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ABSTRACT 

Sllf> C'ilStll1g IS U weil pstabhshed technique for the manufacture of traditional 

('('1 a llllC horlles, such as clays and whitewares. It combines complex shaping with high 

gl ('('Il dl'II~Jtles, rcsultmg HI low Rhrinkage and good densification behaviour. 

nll~ llH·thod, how('v('r, has recelved httle attention in the field of engineering 

('('rarnJ('~ ('~pf'('lally wlth l'l'garrl to :"ll1eon mtndc Commcrc13l fabncation of silicon 

Illtnck, a m;ljor ('ontender for I1lgh ü'mpcratllrp applications due to its excellent 

t 1lf'l'lllflllH'( ha Il J('n 1 pl OP('I (IPè-, ha~ 1)('('11 confilwc! to hot prpsslng, This is an expensive 

pl ()('('~~ <lnd Iws g('f)lllf'trrcal limitatIons 

Slip f'd~t IIlg, filllow(,d by slIltering, has been identified as a potentially 

('('Il Il 0111 J('<I 1 .l!t(·l'Ilat Ive filbncatioll method, however a number of parameters have to 

IH' optlllllZl'd hf'f(}re a good shp cast silicon nitride body can be made. The aim of the 

pl ('Sl'nt wOl'k 1:-' to control paramctcrs su,~h as pH, V1SCOSlty and dEJlocculation in 

ordt'r t 0 f'ol'm den;.;!', hOlllogel1l.'Ous, sIl pc;;:; t silicon ni tnde bodies, 

A dPI a rlpd III wst Iga t III 11 of the rheologleul propcrtws of SiaN" and careful 

(,()/ltl'lll of' pl'()('psslI1g parailleters, made lt possible to producc slip cast SiaN4 bodies 

Il.1\ II1g lIpto !)71}{, TD on sintenng. Mechal11cal strength values obtaincd by slip casting 

w('n' (,olllpan,d with those obtmned by die-pressing. Strength values of the slip cast 

1ll.1ll·rral WHS hllllLed by iron I11cluslons entrnÎned in processing, 
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RÉSUMÉ 

La coulée en barbotine est une techniqup très uttli::.t'l' dam; la t'abncatlOll dl' 

produits domestiques en céramique, comme dl' la poh'rH' pt des hlhh,lt'HllX Elit' 

permet l'élaboratIOn d'objets aux fOr!l1('s ('ompll'x('f-. (llut l'Il ohtenant 1I11\' h,llit(, d('I1Sllt' 

des pièces avant cuisson Cl'ttt' dplllll'rL' propn('tl\ n,dUIt COIlSldl'J'ahlt'lll!'nt It'~ nsqlll'S 

de défaults associés à la contractIOn dp la pIèce durant. la cUIsson pt 1(' J('l'rOldlSSI'IlH'nt 

Cependent, cette méthodp de fabnC'atlOn a reçu peu d'attl'Ilt.lOn dl' la part \t' 

l'industrie en céramIque, sp('cwllellwnt concernant le IlltnlJ"(' dl' sil lCJUIll L('s prodlllts 

commerclUUX en IlItrure de "I1l('lUm, réputés pUlIr kur très bontH' t('IHl!' t lH'rlllo­

méchanlquc à haute temp('rature, :"Ollt :"llI·tout obt"llllS Ù pdrtll' dtl pn·ss.tg(' 

isostatique à chaud. Cette technique pst coùteuse et pst llTlllt(.P quallt Ù la (,(J1npl('xlt l" 

des formes réahsables, 

Par contre, la coulée en barbotine repré~ellt(' uné alt('rnatlvP éco/lO/l1J(IU(,/11l'lIt 

avantageuse, même si elle exige l'optllnlSatlOI1 d'un certain nombrp dl' parallH't.n·)4 

avant de réussir des pièces de IlItrure de [·nliclUm accepta hIes. Le l,ut dl' l'l'U!' l't wh· 

consiste à détermll1('r les paramètn's de la barbotine comnJ(> 1(· pH, la VISCOf,lti·, 1:1 

concentration en dét10culant qUI dOl1llcrant des piècps en I1ltnJl'P dl' HlllCllIlIl dl' haut f' 

densité et de grande hOl11og('llél té. 

Une étude mInutieuse deR propriétés rhéologlqueH du SI IN \, Il IIISI qu 'IJ ri 

contrôle 1>erré deI-> paral11ctres de coulée ont permis de produJrl' d(!s PIPCPS dO/lt 1;1 

densIté après fnttage pOUVUlt attemdn' 97% de la densité théOrique. La n"~If,t.:I/II'(· 

mécanique des pièces all1si ohtenues a été comparée avec eelle de pJ('!:PR prodllltl'H par 

pressage à matrIces La réSIstance mécanique des pièces IRSU('!-> dl' la ('oul(,(' ('fi 

11 



Iwr hotlfle l'i'>t pr{'s(!lllernent IIrnlléc par l'mtroduction d'inclusions ioniques dans le 

fIIal,(~rJau lor!'> du procédé 
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CHAPTER 1 INTRODUCTION 

A ceramic can he dcfined as an morgamc coopound formed by the chemical 

comblnatlOn of a metal and a non-mctaI. Traditional ceramic produets derived from 

rlay mineraIs, a~ wpll as btructural and electronic eeramics (which are often 

manufilctuTf·d by chcl1l1cal synthesis) are ail made up of elements which are found 

ahundantly 111 the earth's crust 

Tlwre pn~sently eXlsüi, a great deal of interest in the development of structural 

('(~ralllIC'S throughouL the industrialized world. The increasing importance of fuel 

('()/l~l'rvlt1l() Ill, il nd m t ('r{'~t m II1creaslllg the operating efficiency have stimulated 

Il'/H'w('d Illkrf':-'t, 1/1 L11l' u:-.e or ceramic components in heat engines. The advantages 

of' ceraIII ICS 1<1r sllch applrcutiolls [lS compared to the metals, currently used, are their 

capahlliLy for operating at highcr temperatures and low dem:ities, the greater 

abundanc(' of raw mnterials, their avmlability, and their potentiallow cost. 

'l'IH' ll10st Important matcnuls2 for potential high temperature applications in the 

l'/H'rgy conversion systems and h('at engmes are silicon nitride (Si3N4), silicon carbide 

(SIC) and zirconia (ZrO~) SIIlcOl1 Nltnde, which is a leading candidate, has gained 

1I1cn'Hs1I1g IIl1}1ortancl' as a structural matcrial This is due to a favourable 

COJl1 b 111 a t 1011 of propl'rtle~·l of' dpl1se Si.IN.j sueh as high strength at high temperatures, 

good t lH'rmal ~h()('k lwhavlOur, l11gh wear and good chemical resistance. However, one 

Il l(\.l 0 l' dl:-,advantagt' of th1:-, /llatpl'lal, 18 the difficulty of producing dense Si3N4 parts 

l'rom startmg pO\vdpr8 by a sohd stute sintering process. To achieve sufficieut 

dl'l1sificatlOn. !Il(' URC of additives which react to form a hquid phase at high 

tl'1l1pt.'ratul'l' and thU8 proJl1ote dcnsification by liquid phase sintering, is necessary. 

1 
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For higher densities, the sm1Ultaneous application of a hlgh pn'ssure, can bp lItlliSl'd 

This process, known as hot pressing, thollgh l'l'ndl'rs gond prOpl'rt il'S, allows only tilt' 

fabrication of simply shappd p~ll'ts and thcref'o!'(' tJ1(> mass prodllCl1011 Ilf (,()lIIpll'x 

silicon nitride components IS limItcd. Thus, to ohtam dells(' ~11J('()n nIt ndt' hlldu's wlth 

the fleXlbility ofcomplex shapmg 1t \S essenttal to dlVldl' t1w manufad\ll'lng pnn'l'SS 

mto two steps, namely, green fi)rTlllng and smtenng 

In green forming (the ward "green" ImplYlIIg untin'd or ullsinkl'l'd produdl tilt' 

SiaN4 powc1er along with the sintering additiv('s 18 ('ollsohdatpd to t 11(' cll'SII't'd Shapl\ 

bya purely physical proceHS ThIS pro('Css may involvl' sllspend111g t Ill' m\lll I(,OlllpOIH'llt 

powder mix in a hquid, llsually wé1tpr and dry111g tlll' ~lISp('nSI()lI whd:-.I ct'l'allllg Ill<' 

desired shape of the component a~ in slip eu!:-.t IIIg, m' cOlllpact IlIg 1 h(' M'IIII-dl'Y 

suspension, as in extrusIOn and injectIOn mouldtng The SUspl'n~I()n Illay also 111' t'\llly 

dried and compacted uIÎder high pl'('RSllre as 111 dry pn'sslllg 

The powder compact, or the "green body" cali cOlltalll anywlH'n' l'rolll 2!)(Ït, Ln (j()% 

porosity, which must be removed by smtenng, III ordl'r ln (l('hiC've propt'rLipH ('101.;(' t.o 

that of a theoretlcDlly dense matenal Smtellllg l'n:"Ull':-' fllltlJ('l' d('IIi->rfi(,llLIOII hy 

removal of the poroslty, lcadmg to shnnkage, comllllwd wlih growih t,ogl't./H'r and 

strong bon ding between adjucent parilelcH 

Slip casting is a weIl established techmque for ihe mnnufaetun' of days and 

whitewares. In the past dccade, li has bcpn ldeniified as bell1g a potentlHlly 

appropria te fabrication method for rnakmg silicon mincIe componentH. ft cornhllJ(~H 

complex shaping with hlgh green densltles rcsultlng ln low shnnkag(~ and good 

densification behavlOur. 

