow
anmorphous region between 700 ”C to 830 “C whereas MAS sanles hed a broad window from 800 °C to 1100
°C. This is due the nature and relative anmourt of the cation. Li is a highly mohile cation and fluxing action at high
tenerature reactions to mininmise the sintering tenperature. My, in thet way is not a very nohile cation. One
pairt is very clear thet due to the valency difference of Li (1) and My (2+), the ratio of the nunber of cations
exchanged into zedlite Y will be 221 with respect to the cations Li and My respectively. As the relative armount of
the cations available during the rearystallisation of dense phases framanorphous stale Is more for LAS then for
MAS, LAS fadlitates the solid state reection &t relatively lowtenyeratures.

However, the aystallisation of the dense phases framthe amorphous nrixture does not appear to be sinple. At
this stage, if one considers the anorphous powder as a mixture of (three) individual oxides of S, Al and Li or My
as the case mey be, dl the metastases of the respective termary phase formretions are possidle. Also, the
indvidual single component systerrs as SO2, AlZ03and Li20 or MO, as the case ey be, can have its oan

intemal transformetions. For e.g., SI0z usually has many such processes nanely quartz inversion, inversion of
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aistobalite, inversion of trydinite and conversion of quartz at different tenrperatures. Consequently, these kind of
processes increase the conplexity in understanding the simuitaneous transfonnation mechanisirs of the systens
like the anes, which are presently studied during this investigatioR However, it was attenyted to understand tret
phase transfer mechanism of LAS high termperature reactions. The hightquartz to kestite conversion has been
identified by the XRD reflections as a most possible mechanism which in tum goes to virgllite and firally to (3
spodunene phase. This result indicates that many such studies could yield nore infonnation to understand the
medhanism

The understanding about the mechanistic pathway helps to predict the properties of the firdl ceramic product, Trt
dte an instance, the intermrediate phase fonned during a heat treatrent has a direct inpact on the partide shape \
and the formretion of porasity, which eventually decides the density of the product (for e.g., density varies with the \
different anmounts of mullite phase famred in various MASY sanples. Refer Table 444 and Fgure 447. in i
chapter 4). The pores and grain boundaries are responsible for their characteristic reflections on the property of
the meteria as they fom the so-called 'microstructure’. Its strong influence on the electrical conductivity and the
delectric constants (DEC) is well knoan However, the DEC values of the cerarmic meterials prepared using this
method are found to be lower and hence these neterials are useful in MEP applications. Another conspicuous
paint is thet the ceramic meterials fonned were having a very high relative density (as good as 9B @) Because,
achieving high buk density has been ore of the ngar problems’™# usually faced duing mary ceranic
preparations (for e.g., using clay precursors like kadlin).

Enhancing the qudlification of these neterids for MEP application, the TEC studies show thet these cerarric
neterials prepared using zedlite precursors have a relatively lower thennal expansion, which is matching with thet
of silicon. However, the TEC measurerments at higher measuring tenerature range (above 400 °C) would give
nore cdetails about it which wes not possible during the course of the present study due to instrurental
linitatiors.

The dhility of NIVR spectroscopy hes been well realised by the muitinudear NIVR studies carried out on the LAS
sanples. The NIVR resuits suppart the other observations like the ones from powder XRD. The shift of the @S
bands from-106 ppm tonards the upfield in the range of - 87 pom cleariy indicates thet the Si ervironment is
changing framthe typical  (zedlite) to Q' and  (chain and ring) type which is typical for dense phase systens
like mullite and quartz. There is a distinct bend split at high termperatures (>1000 ”C) for the LAS dense phases
along with aristobelite type of environment. The A spectra shows a third band around 23 ppm indicating a
dstorted tetrahedral environment (A1*) apart from the regular octahedra (MI) and tetrahedrd (MP)
environments. The regular quadaipolar features were suppressed and not seen in /i quadecho spectra
indicating the nullifying dipolar interactions between Li and Al quadrupolar nudei. Hownever, the resolution of the
spectra could be further inproved by increasing the spinning speed of the sanple rotor (e.g,, above 10 kHz or
nore) to distinguish the individual bands dleariy so thet the overiapping peaks can be identified and corelated
well.
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Many reports are found in literature about the novel meterias for the applications in gas and tenerature
sensors. Even zedlites being porous neterials have been tried for this applicatio™. However, mechanically strong
and thermally stable porous as well as dense ceramics are preferred for many reesos™® As one of the
preliminary screening tests, usually the nature of electrical conductivity is checked for the neterid. The current
investigation incdludes such an attenrpt on the cordierite ceramic sanple prepared from MASY3 ponder. The
result suggests thet the conductivity of the nreterial is ionic type. Further studies in this area may extend this
concept of enploying this type of stable ceramic naterias in sensor gpplications. Literature shows thet cordierite
hes been tried earlier for this kind of guication®