The present thesis deals with the study of slip castll1g of sihcon niinde, in an 

2 
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att(!mpt to optlrTlise the pro(;ehsmg parameters for this particular techmque. The slip 

cWitmg prO('eSH r('(!'JlreH il slIp whlch, ln this case is a multicomponent powder, 

1->lIsJwllf1f!d JrI a 1 HJlllrl v(~h Icle. This suspension exhlbits colloidal properties and must 

th(!re!of(! IH' characlt'T'I",(·d wlth respect to pH, stabllity with time and etfects of 

fl()('C'ldaLHJlI and dpfl()cculatlOn ThIS thesis deals with a systematic study of these 

par aUIl'U!rs wlth the mm of fimmng dense homogeneous slipcast Si3N 4 bodies. 

()utli"e of lhes; s 

Chaptl'r JI of tnp thesis deals with the literature review of silicon nitride, the 

1->laloll 1->ysj('rn, and smtpring ofslnlons. It wi]] describe the processing of silicon nitride 

IIlc!lH!lIIg gll'('11 fiJl'llllllg pr()CeSSCH (Huch as dIe pressing, extrusion and slip casting) 

and I-Illltl'l'Il1g ApplIcatIons and powder reqUlrements of colloidal processing in ceramic 

iiy1->tl'mio will abo he dlseusscd. 

Chapter fIl will dl'scnbe the slIp casting process in detail. It will highlight various 

propprt.ieH iiUCl! as slip stability wlth time, the casting procedure and drying. The sub­

iil'('IIOIlS will (!Pt<1I1 tlll' propertlcs, rheology ofcolloids and slip casting behaviour of 

1I01l-clay l'PI aIll]('~ 

Chapll'I' lV dpscnbes the cxperirnentaJ work that was carried out. It begins by 

ot'scnhlllg thl' :"hp prl'parat IOn The next section describes the viscosity experiments 

ill'rforI1' p c! rn order to controJ the rhcology. The Just two sections de scribe the slip 

l'dSI mg. ~1Il t t'nng and ::'11111 pll' preparatIOn for strength testing. Sam pIe preparation for 

Chdpll'r V I~ dp\'oted tn t Ill' results and discussion of the experiments performed 

H nd Chaptt.~r VI outI mes the concl usions 

3 
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CHAPTER II LITERATURE REVIEW 

2.1 Introduction 

The bulk of the literature on silIcon I11tndc has appcarpd dunng the lust two 

decades, however, the earhcst publ islwd literat Url' dates as far hal'k ns t Ill' laHt 

century, A German patent of 1895 by MchnC'l''' ref'er~ tn the synl l:/.'SIS of HI 11('011 mt.rid{' 

in an electric arc furnace, Weiss and Engelhanlt Ci lall'l' SlllllIlWI'IZl'd ('('l'I a 111 propl'I·t.H'H 

of silicon nitnde and recognized its composition 10 l)(' SI IN l' A }·(·IH.'wal of mlpl'pst. Il) 

silicon nitride appears to have been stmllllatcd by Cl papl'J' of Collins .\11<1 \. ;Pl'bl who 

reported sorne more physlcal and chel11lcal prop('l't Il'h, pa l't ICUIa rly Ils low col'! li"IPIl t. 

of thermal expansion, a mnJOI' reason fi)]' the curn'Ilt inl{'I'('~1 

The potential usefulness ofslhcon I11tnc1e ln dL'malHllng C'nglnl'C'l'Ing appllcat.lOlls 

had been recogI11zed by Collms and Gerbl; and TUl'kdogan's7 p'lhllcal IOns Parr and 

his co-workers at AdmIraIt y Matenuls Lab in Uw U K had genpl':ll('d Inft'n'sl III Ih" 

applicatIOns and use of SIlicon nitnde, as eVldent by UWII p.1J)(·rsH
•
U J)('splil' Ihls 

interest, a large market for SIlIcon Illtnde has fmlpd Lo grow raplCllv. t.hl' 

circumstances accountmg for the t'mlure anslIlg !:lIW·1y t'rolll Il](' d,·lJt:llldlllg 

applications for WhlCh the materia! is heing con:-OHh'n'd, e g poor 1)J(·chanJ(·;t1 dt'SlglI 

to cope with the hIgh stress and hlgh temperature environlllelltlo. fCllInri Irl hpat 

engines, partlcularly for a relallvelv bnttle matenal 

Improved ceramlC matenals lJke S!lIC'OTl mtri(ll', I-.ilicon carl>ide and Zlr('(JIlJa 

renewed mterest 111 research cspcclally filr pnergy conservatIOn Mt'('hallleai JHoJ)('rl,J(!1-! 

of sillcon nitride and SIlicon carbJ(le are qUlte lo.lllI!lU}, h(JW(!VtT ~II)(,OII IlILndl' IS 

preferred SlI1ce IL requlrelo. lower slfltenng ternperature:-o :l!Id Iw:-o tllglu'r tOllghllf'hlo. ;Hld 
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!-.trength 

Collllll-> and Gerby have debcribcd in their paper about formation of free standing 

:,h;q)('H frolll l->I1J(;on powder hy varlOus menns including dry pressing, slip casting and 

(~xtrW,JOII, and tll'atmg ofthoi:!c shapes at nOO()e m nitrogen to convert thern to Si3N 4• 

'l'ills proC('HS IS kllown as renctIOn bon ding. On the other hand, hot pressing of silicon 

rJJtndl' powder if' expellsive and is confined to shapes of simple geometry only. 

1{('actlOll !londlllg, althollgh can provide complex shapes, has limited application sinee 

tlw l->trt'Ilgth Il-> low and IL exhlblts poor oxidation reslstance due to residual porosity. 

Addltloll of :-'llltl'nng addltivps to Hilicon nitnde powder in a balanced ratio creates 

:-;J1I('OIl Illtnd(' ('omp(l':t'nts by low pressure or pressureless sintering, and leads to a 

t'ully dprl!-l(, lIIatl'J'Iétl These ratIOs can easIly be determined by the Si_Al_O_N10,ll 

:-;Yl->t('1lI (ail HCl'Ollyrn felr compositions contnmmg Si, AI, 0 and N). This system is used 

clIlTl'ntly III the t'abncatlOl1 of sIl1('{)J1 nitnde components, sinee it involves the use of 

pl (}{'('S:..('S slich as sli p and pressure castmg, Injection moulding and extrusion. A 

PJ'(lC('SS fi)!' t1H' large scale manufacture of silicon mtride components for reliable 

prOpl'I'lll'S, howl'ver 1:'; yet to be developpd. 

Slip ('ast IIlg, O!ll' of tlll' grC'en liH'mmg processes defined earlier, is a traditional 

Cl'ra III 1(' li li' Il Il ng PI'OCl'l->:-' wll h Pillerging a pphcations in ad vanced materials processing. 

Mo~t or tlll' work 111 thl:" field of procC':,;sll1g t'or non-clay ceramlCS especially silicon 

IlItndp, hm; only bcpn pcrfi>rmed 111 the past decade Since the establishment of slip 

('a~t 1 ng as an IT}(lXpt>IlSIVl' proCC'f,S for mass productüm of alumina based ceramics, this 

pron'~t- has gallll'd key Importance for both researchers worldwide and the industry, 

lill Ils po~slbll' vlablilty fi)!' the manufacture of silicon nitride components. 

lJ nll)rt 1I1wt l' I.\' \'l'J'Y litt Il' Il tl'r,l t ure has been pubhshed sinee thls process for shaping 
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silicon nitride is novel and most of the work is being done currently nt many J'('sl'nJ'ch 

institutes. 

Persson, Hermansson and Carlsson l
:.! in Wt':3 dl'vl'lopl'd sltp cast Sl.IN4 They 

investigated the electric mobility of the slip, 111 OI'dl'!' ln c!:-.tllnatl' t Ill' part 1('1 l' surfnc(' 

charge for slip stability. Later, in 1986 WhItman and }<'f'kpl:1 CalTIPd out 11 Hhldy 10 HP(' 

the eITect of powder tn' ,tment strategies on the collOld c1WllllStl'y of aqUl'ollH 

dispersions of silicon mtride by surfacc tItratHlI1 llH'thods Bl'lloHI aJld nalaHHi 14 
III 

1986, and Siskensl5 also investigated propcrty rend Will' of sil iC()Jl 11It l'Id!, HqlH'OUH HhpH 

relating to rheology, zeta-potentlnl and pH Slskl'lls, howpvC'l', llsed Varw;pt'l'Sl' CH aH 

a dispersant to deliberatcly lower the zeta-poten t l,do 

Olagnon and Nagyl6, 111 W89, fUl'ther IIlvcstJgatpd Hlip cHHtmg of S'IN 1 !>OWc!f'I'H 

with respect to rnilling bme and slip rheology Theil' findings, and tho~l' of Nagl'I and 

Greil l7 both 1l1(hcate that, though the green demnty of slip ('aHt pJ('('('~ lIlay rangl' 

between 45%-55% 'Jftheoretical dcnslty, th(· Hmterl'd dPllslty ra liges )wtw('Pf} !)!iI/r,·!J!J(/1 

of theoretical density. They llscd nflllllOlllU/I1 ba.'-wc] f1olynu'f dllo,pprHHnt and Dolaplx 

PC 33, respectively, and have dcduCl'd that ~'J!IC()1l Illtl'ldf' [o.,urfll(,(, hdS phYSlSOI)H'c! alld 

chemisorbed ammoma. Surface chemistry élnd IIlt'ology ,Ir'(' t1)(~1 ('fon', by 1., r, t hl' Illo:,t 

Important parameters for slip stability. TIH'se accollnt for i Iltpr-partrc!(· for'c"'s 1IIIlI'd,~r 

to control disperSIOn in a suspl'nsion IH
• A det<llkd dlscwisJOn ()rllltl~I'-partl('ll' Jlo\'(·ntral 

theory is found in the work ofOverbeek(1977J and Huntcr(1HH1). 

2.2 Silicon Nitride 

The structure of silIcon nitriol: was first cvalual<'d by 'l'urkdogaIl (·t a1 7
, who 

also establishcd that silicon mtride could exist 111 two forrnH (J and li By altm natlVI' 
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Hltl!rpretaLIOTlS of their powdcr x-ray diffraction data, Hardie and Jack19 concluded 

Hwt hoth frJrms are hexagonal with the c dimension of a-SiaN4 being approximately 

tWlœ that of r~-Sl,!N 1 (Tahle Il l) 

TABLE II l' Umt ('cIl data for silicon nitride (Â) 

a-SI,jN4 p-SiaN4 

a 7749 7609 

c 5,617 2911 

UntJl recently, considerable dlsagrccrncnt has existed regal'ding the nature of 

t1w structure of Ct-SI:IN 1 Early structure determination by Hardie and Jack19
, 

Huddl<'sden and Poppcr'.!() seemed to be In agreement, but later Wild et al21 proposed 

t.hat u-SIIN 1 was actually an oxymtnde wlth 0 rcplacing N on sorne sites and with 

otlH'r N ~Itl'~ vacant J(ohabu and McCalllpl2 concludcd that although oxygen might 

SUhSt.ltllt l' loI' nllrogpn 111 o.-SI,IN l' th('re 18 no structural requirement for its presence. 

'l'Il{' d 111(' J'('I 1('(' 111 stl'llctural dimpnsion between the a and p phase is attributed ta a 

changl' III t IH' stackll1g spqut'l1ce from ABCD. for a, to ABAB .. in p. These results 

WI.'I'l' ('ollfirrned by Ruddlt.'sden and Popper:,w. 

Hotll form:-. of'slllt.'O!1 nitride are comprised oftetrahedra offour nitrogen atoms 

wlth a siltcoll atom lllcatpd 111 the cC'ntre. A single layer of sIlicon nitride consists of 

six tetrahedra wllh ('<\ch mtl'Ogen shared between threc adjacent tetrahedra (Figure 

2.1) li-SI.IN 1 has a 8truct ure based on that of phenaclte (Be2SI04)2. 
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FIGURE 2.1: The two polymorphs of silicon nitride (solid spherc8 are Si) 

The experimental eVldcnce is that bath the structures co-exist over a hroad 

range of temperatures but that the f3 phase is mOl e prevalent at hlgher tempenltureR 

(>1500°C). Madelung energy calculations mdicate that f3-S1.IN. should be more stable 

at room temperatures; the magnitude of thlS dIfTerencc 18 however small, 1 e. only 

1.3% of the absolute value, so that the co-existence of the two phas('s 18 possible. 

Gruen23 suggests that this energy dlfference is the explan:1.tHln for the raet that the 

transfonnation of a ta 13 IS possible, whereas the reverse has not been otmcrved. A 
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revJew~4 of the reactlOn meéanisms between silicon and nitrogen postulates that the 

forrnatlOf1 of (/-81 jN4 Invol Vèf> reactlOn ofmolecular nitrogen, whereas ~-Si3N4 is formed 

hy f!!actloll 01 at(HlllC /lItroW'n The transf()rmatlOn from a to ~ phase can only be 

uccomphHht'd hy a IHO" rotation orthe hasal plane. A lattice reconstruction is required, 

wh\('h mUi-.t Involve solution of the a phase and precipitation of ~. Such 

lransfiJrmallOllS are observed III the presence of a liquid phase and Jennings24 

HUggcsts lhat the dIssolutIOn of silicon mtride must result in the formation of atomic 

IlItrogcll III (,/w IIqUld, whlch leads to the transformation of the ~-Si3N4 upon 

pn'clpitatlOl1 t'rom thal liquid 

ln t.h(· folloWlllg sect 10111' we shall explore the different powder consolidation 

Ilwlhods 1I1->Pc! III t1H' ('(,l'armc mdustry; and the silicon nitride sintering mechanism, 

lIlVOIVlllg lIw {ill'mallOn of a Itquld phaf'e to promote precipitation of dense ~-Si3N4' 

2.:J Gn'en Forming in ceramics 

DIf/('n'nt pro('('sses used In the formation of ceramics may combine 

consolidatlOll and d('Il~di('atlOn in one step. These processes are expensive and have 

gt'ollH'tl'l('al Itmltat\Ons 

Incn'asl'd automatIOn and mechanization in the rapidly growing electronic, 

t'lectncHI. Ht'I'Onautlcal and othe!' mdustries has made it necessary to maintain an 

l'C0l101l11C production of ('('ramie ('omponents In addItion to this, realization that 

statH,tlcal quality control ('an be applied ta ccrarmc processes with substantial 

l'l'01101ll1C aovantagl:' has ll'o to a d('sire for bettt:lr control of the process. A number of 
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powder consolidation methods such as slIp casting, die-pressmg and plastic forming 

not only provide the flexlbihty ofcomplex shaplllg, but also allows a hl'ttl'l' control of 

the proccss itself. These nH'thods have heen ,sllCl'l',s:"f'lll, l'~pt'C\dl1\' flll' tl'lHl!t Hlnal 

ceramics and are gamlng importancl' ln the field Of'Lllh :lIH'l'd l'l'ramie (,oIllIHl\WntH 'l'Ill' 

green forming processcs uscd 111 the consolIdation of loB hcon IlIt ndp and l't'I('vant. t 0 t hls 

thesis are described In general below. 

1. Slip casting 

This process has been applied for many yeUl's for clay m·t IC!cS of complll'atl'd 

shapes and geometry A slip or slun'y IS a fhlld Sll:-,pl'nHlOil of l'l' .... mlc powdt'l' III <1 

liquid. The proccss rerer:,; to filltng a piast l'" Illmt!d \VIt h ~lIch a ~llp Tht' capll lary 

forces due to the pores 111 the mOldd wlthdraw t.\w 11<j111(1 flOIll tlll' slip '1'111:-' Il'Slilts 

in th~ formation of a consolidated layer, at thp sltp-mollid intprf'acI', whlch lll<'tl~aSPH 

in thickness with time This process can be divHled rn two cI1Is8t's' 

(a) Drain casting, in which slip is poured into the tnollld, 11'11, fill' a short tinH', and 

then drained out, leavmg 11 thll1 shell again~t the 1I1~ldl' of' tlH' mould and (h) So//(/ 

casting, in which the motilclls fillpc! wlth" slip and IPil lllltil It('a~ts Iflto <l solld PU'{'I' 

This method is used In large seule productlOli of'c<'rallllC' walPS, a:-. If IS 1)()sSlhll' 

to reproduce very comphcated shapes In plaster moulrls Sehenléltl(,~ 01 d rdll) cast Illg 

and solid casting are shown In ligures 2.2 and 2 :3 rl'spectlvely 
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FIGURE 2.2: Drain casting 

·EJ'-·',' ~ . . . - , 
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.... .. , 
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(cl (cil 

FIGURE 2.3: Solid casting 
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The slip cansisting colloidal SIze partlcles, and ~.;uspl'ndt.'d III Il \'l'hlt'Il', u~llall\' 

water, cantains certa111 specles known as deflol'('ubnts Tlwsl' SPl'Cll'S lllay lw I011U' or 

polymers, and markedly affl'ct vIseo,slty and no\\' propntll'!' of thl' ~hp b, cOlltrolhng 

the "ion exchangc" Ion exchangl' 111 ~Iip cast1l1g 1:-; rl'l.lll'd tn thl' ehargl' :-;hanng 01 

transfer betwecn s tl~~wndl'd part lcll's; :-;uspend mg ml'cl 1\1111 and t Ill' dl'll Ilcl'ula lit s Th t~ 

interaction !eads tn e!l'etro"tnttc forces and polymer adsorpt IOn (lh'pt'tHltllg Ill! t IH' 

choice of deflocculant) and contro!s the spt.t.hng of t Ill' part Icll'H ano thll~ alll'ct mg t ht' 

rheology of the slIp ThIS has bccn discusscd extem.,ivl'ly III h()ok:-; hy }\,('II\,'U" 

Overbeek:!B and Kruyt27 DIfTerent propertles an' l'('qlllrl'd l(lI' shp~ to!lp u:-;pd lot, dl.1I11 

casting and sol!d castlIlg Table II 2 Il:-;t:-; d(,~11 ablt, propprt Il',, of ca:-;tll1g :-;llp~ 