It is well known thet mainly the nunoer of phases and the quantity of each present in the sintered cerarric body
decide many of these properties. The semi-quantitative phase estimations carried out on LAS and MAS nreterias
reveal |i strong and sharp influence of the chemical neture of the precursors. However, the overall observation
leaveslew points t0 our perogption The cation (Lr OF My™as the case may be) concentration level in the
precursor powder has a direct inect on the ease of phase transformmetion reactions. High cation concentration
reduces the phase transformetion tenrperature to considerable extent. High cation concentration increases the
yield of the desired nmgjor ceranic phase ((3spodunere in the case of LAS and cordierite in case of MAS).
However, the nature o+ the cation hes a spedific influence on the width of the tenperature window at which the
anorphous phase exists. Precursor conrpoasition with highly nobile cation (like Li%) arystallises into dense phase
at relatively loner teneratures.

It is observed in both the systens thet the density of the ceramic product goes doan with the increase in the
cation concentration of the precursor and the reason is thet in both the cases, the prominent side product is
mullite Mulite is denser then the desired LAS or MAS phases and it iS fommed more when the cation
concentrations are lon Hence, the density of the total system is low at high cation concentration levels, as the
extent of fomretion of relative loner density LAS or MAS phases increases. However, the shrinkage increases
along with the cation concentration

A swing in the relative forretion of mullite and silica wes observed when the S/A ratio of the precursor is
changed. At a situation where the S contentt in the precursor is high, silica is fomred more then mulite and this
increases the density and % shrinkage and vice versa. This kind of variations in relative existence of the phases
helps to alter the properties of the ceraic materials for specific gpplications. This may reflect on the other
properties also like thermmal expansion coeffident and the themrdl conductance.
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54. LIMITATION

Though this novel ceramic raute using zedlite precursors offers many advantages, there are few linmtations
realised during the course of the wark: The nonHramework cation loeding through ion exchar”e has a mexinum
limt for a given zedlitecation pair. It is the limting equiliboium thet puts constraint to reach the proper
stoichionetry in some cases. However, this can be encountered to sone extent by choosing the ratio of the other
two conponents viz.. S and Al. On acaderic interest, if one wants to study the phase formretion a extrene (too
low or too high) levels of indvidual conrponents viz., S02, Al203 and Li20 or MgO, these precursors mey not
suppart. The nodification of chermical composition of dl three conrponents becores difficult if once the systemis
set or exchanged for ions. For instance, lowering the S content of a given zedlite is not as easy as to lower the L
content. However, the zedlite source could be chosen with the desired S/A rtio,

Many zedlite preparations usually involves the usage of dikdi hydroxides (like sodium hydroxide) to achieve and
neintain high pH level (as high as pH =12) for zedlite arystallisation. This sodium is exchanged with the desired
cation later as per the stoichionetric need. However, the zero Na level is not passible by ion exchanges in many
cases. As the presence of Na, according to literature, disturios the phase transformetion by inducing pre-metured
sintering before the completion of high tenperature reaction or arystallisation of dense phase, Na renmoval
becomes very inportant. According to the literature, the safe Na level may be less than 15 ppm This leads to
nore numboer of ion exchanges on the precursor powder. However a possible altermative has been suggested in
the falloning sections. Conrpared to the conventional oxide route, this route seens to be nore tine consuming as
the preparation of the powder involves series of ion salution phase exchanges, handling of slurry and filtration

55 UPDATE OF THE FIELD )

Though the present wark wes started in the end of 1994 with, availability of nmininum references in literature,
auring the course of the present investigation, few reparts appeared in the related area fram other research
groups. i