Slip casting process 1" u"pd ('xtl'II:-;Ivl'ly III tlll' ('('1'011111(" I!Idll"try, :-;111("(' tlll' :-,llp 

cast pieces have a hlgher and more lHlIfiH"fll dl'II:-;Ity t hall pn,,,:-;pd (lrWH TI\(' fillllg 

temperaturcs reqlllrcd lo produce zero apparent poroslt y f(lI" ,,11 P ca"t ("(','a IIl1CS I~ low\', 

than for pressed ones2H
, 

A detailed discussion ofpropcrties ofsl,ps Will hl' glv('n III t.hl' I]t'xl chaptl" 
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TABLE lI.2: Properties of casting slips 

Propcrty 

Low VlSC()~lty to dram 

Dram 

castmg 

+ 

Sohd 

casting 

-------------+-------+------t 
Gond stahi hty on storing + + 

-------- ------------+------+-------11 
AhJllty to drain cleanly + 

--- - ----- --- -------------+------1-------11 
Low ra te of hcttl mg on 

standing 

qUick mOlIld releuse 

+ 

+ 

+ 

+ 
f-------- ---- ---------1------t--------i1 

Fast cw.,tlllg rate + 

Low s:lrIllkage ln cast + + 
-- --- --- --- -------+-------+------11 

J flgh gn'cll strcngth + 
-------------------------~-----~----~ 

Low dt'gTep of thlxotropy + 

High degn'p of tlllxotropy + 
_--_--_=-=_--_--======~=====:!======:::!J 

2. Dry pressing 

[)l'Y pn'ssl ng a~ appl Jed to the productIOn of technical ceramics, comprises the 

(,olllpact1I1g of dry, granulatcd cpramic powder in a di~ under high pressure. The 

11101s!.tlrp contl'nt of tllP dry granulated powdcr can range between 0-4%, and the 

gl'allllll'~ an' fl'L'p t1owll1g and non-plastIC' The powder IS pre-mixed with binders and 

11Ibl'l('allt~ to l'LISP (,olllpactlOll and qUIck mOllld release. This method has the 

ad\'<Intagl' that tht.' pl'OCCSS can be fully automated, however only simple die 

l'lln~t l'uet IOn~ can hl' uspd. Figure 2.4 shows schema tic of a simple dry press . 
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FIGURE 2.4: Dry Press 

Pressing is use~ for large scale production of "cfractol"ics and tileB. The linenr 

shrinkage of dry pressed articles upon sintering 18 bctween 12-15% wlth dimcnsionnJ 

tolerances upto 2%. ThIS process, however, has a dlsadvantage of dIfTcrential 

shrinkage, due to improper mould filling, and I(>aùs tü f1oi1-uniformity 111 densiLY, 

warpage and cmck1I1g. Prcs),Ufe ddTercntJaI duc Lü wall fflctlOn Icads to uneven green 

density and therefore shnnkage, and lS especially pro/lounced ln long bhapes wlth a 

small area of cross-section Lcnf.,rth to dJameter ratlo~ gn'ater than WilLy can caUHC 

problems and selection ofblOdcrs and lubricants, becomes more critlcal ThIS pr(Jblem 

is overcome by pressing the powder equally from ail sldes U:-'lOg Isostatic pressing . 
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3. 1808t a tic prCRR j ng 

In thl" proCf.!SS the dry powder is filled in a rubber mould and inserted ln a 

Ilqllld medIUm, a nd ~ubJectcd to high pressure of Jpto 50,000 psi Compression takes 

place from al! directJOns and wall fflction is ehminated. A schematic in figure 2.5 

hhoW8 a typlcal l~ostatjc presblOg apparatus. Glycenne, hydraulic 011, water or other 

[Jon-cornprCbblblc f1uids are u5ed to m:1intain high pressures. The disadvantages of 

IsoHtatlC pJ'(~~Hl!1g are hmlted production rates and difficultie~ 10 achieving close 

to/erances and good surface fimsh. A typical application of this process is in the 

manufacture of alumina spark plugs. 

GASKfT 

RUID-

PRESSURE 
VESSEL _ .. 

QAAHIC 
MATERIAl 

-4N~~ RUB8ER 
PlUG 

FIGURE 2.5: Schematic of an isostatic press 
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Few other processes like extrusion, injection moulding and tnpl' ('a~tlllg url' 

used for consolidating ceramic powders. The consohdntt'd POWdl'I'H {'ontam moist un' 

(depending on the processmg routE.' l, whlC'h must lw n'mm'l'd }wf'on' t hl'\' an' SUh]('ctl'd 

to high tempera~ure li)r smtenng. Usually u hum out ~((,p IS Introduu'd tu l'l'lI1OVP tlll' 

moisture and other orgamc impul"I tH'S cntrall\l'd du rI ng t Ill' prO(·Pf.SlIlg Subsl'qllt'nt Iy. 

the green ceramics arc slntcred tü torm dens(' l'ompol1cnts as deHcnlwd lw!ow 

2.4 Sintering Mechanisms 

1. Solid state sintering 

The green compacted powdcr as deseribcd abovc contalll :JG-(jO'J" pOl'oHit.y; whl'lllt'r 

they are obtained trom slip casting or prcssll1g. ThIs poroslty mUHt be J'<'n!ovpd III 

order to obtain physical propertJcs close to that of a thporl't lcally dcns(' nwtcrwl Tl\(' 

changes that occur dunng sll1tering are mamly concel'lH.'d wlth the l'l'duel.Hm III 

poroslty which also leael:,; to altel'utlOns in the 1lI1Cro~tru('tlire. 'l'hls change IS IIlltmlt·d 

by two fundamental cnterw which should he llH't, J l' 

1. material transport mechafllsrn; and 

ii, source of energy to activate thls mechanisrn. 

Various routes are possible by which matcnal transport call he (lchl('vP<! 

Material transport may take place by surfuce OT' lattlep dlfl'uSlOll, hy v;IIHllH' tram;port 

or by boundary diffusIOn 10 ways WhlCh always ITlcrca~(~ OH! hondlllg bf'tw('('f] partlclC's 

leading to shrinkage 1 e a decrca!-'c ln the parLlcI('-paILi('h~ s('parat,loll dlstan('e x 

(Figure 2 6), and chminatlOn ofporoslty Fol' ail, or any of th(,~(· challg!';.., UH' ('apIllary 

driving force depends on thl' rachus of curvaLure of thC' flp('k whlC'h fotHis lH'tw('(,Tl 

particles Various matcrwl tranbllort route~ have' h(~(~n Id('ntdi(~d by A;..,hIJy:.!!J alld an' 

H; 



Hhown ln figure 2.6. 

)( -----~ 

FIGURE 2.6 Paths for material transport during sintering 

1. Surface diffuslOn, 2. P'lJk diffusion, 
3. Va pour dlfTuslOn & 4. Grain boundary diffusion. 

Ench pnth involv('s the transport of ma terial from a source at the grain 

boundary to a sink whi('h is the neck region. The sm aller the partiel es, the greater is 

the difTcl'cnce ln the curvatures between the particle and the neck, and the greater 

i8 the dnving force for smtering. Material tralJsport paths 2 and 4 lead to elimination 

of pOl'osity and shl'inkage; and routes 1 and 3 result in pore closure . 
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2. Liquid phase sintering 

Silicc,n mtride ceramies art' highly eovalt'n! and t1H'n'f(ln" {'"Illhl! a vl'ry lo\\' 

diffusion coeflicwnt, ev('l1 at hlgh tempcraturps of HOO"C. SpiC dIffuSIO\l IS 11I1lI!l'd 

since the interatomic bonds arc short, stl'Ong and hlghly dllPc!lonal (;l't'sko\'lch and 

Rosolowski30 have shown that il IR praetically impOSSlhll.' to achll'vt' dpnslfll'at IOn of 

pure silicon nitride wlthout the addItIOn of sint l'ring mds SOIlW HPI/' chfrllHiol\ 

coefficients of various SpCCICS31 arr givcn in Tallit' Il. 

TABLE II.3: Self dIffusIOn cocflïeÎpnls tilr AI ,0 1 and SI·J.i,L 

-

Material Diffusion 

Specics 

A1:PJ Al 

0 

a-Si3N4 Si 

N 

-

Tempe rature 
(" Cl 

15 

14 

00 

00 

DiffUSIOn 

Copfli('\(·nt. 

(CIll ~/H(,C) 

2 10 1/ 

[) 10" 
---- ---------- - -

14 

14 

00 

00 

H 10 I~ 

l 1 () I!I 

The commercially VIable process for f()rming hlgh punty, 11Igh d('nc.,lf.y Hlnt.l'rl'd 

silicon nitride compom~nts IS by th(' uSe' of addltl veH wlm'h {on)) 11 VI~('()IIS gr al Il 

boundary, or liquid phase, at sll1terll1g tel11ppratures Thus {'ofllpld(' c!I'/IsIfic:tI JOli Lo 

~-SiaN4 is possIble by uSll1g ultrafine startmg powder~, consolldatloll, Itl(Teaslrlg 

sintering tempL'rature (preferably wlth a siIght N L overpressllr('), and ad(lItlon 01' 

sintering mds tü form a liquld phase 

LIqUld phase bIntering, as the name ImplleH, requlres the preS(!I1ce of IIquid 

phase during sintering. In this the liqUld aets as a meam; of materiaJ transport The 
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wettll1g of the particlcl> by the VISCOU8 phase, leads to substantial capillary pressure. 

The capdlary pre~sure élIds densification by partlcle re-arrangement (through a creep 

process) and IncT(:a~('d partlclc-particlc contact pressure. ThiS further ll1creases the 

rate of rnaterwl dn.:c,olullOl1 .:md trnni1port rlnd also lends to repreclpltation32 of the 

dISi>olv(!d rnatl~nal 'l'lw; is mamly due tü differences in chemical pütentlal betwecn the 

neck n'g 10 m, und the remainder of the compact as shown in figure 2.7. 

Dissolution 

FIGURE 2.7: Dissolution of particles leading tü shrinkage 

In thc case of a-silicon mtnde, the sintenng additives (e.g, Y2Ü3 and Al2Ü 3) 

J'L'aet with oxygcn containing phases like S102, or the oxynitride , which are present 

on the sUJ'facl' of sIlIcon mtnde powders to form a liquid phase. The amount of this 

oXyllltJ'ide hqllld phase afl(~ Its viscosIty, initiate rcarrangemen\' , induced by capillary 

!è.lITCS This IS follO\ved by the solubility of silicon nitride particles at contact points 
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wlth the liquid phase. 

Figure 2.8 shuws the dlITerent 8teps typical of liqUld phas(' 8111tpring kndlllg 

to the formatIOn of dense P-SiJN •. 

Starti~ powders 

The Si-Al-D-N system 

Trans formation 
œ-Jl-Si}N .. 

fIGURE 28: a toJL!!.~nsf()rmation 

Microstructure of 
dense SiSN .. 

~I,dlf,ed 

\'QUId 
phoSI 

Jack et a1 10 and Oyama et al l1 in separate inveRtlgations in the UK and ,fapan, 

respectively, dlscovered the Si-Al-O-N :::.ystem (Figure 2.9) In this sysu.'m, 

combinations of <, iditives of Al~03' Si02, élnd AIN to silicon nilnrle can IC'ad to 

complete densificatIOn. ThiS is a four c(JlJlponent ilystern and can he f('pfI'sented by 

regular tetrahedra, each vertlcies r('pn~~(~ntJrlg (Jf1C aturn (Jf the f(!'il·)f~etlve (·IC'rnent 

The cornposltlOn of any ITllxture wlthm th~ tetrahedra can oe ('xfJre~,,(~d aH a fI'Clprocal 
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:-,alt piUr 
3 [Al] 

4 [Si] +3 [AlJ 

and 

2 [0] 
3 [N] +2 [OJ 

Whpll thl'He ratioH (M/X) are plotted against each other a square (Figure 2.9) is 

fol'llH'c! Each ('ornc'r repn'::-,cnLing the molar cquivalcnt, with respect to 1 mol ofSiaN4 • 

Ail !JOhSlbh' phaht's tha!' are fO!'nwd, wtlllll' wlthll1 the square, w", normal valencies. 

'l'Ill' plla:-.t· dlagl a III III FlgUl't· ~ !J IS ",tahle at 1700"C 0', W, X are various phases with 

dJfl'('I'l'lIt ('(III1I)()!->ltI<Jll and UrlIt cpll dIlJll'nSIOI1S 

()' .... [(J/ou pl!(W', loS a cOl'1blf1atlOil of silicon oxynitnde and alumina, extending 

along t./w 2M/;~X 11Il(' ThiS glvcs Si.!Np type blructure. 

W,';/(I/01/ IS gellPrally alollg the :3M/4X lino and has a hexagonal type structure. 

TllIS ~Ialoll ha!'> lowcr thenl1all'xpanSIOI1 coefficipnt, and higher oxidation resistanee 

t Iwn l~-Sl IN 1 ThiS IS the most Important phase due to its excellent high temperature 

p r'opprtIL':-' 

TIH' X Sta!OIl has a typical compositiOn of 3AI20,!.2Si:IN 4 • This phase has not 

hl'l'n chan'c{,t'l'lz('d 111 dotail, and occurs in the production of p>. 

()tJWI' phases c1osl'r to the bottom nght corner are dlfferent polytypes of AIN. 

TIll'Sl' arL' l!ï\{, HIl, 12H, 21R, 27R and 2H. Theil' nomenclature, defined by Ramsdell 

notation, IS pnmarily based on their varying umt cel! dimensions, and specifie MIX 

nltio . 
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The swlon hystern dJ~lcllssed so far is a result of hot-pressing experiments 

rwrforrnf·d at Newcac.,t1e 'l'hl' limitatIOns of hot-pressing have already been described 

(',U 1)(·1' For llIakmg slalom, through pre;-,surelcss s1l1tenng it is necessary tü introduce 

JrJ('f.al OXld(·s and 11Itrid{·;-, Many additives have been tried in an atempt to achieve 

colllpide dell;-,lficatlo!l at Im,vl'I' tempcratures. Jack et allO have described additives 

Ilk .. MgO, Y/) l' fi 1'0 ~, 13eO~ etc. for enhanc1l1g hqUld formation and material transport 

dUl'lIIg t.he d(!llsdicatlO!l of sIlicon I1Itnde Deelel:J found that complete densification 

(JI hl! )('011 Illtndl! ca Il can be achleved by the adchtlOn of srnall amounts of MgO. 

Tlws(' adciItl veh reaet to {cH'm a hqUlcl phase durll1g sintering. One 

dlhadvantagl' III lISlIlg the IIqlucl phase, 18 the limitation to the high temperature 

!ll'o!l('rti('s ol'UH'SP matprlals This IR dne tü the formation oflow melting glassy phase 

(:-'('(' FlguJ'(' ~ 7) AddJ! IOn of l-:l wt'Yt of YlO 1 for the formation of W phase results in 

~-(i vol',;' of glas:-, III t1w llllCI'Ohtruclure3
:J ThIS glassy phase has an approximate 

(,It '1lH'llt propOl'tlOl1 111 the ratio of SI:A!: Y = 2'2'1 The amount of yttrium addition is 

Ilfllltl'd SIllet' LI1\' oXldatlOn rC::,lstancc of f3' sW!O!1 decreases with increasing yttria 

('OJl Il' Il 1 ThIS II' dup ln t.he filet tha'" the excess yttria remams as oxide at the 

11Itl'l'gralluldr phahl' houndary. The Oxygen difru~lOn IS more rapld through the yttria­

alUlIIllllUlll dlllOrph()us pha::-'l' than the amorpholls SiO l phase, which surrounds the 

W SI IN 1 '1'111' "ddlt IOll of yt tna IS theref(Jl'(' lImited Lo avout 4-5 wt% The total 

addltlvl' (,OI1!t'llt IH tlwl'l'fore very critical, sinee glassy phase is detremental to high 

1('III!lI'rat un' propl'rt ,l'S of' Il' Sl.IN4' 

As III t 111' ('a~l' of pl'l'Sl'Il t work, wet processing always introduces Si02 due to 

1 Ill' h~ d\'()ly~ls of ~J! ico!1 ml nd(' ThIS requires minimum contact time of water with 
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silicon nitride and the additives This has bl'l'Il !'l'al iZl'd by t h(' USl' of' 11 Il1gh SPl'l'd 

attrition mill, as shown in Chapter IV 
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CHAPTER III SLIP CASTING 

Slip casting Hl ceramic systems takes two general forms; drain casting and solid 

t:HSLlIlg 1\ good easLlng opf'ratJOn requires the fol1owing34
: 

1. Flrmnpss of the CHf>t und(~r moderate stresses. 

~ SuflïCIPllt plm;tlclty to permit easy release of the cast from the mould. 

A satlsfilcl,ory 1->llp whlch meeb the above criteria should have35
: 

( 1) Low enough VI seo::-. It y tn flow into the mould easily. 

(II) No sl'ttllng of' t11l' ~ol1d.s 

t III) F;lIdy, but Ilot too, rapid casting rate. 

(IV) Low dryll1g shrinkage. 

( v) Illgh grl'c'n strength artel' casting. 

(VI) I\hl!ll.y to drain cJeanly. 

The basIC factors whlch control casting slip performances are ion exchange capacity 

,\!ld tht' pl (,~l'Il(,(, of coIlOlds:u; These parameten, will be discussed further in the 

!'ollowlllg Sl'ct J( IJ)::-. 

ln unll'I to tllldl'rstand llw usefulnc88 of slip casting it IS customary to know its 

1 ail- IIIl1lt Illg sil'p fiJr kllletlCS:l7 of matcrHll transport while casting. As the cast 

t hl('kn('~::-. IIH'I'l'aSl'S the overall rate of material transport decreases due tü increased 

pl'rnll'at Ion dISt<lIll'l' (Figure 3.1). 
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Assummg planar (umdirectlOnal) deposition, the flux equation for water ('an lw 

wntten as 

I/JI-l) 

Where .J IS the flux, K IS a mateflal con~tant, dP 18 the chfTen'ntwl capdlary JJf(·.'>HUn! 

across the plaster mould and x 18 the thlckncss of plaster 

ThIS equatlOn takc8 the gcneral parabolic form: 
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(lII-2) 

(Ill ('qlliltlwl lli-~, K' IS 11 new constant which which tnkes mto account cake build up 

at Lill' I->lurry/plw ... U!r JrJtI!rfuc(!i ThlH equation states that the volume ofwater removed 

hom t1l1' '-.IIJ) JI-> a lu)(!ar functlOn of the square ruot of time The casting rate is 

1 ~H'rl'f()f'(' tlflH' rJ(!J)('f)(Jpllt, and depC'nds on complicated 1I1teractlOn between the mould, 

ca:-.I and :...llp 'l'hl,., mtcractlOl1 li:> also dcpendent on the nature and amount of 

df'f1o('('ulants whl('h control the slip stablhty, and assumes an incompressible cast 

layt'r Ali IrlCOIl1IH'p:-.sJfJle cakl' is one with constant porosity throughout, Tiller and 

T:-'.II,IH havE' (·xU'ndC'd thls /lloc!pl {i)r compn'sHible layers, 

'1'111' rol(· of dl'fl()('('ulanls 111 a shp ~y:-.t('m IS of cxtreme importance, sinee it 

aff('ct:-. Ill(' parlICll' ullt'ract){Jn 111 :-.u:-.penSlOl1 ThIS 111 teractlOIl , typical of colloidal 

:-.1I:-'Pl'III->IOIl" IS a fUllctlOrl of clectrostatic forces and/or stcrie hlnderance. 