Hoghooghi and conorkers worked on the developent of near-net shape fonning of celsianceramics using
zedlite precursors™ A ceranic conrposite consisting of gahnite (ZnAl2od) arystallites in an anorphous sodium
aluminasilicate natrix framzinc exchanged zeolite-A precursor wes reported by Coyler and conorkers™ He has
reported A NVR characterisation of the meterials. Later, he reported an in situ study of ceranic fomiation from
@2*and -2~ exchanged zedlite-A using comined XRD/XAFS tedmiques® However, the idea about large-scale
preparation from natural resources was aconstant drive for many researchers. In 1996 a spanish research group
reported the possihilities of such exploitation from neturdl zedlite rocks. The sintering, electrical and mechanical
properties of ceramic meterias prepared from Cuban netural zedlite minerals were studied and reparted® The
possibilities of using netural zedlite for synthesizing ceramic pigments were investigated by Pogrebenkov and
cownorkers'.
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-JW”very interesting to see the analogues of branches started ift this area of research. Dondur and coworkers
have reported the arystallisation kinetics of the dense phase, hexacelsian, from the anmorphous phase prepared
by heating the ion exchanged zedlite powders” The ceramic meterias prepared by zedlite route have got
applications in muitiple directions. For instance, a process for manufacturing of the zedlite ceramics, useful for
contral of Escherichia odli (inducding enterohermorhagic E. coli), sall microorganisis inwater has been patented
in Japan'3, The possihility of dataining ceraric fadng tiles based on netural zedlite in conbination with calcium
megnesiam neterias (diopside, wallastonite, trenrolite) has been reparted by Pogrebenkov and coworkers”™
93V is another system which has been a high dermend in advanced ceramic industries. The synthesis of
combination of this eteria along with celsian has been tried using zedlite route very recently and reported ®

56. FUTURE SCOPE

It has been really a prablem to reduce the residual Na level in the precursors even by multiple ion exchanges. To
overcome this prablem the idea of synthesizing the zedlite itself in sodium free conditions can be thought off. For
instance synthesis of zedlite A in presence of cation like Li has been already reported. Perhaps, the ceranic
produced from this powder could be expected to fam highly pure single spodumene phase. Salid state ion
exchange technique, which is believed to be a better process in soe cases, may also be tried to increase the
extent of cation exchange.

Many new combinations of zedlites and cations could be tried to produce different assenblages of phases with
inproved properties of ceramic products. The phase transformretion discussion in the present work is all based on
the XRD recorded for the sanles thet are heated at different tenmperatures, cooled to room tenperature ad
then crushed into poader before the scaming. Hence the tenperature we nrention here are not the redl
tenperature thet wes being felt by the sanple duing the course of XRD scanning. Hence, an insitu high
tenperature XRD study will give a clear picture about the actual and accurate tenrperature at which the phase
transformation and other changes occur. In addition this will reduce the tine of phase transforration study to a
large extent.

The AC inpedance studies on these naterials can be extended to fallow up the sintering process and the resuits
can be inproved after further gptimisation The details about the gradual change in the microstcture of the
precursor poader during the course of sintering and phase transformmetion processes could be acquired if the
Spectra are taken for sanyles heated at different temperatures which wes in fact the ariginal amof the present
work

The new emerging field of maonave sintering can be tried on these precursor powders so thet the energy or
tenperature required for sintering mght be reduced and also, it may change the phase transformetion
mechanism Shrinkage and dilatonetric messureents can be carried out for sanrples with different cation
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concentrations to study the influence of cation concentration on the sintering (by shrinkage) and TEC (by
dilatonetry). Highresolution solid state NVR with enhanced speed of sanple spinning can be used for the
characterisation of these nraterials to confirm the phase transformetion mechanism Many such studies in future
ey inrove this spedial route of ceraric preparation and the quility of the products.

This area of research could be gpprehended as an extra dimension of the versatility of zeolites by a zedlite
chemist or as a search for new raw meterials to prepare inproved ceramics by a cerarmist. However, one pairnt is
clear thet this field of research will keep going ahead for severalLdecades as we anticipete its potential scope.

May these meterials be called infuture as ze om ics! MeEANINgceramics fromzeolites?

"...' do not know what | may appear to the world, but to myselflseem to have been only like a
boy playing on the seashore, and diverting myselfin now and then finding a smootherpebble

or a prettier shell than ordinary, whilst the great ocean of truth lay all undiscovered before me"

- Newton
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