,'1.1 Colloïdal.'lliSpellsioll.'l 

P;Il,tlcfl':-' havlllg lillear dllnensions betwcen lOnm and lOOOnm are considered 

to bl' ('()Ilold:-. 'l'Ill' pal tll'Ie :-.IZ(' dlstl'lbution of a ceramic mix can be expressed 

grtlpllll'.dl,\ III Il'Illh of'\',l'Ight or volume pcrccntagC's ofpartIcles finer or coarser than 

tht' parlH'll' :-.I/(,m A:-. thl' parla'le SlZC becomes srndller, certain size related phy::;ical 

(l' 0Pl'I t Il':-' challgl' TIH'sl' are Illcreasc in specifie surface area, increase in diffusion 

ral(', !'t'ducllll)] III :-.pdlllwntatlOl1 velu(,lti~s and mcrease in coagulation rates. At a 

IlIlear dlllll'I1:-'IOIl J'('glOl1 of 0.2 ln 05 pm, rate of change of the above properties is 

dl ;I:-.t 1(':111 

Small part lell'S, weil wlthin the colloidal range exhiblt good densification 

bt·ha\'llll\J'4.4t1 In ('<HW of <x-Si IN 1 as a starting material the finer the particles, for a 
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given oxygen contf'nt. the l1\glwr thl' rt':-;ldt1l1g ~1I1t('n'd dt'Il",lt Il'>- 10 Thll:-; III III dpI' to 

make dense 13-8i IN 1 tlw start mg n po",d('l's m u~t bl' \'t'I'y slIla 1 J 'l'Ill' O\. vgt'Il ('011 1 t'Il l, 

however, incrpases \VIt h tlll' :-;p{'ctfic :-;urfacl' an'a IhlP 10 sm:lll :-;ll.t' of' IIH' part Idt's 

they exhibit charaetpn,tlc col1Oldal prnpPl'tlPs 

(a) BrOll'lllCll1 lHotlOn. 

CollOIda! SllspenSJOn:-; wllPn sub.welpd to c!:u'k fi('ld tllUlllllwtlOll 01 a 

ultramicroscope exhlblt ranclom mOVPJllPnt of' tlH' part Ich's. Thl:-; Idlll!Olll kllH'1 le 

motion causes change in partlcle velo(,lty and cl i n'clion. '1'11(' t rall~tt ill/laI cl 1 ffuSlo!l ca Il 

be measured by trentlllg thl:-- bnJ\vnian motioll <lS a 1 III Cl' c1ll1l1'Il:-;IOIl:d ralldolll \Valk 

(b) PU Il dt'/' waal .... lim·c' .... · 

TheBe' ar(' short rangp, wpuk aitractlvl' f(lI'C'('s hl'Iwl'l'II IIIdlvlcllIal alolll>- or 

molecules. In ceramlC' sltps conta1l1tng polyl'I('('tl'olylt's a:-- (!PIlO('I'ldat Illg agt'Ilb, 

presence of van der waals forces can l'l'sul t III hoth COIIst 1'1 Id 1 VI' 01 cil ':-,1 l'Iwl 1 Vt' 

attractive forces·1I At approxlmlllPly 1 pm, van (kr waals adlH'sloll fOl,(,I':-; aet IIJ~~ 011 

particles are about six orderi-> of Im;gnltude gi'l'(lÜ'1' than t1H' gravlt:ll IOllal f()f'('('~ I~ 

(c) Chw'f.Jl' ('Ifi'('t,..; 

Charge cffl,ets are almoi-ot alway:-; pn'sPl1t in a coll(lIdal ~1I~IH'II~I/)fI u-SI,N, 

powder when Icft III water for an ('xiendpd J)('l'IocJ of tl/lll' 1 ('1Ir!(" S cl hilSH' plI, 

indicat111g sI igh t negati ve charge on the S \Il'f(\('(' Tlw adel 1 LIOll of 1'1('('1,)'01 yI l'S III su ri ac(' 

actIve polmer' IOns ID the f()rITI of def1occulanli->, ('lllJ gl'l'aLly Il'dIH'P (,oilglllaLlolIll ;II'cl 

settling rates These adiLlws, glVt' an appar!'llt ('hargc' to IIH' ~llp ".Y ;tlt;l('hlll~~ 

themselves to the partlcles, or hy IJJdUcllIg a ('haIW' by !->lIt 1'0111 If Ir Ilg 11/1' pil/'tH'11' '" 

close vieil1lty A thm electroi->tailc layer ('oat" l'<!C'h pal'twlc' dC'IH'lIdlllg O/l t1H' tHII,IJrI' 

of the charge of the parent partrde, that o/'thl' tnC·r111111l and Il](' affillrt y of U'I' paIl wlc· 



• t()ward~ J()I)IC grolJp~ Thil; thm film then mteraet:,; with other particles and controls 

agglorrJ(~nltlon and seLtlmg kmetlcs 

:J.2 In(~rcwtion of (!olloid particles 

Fi/H' cpramH' powders have a hlgh surface area and a low solubllity, and 

:-'lJ l'file'c' ch('fIl Istry ('ontrols thel r chargmg behaviour. Su rface of a particle may become 

dWl'gc·d hy (] ) th!' deHorptlO1l of wn!> at the surface of the partlcles, 

(~) chf'rn/cal n'actlOn hetween the surface and the hquid medium changmg the 

('O/llpOH/tIOIl of'tlw surfil('(', and (3) prefcrrentJaI adsorption ofspecific additIVe groups 

1·'01' (lX IdPH wlth 11 hyelrated surface, the surface chemistry In water is 

dotllllJ:l Lc'cl hy t1w fClllowmg rt'<!cf,wns . 

• (III-3) 

and 

OII-4) 

lIe)'(' M, l't'pn'Hc'n!s a nH'tal ion sueh as Ba'~, Ar l, SI+t, TIti etc. The point of zero 

chargp (PZC) of the surfacp may be defined as . 

PK +pK 
PZC= 1 2 

2 

(III -5) 

pze IlHl!ea(ps the average aciel-base charadet' of the surface. 

pK) and pK! an' ra!p constants for t'quatIOns III-3 and III-4 t'espectively 

Ions and polar !llo]('cul('s 111 tll(' solutIOn sut'J'oundmg a partlcle will respond to the 

• chargt' slIrf;l('p COlllomlm' fèll'CeS will repl'l hkc charged IOns and attract polar 
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molecules, thus attraction may be ionic or may Ill' initiatprl hy POlyllWt' bndglllg, 

depending on the nature of the hqmd I1H.'dIlUn If a rl'pulsl\'l' liHTt' of Hu!lïc!t'nt 

magmtude exists between particles, the HUSpl'n~l()n I~ stablt.'; IHl\\'t'\'t'1' If tilt' n'pllbl\'t' 

forces are absent or n'vert ta attractive f,)teps tlH' stalHhty IS lost and tlH' syslt'Ill 

coagulates, 

The electrical duuble layer 

CollOldal particles in aqueous medium pOHsrss an plp('tncal charge 'l'IH' 

suspension, however, must be electrically l1C'lItral and a ddl'('!'PI1<'t' III {,It'CII'H'al 

potential between the surface and bulk solution 18 cdfp('\l'd as shown 111 figlln':l ~ 'l'hl' 

potential gradient 1S not sharp, be('au~(' t hl' tlH'l'llw! vlhrat Ion (lI' t Ill' 11l{)!('l'I!lPH of t IH' 

liqUld medIum causes the chf'fuslOn of' the ('OUlltt'!'10IlS CouIlI(,I'\OI\H ,lit' 10118 of tIlt' 

opposite charge with respect ta the SpPCIl'8 at t Ill' ",lll'f'a{'(' of' t.h(· pal't.wlt· Ilow«,vpr 

most of the counterlons will be centn'd aroulld U1(' charge'd part.lcll', f()f'lllll1g a so 

called diffuse double layer or the electricul double !aypr af'ollnd Itl'I. 

When two such partlCles approach each othl'r, t.hel}" double !aY('I'H start to 

overlap and, if the chargcs arc of dif'ferPllt "'r)('CIPS, Illteractlon 1(',Hls tll n'pllIHIOIl 

(figure 3,3), and the su::,pcnslOn It-> stable ThiS pIl'ctl'osl,al,lCally :,tllhl(· :,I\SP('I1HIOII will 

form a good slip for cast1l1g The magnitude of' replIl SIOII c!('IWnds 1111 t h(· zl'ta pll(,('ntlal, 

~(figure 3.4). The~potentialls the poü'nttal diff('r{'fl('(' develolH'd h!'t.w(·PIl t1H' tlglttly 

adhered layer due to adsorbed lOn~, and the dlf,perslOn medIUm The 1 potenttal IH 

related to the surface charge of the pal'LlC'le, q; and the diffu!->e double layer thleklH'Hs, 

for sphencal particles, by the f()!Iowtrlg relatIOn 
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where Er = dielectric constant 

r = radius of the particle 

R = radius of the particle plus the diffuse double layer. 
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FIGURE 3.2: The el~ctrical double layer model 
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FIGURE 3.3: Electrostatic repulsion due to diffuse douhle layer 
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By measurements of eleetrophoretlC mobility, the Zl'ta potpntl!ll of chlll'gl'fi 

partic1es ean be estimated. The zeta potential IS \'elat"d lo th" l'It't'I l'Opho\'cl je 

mobility by the following \'clation50
• 

dll-7) 

where u = eleetrophoretie mobllity 

E = permittivlty 

~ = zeta polcntml 

11 = viscosity orthe fluid 

f1(Kr) = constant for spherieal partic1c8, and is cxpn'sHcd by the ('qual IOn 

(for Kr>1) (111-7) 

Equation III-6 is valid for zeta potentials ICSH than 25mV At higlwr Zl'ta pol,('lltlalh 

and mixed electrolytes the equation 18 not val!d and it Iii more 1\c('ura!.t· to r"JHH't. th .. 

electrophoretic mobllities 

Polymer-collmd lnteractwn 

The electrostatic double layer IR charactem,tic of IOnIe JnteraetHHls Ifllt.wu·d by 

the addition of electrolytes. AddItIOn of polymers, for f,tabJl Ity, t.u collOlds alHo 1(!lHls 

to a simtlar InteractIOn Polynwn, may adsorb ollLo COllrHd parUc!ps, or rnay break up 

into smaller l'l'ce movmg challl" ln the medlllm (/igun! :l.!i) 

• 



Polymer 

FIGURE 3.5: Polymer adsorbed on the particle 

Polymt>r based electrolytes used for colloidal processing can be anionic or 

catlOl1lc. When a polymer 18 added ta the system, the free moving and charged chains 

gl't ad~()rbl'd onto the partldes ThIs can lead to repulslOn when two polymer adsorbed 

partlcles approach one another (stene repulslOn, adsorption stabilization). When iin 

exl'CSS of polymer 1S added to the system, it can lead to attractive forces by polymer 

bridglllg (stene attraction, adsorption flocculation) . 

• 35 



• 

• 

• 

In sa me cases polyn1C'rs may ho:1\'(, no affilllty 10 tlH' Hurfacl' llftlH' partlclt' and 

remain free in the solutIOn. Thus wlwn two PoIYIlH'r coatl'd paIl Ic!t'H appro:lch {':teh 

other, there is repulslOn al largl' (hst:mct'!.->, dtlt, III t IH' ra('\ t hat !"l't'P polvlIH'r~ an' 

squeezed out of the gap Tlwrf' is ho\\"('\'('r attractloll .II sm.dl!'1 dlslalJ('l's <lw' tll 

osmotlc pressure d,ffpl"l'n('('s lwlwl'l'n tlw gap and t IH' sol\ll Ion II( lig\lrt,:~ ()) Tlw ('hOH'P 

and amollnt of commercwlly availabh' POlYlOllH <lIsPPl's.lllts f<l!' ~hp l':I:-.t III~ SI IN \ IS 

one of the mam obJects of thls thesls 

When two pol ymer coatf'd Hurfac('s appro:lch l'(\ch ollwr, 11ll' dpllslI,y alld 

configuration oftht' polymcr segments changl's Thl~ Il'mis ln (\ ('hangt' III !.Ill' t'Ilt halpy 

and mcreases the cntropy of the syslem t'(':mltlllg III at t l'Hel IV(' or l't'IHtlSIVt' fi,J'('(':-' 
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fU-1URE;? 6: Polymer havlI1g no aflinity to the surface of the particle 

iJ!1 repulslOn at large distances, (b) Attraction at smaller distances 
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3.3 Rheology 

Rheology in ceramic systems IR cO!1c('rned mainly \VIth tlw ch'f\Jrt,wtHlIl oftlw rolwsivt' 

bodies such as slips and plastic masses. Slip castll1g IJ1volws nOW III t.lw IllIXlIlg. 

pumping, pouring and drainmg nfthe slip SOIl1l' slips are kl10wn ln tlw'ken sOIlH'what 

upon standing. Therefi.lfc the drmning of the l'XCl'SS slip fl'Dm tlH' Illo\lld IllU:4t. 1w 

preceded by deformation of the gelled structure. This is particulal'ly lInpllI'l.ant in 

drain casting. 

The deformatlOn of substances can be divirl('(l in two groupS' 

(a) Spontaneously reversible> defiwmatlOl1, or ('Ia~t)(:ity and (hl an ll'n'vl'l'slblt, 

deformation, ca lIed now The defiJI'InatlOl1, in gl'I1l'ral. can changl' cOllsl<!t>rahly Wlt h 

different solid loadmgs, partiel (' SIWS a nd ~IZl' cl Ist Il bu t 10/1:-. V I~l'()~ 1 ty nlt'dS Il l't'rlH' Il t S 

are important for quahty control and I~ an lInpol'tant asp(,l't Il) pl'llCPSS l'llgllll'l'I'lllg. 

especlUlIy In lI1dustnes II1volved in large sl'all' prndlll'LIO/1 of slIp cast l'l'ramI(' art.ldt's 

ViscosIty, 11, is defined as the ratIO of' the appllCd shear stress T, 1.0 tilt' slwal' rat.l' () 

Fluids can be classified into four categories: 

1. Newtonian (A) 

2. Pseudoplastlc (B) 

3. DIlatant (C), and 

4. Plastic 

The flow behaviour is shown in figure 3 7. For Newtonian fluids the VISCOS!!.y !H fi 

material constant and 

T=111 D 

where: 111 is the coeflicient of viscoslty 

D lS the shear rate 
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FIGURE 3 7: Flow curves for different rheological suspensions. y=yield value 

A:Newtoman FlUld, B: Pseudoplastic, C: Dilatant, D: Newtonian with yield value E: 
PseudopIastic with yield value, F: Dilatant with yield value. 
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When a suspension contmns large molecules and 1Ill1sollH'tric partlch's,lallllnar 

flow partially orients the' partlcles. Tins orientatIOn n'dIH'l'S rt'SISt.IIH'P tll slwHI' and 

the viscosity dl'cn'as('s \VIth 1I1creasmg :.1war l"ltt' ThiS lH'havlOlIl' I~ calh-d 

pseudoplastic or shenr thinl11ng. In cases of cOIll'l'ntr.ltl'd dl'tlocl'1I1alt'd SIUITIl'S, 

partlCle dlsplaccment may rCdlll'l' lntl'rll'rl'lH'p .It lo\\' l10w rat!'s llowt'vpr al hlgh 

shear rates the partJclc 'nterf'erencl' lIlCrl':lM'S t hll~ nmn ng t h(' Vl~(,osity Thl~ 

behaviour is known as dllatant or s1H'(\r tlm'kcllll1g SuspPllsions showing Yll'ld val\l('s 

are classified as plastiC Curves D, E and F \Il figure :3 7 rl'prl'sl'nt piast IC now. 

In these cases when thl' slwar stn'ss gn'atl'r than t Iw YIPld valll(' Ih appht'd, tilt' 

suspensIOn will sturt tc' flow and will show ('haractt'Ilst IC~ of A, H or (' 

3.4 Colloidal processing in ceramic systems 

For the rellability of cl'mm ics, methodologil's must Lw devplop('c\ t 0 ('IlSlIn" Wlt Il 

a high probability, that heterogenitlCs are clim lIlatl'd fI om HI arUllg pow(!<'rs, awl t I\I'HI' 

should not be remtroduccd in Hubs('qul'nt pro('('sHlng ~I<'P~ 

The two maJor a~pecls of collOidal procPhslllg Il'qllll'l' n'pld~IVI' and at tract IVI' 

mterparticle forces Hepulsive (iu'Cps, /'l'qulJ'ed to Im'ak wl'ak aggIOIl1('ratl'~, cali 1)(' 

generated wlth the additIon of ell·ctrolytes 

A major issue for explOltmg colloidal prol'cssing ln ceramH' systl'ms iH III 

directly form powder cornpact~ l'rom the slurry ~tate. Slip casting and tap(' caHt.lIIg (if(' 

two major fabncatlOn pJ'(J('('~~('S whl('h can b(! cllrcclly used wlth ('ollclIdally pre'pan'd 

powders The concept of colloldal Illpthodology haH hcpn devc·lopI·rJ partly dlJ(' !,Il ('()~1. 

economics, and partly due to the nced to ellrmnat(! hetr()gellltw~ Lltat produ('(! flawH 

in structural ceramics45 
• 
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Co)] (JI(la 1 TTJ(..:thodo)ogy hat-; been successfully adapted for alumina based ceramics. 

Polyacryllc aCld ha:-, been lIf..ed tr) disperse alumma. In addition, surface modification 

(Jf otlwr (JXHI<: and rHH1-oxlde ceramlCb wlth AI-alkoxlde to create alumma-like surface 

ha~ hf'c'n ~ugg(,f,ted by Cesarano et al 46 In case of silicon nitnde, a thorough and 

detarl( d ~t.lJdy o/'Uw colloidal and rhcologlcal propertles is required before any surface 

modlficatloTls can ~)(! propohed This work IS primarily an attempt to investigate such 

pmpertlcf> fi)f viable use of slip casting for large scale production of silicon nitride 

('( JJllJHJl1('r" :-.. 
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• CHAPTER IV EXPERIMENTAL PROCEDURE 

4.1 Raw Maierials 

The sihcon mtride powder used for slip casting was obtmllrd from UBl'~ 

Industries Ltd. The powder, grade SN E-IO, had manufacturers HI){'clfieutlOl1H !IH 

shawn in Table IV.I. It i8 a fine grulIled, hlgh punty powdcr pn'vlOm;]y 1)('('11 shown 

ta have good densification charactcristics. 

Table IV.! : Manufacturers specifications of URE silIcon nitnde powr!pr llRPd. 

- - --- -
Grade SN-EIO 

--
N (wt%) >:3R 0 

-----o (wt%) 145 

Cl (ppm) dOO 

----
Fe (ppm) <100 

--
Ca (ppm) <50 

Al (ppm) <50 

Crystalhmty (wUYrJ) >!m 5 

-----
13/(u+13) d"j 

-
SSA (m:!/g) 12.4 

--

The sintering additives used for densification were AllJ'J' AIN and Y/J, . • 42 



• The gravimcinc composition of the powder mixture prior to sintering is shown 

in Table IV II ThIs had prcvlOusly been determined as a suitable composition, giving 

good ~Inicred density and strength values. 

Table IV.II GravImetrie ratio of powder mix 

Powder Manufacturer Weight % 

--------I-------------------------------~--------------~I 
SNE-lO, UnE Industnes 87.97 

AI}), A 1 GSG Alcoa, USA 4.72 

------------+--------------__ ----------------r---------------~I Yi> 1 5603, Molycorp, USA 4.65 

AIN Grade C, H.C Starck, West Germany 2.66 

- -------==---==--=="'==========================::::=!.I 

'l'Ill' t lH'oretical sintered dcnsity of the above composition was calculated to be 

:~.2Hglcm 1. 

Two cornmerchl polymer dispersants were used to deflocculate the powders 

prlOr to I;llp cm,tmg, Darvan C and Darvan 821A. Dm'van C@ is an aqueous solution 

of Hill 111 OII III III Hait (lf a polyelectrolyte; and Darvan 821A@ IS an aqueous solution 

of amlllonium polyelectrolyte Room ternperature properties of both the dispersants 

an' given in Tabll' IV III. Prelumnary vlscosity measurements with another 

" RT Vanderbht Co, Norwalk, CT, USA 
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commercial dispersant ET-85 (Ester) showed similar behnviour, thOllgh Darvnn C and 

Darvan 821A showed minimum viscosities. 

Table IV.III Room temperatllre properties of Dnrvan C and Darvnn H21A."I< 

Physical Darvan C 

property 

Densit) at 25°C 1.11±O.O ~ Mg/m:! 

Percent ash 0.04 

Percent solids 25±1 

pH 75-9.0 

ViscosIty aL 25°C 75 cps 

(undiluted) 

Solllbility Completely soluble in 

charectenstics water systems 

Molecular weight 14,000-20,000 

Darvan 821 A 

.. -
1.2fi Mg/m'I 

. 

00 
--
l'j( 

7 ( 
.-._-----

!lO (' ps 

Completl'Jy soluhl(' III 

ystt'IllH watC'r s 
--------- -- -

2,500-: l,noo 
. 

Solutions ofboth Darvan C and Darvan 821A were dlluted In distilled watel' t,n reveal 

concentrations in the range of 0.2-2 volume % . 

.f: Based on information given by the manufacturer 
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4.2 Processillg 

Two proccRsing methods namely slip casting (wet processing) and die pressing 

(dry processing) were used to make samples for modulus of rupture measuremen f .,. 

Slip casting W8S mvestigated in detail with a view to optimizing slip conditions. 

4.2.1 Slip Casting 

A flow diagram for the proceSB used to form slip cast samples is shown in 

Figure 4.1. 

r DEFLOCCUlANT---/ 

SOLUTION 1 
L__ r --- --- __ -.J 

r-POwDEBJ---..... [ATTRlm)j· MllLI~G-:+. --~ M~D!AJ 

r ----- -- - _o. 

l WET SIEVING j ---- l' ---
r~H -0 BSË RVAT 1 ON Jl /"_ ... -

, l ". 
: DE-AI RING : 1- ---- -----

1 1; ; VISCOSITY 1 

! MEASUREMENTS ! L __________________ .J 
f l 
1 CASTING ~ 
1 _J 

FIGURE 4.1: Flow diagram of S1ip casting 
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(A) Slip preparation 

The Si3N4 powder, and the additives WE'rt:' mixt'd In tlll' Wt.'t stutl'. Varying 

concentrations oftht prepared dispersant solutIOn were uSNl as t1lP Hus~wnding Itqll1d 

This mixture was attrition nlllled for :30 minutes, aL il sppt.'d of 200 l'pm Ilot pn'ssed 

SIlicon mtride media, with a (hameter of -5mm, was uSl'd in l'quaI Wl'lght proport.lOll 

to that of the powder mlX. The ratio of welght. of powdt.·j' mlX, to tlll' HllIount of 

dispersant solution used, I.e. the solids londing hy wClght, was vanpd 1'1'0111 1 1 102 [) 1 

in steps of 0.5. The slip obtained after attntion Illl11111g- was pOlln'd t hl'()\1~~h ~ 12prn 

sieve into a beaker to separate the medm Aller T1wasunng tlH' pH, d pOr-tlOll of thl' 

slip, (approximately 15ml) was u;-ied lor Vll-oC01-,lty ('''IH'I'lIlH'nts (Sl'ct 1011 ·1 ~ 1 H), alld 

the remamder was u~ed for casting 111 plastpr lllOUlds (Spct.JOll ,1 '2 1 J)) TIH' pli 

measurements were done using a hand held Cole Panner pli llH'tt'r lISlIlg III 1211 S 

electrode. 

(BJ Viscosity Measuremenls 

The Vll-;COslties ofsdlC.:on nitride slurrieH wJth varymg mnoullts of dl'flo('{'lIlallts 

and solids loading were measured using Contruves Rheomat 115 wh1('h ('mploYR UH' 

"cup and bob" technique. 

The Rheomat 115 is a rotation al viscometcr, operating accorùlTlg to the Spa/le'H 

principle. 

ViscositlE's were ca\culated usmg the fèllJowlf1g cquatwll 

<IV-l) 

11 = viscosity in mPa.s; T = torque; N = rpm; 

Trcp = 1141, constant for DIN 125 system; 
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(J = 1 2!)1, constant for DIN 125 system np 

'l'he delmed rpm was programmed and, using the SE 790 x-y pIotter, torque 

WW., HlI:aSlIJ(!d (on y-axIs) as a functloIl of rpm (on x-axis). Viscosities were measured 

at two dlfl(·n·nt rotatlfJnal !-'pceds, 50rpm and 500rpm, to observe any shear thickening 

or slJPar thlflnlllg b(!hav]()ur. 

(C') Moulcl prcjJuratwn 

(!om llH'rclal grade potters' plaster was used for making moulds. For every 100g 

of plaster, HOml of dlstIlled waler were added, as moulds made with this plaster:water 

ratio havp bp('/l shown to l'xhllllt maxnllum water removal capacity16. The water was 

addt'd t() tht' plaster und allowed lo stand for 1 minute. Using a smaU submerged 

pl opt'lll'f blade tl1l' Illlxturc wab rapIdly stirred for 3 minutes and then quickly poured 

111 eardboard boxes, prevlOusly greased wIth vasehne. B10cks ofplaster were cast with 

approxllllate chrnenslOns 15crn x 15cm x 3cm when dry. These were then machined 

"0 glVl' final Illould as shown ln figure 4.2. USll1g this type of mould, samples in the 

shapl' of bars wen' cast having dImensions 9.4mm x 5.4mm x 63.6mm. 

(D) Cas/mu 

The mould assembly shown In Figure 4 2 was c1amped together and placed on 

li waxpd Sllrf~lC(,. For each castmg operation fresh slip was poured directly into the 

Illould and tlll' top of the mould as:,wrnbly \Vas then eovered with a perspex sheet to 

aVOId t'VaporatlOIl of walpr. FIgure 43 shows the c1amped assembly and the easts 

ohtall1l'd ln l->llllll' l'hPPrllllt'llts tlll' wholt> assembly was enelosed ln a perspex box to 

11l1llt t Ill' raIL' of cast mg. 'l'lm, \Vas possIble sinee the humidity Gurrounding the mould, 
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and \\'Ïthin the perspex box, reduced the net capillary pressure exerted by the plaster, 

thereby reducing the casting rate. 

FIGURE 4.2 Mould for casting bars. 

Slip pourod 
'rom top 

(b) 

(0) 

Wa,od 

.urr.co 
at boltont 

FIGURE 4.3 (a) Cl~rnpcd mould assembly, (hl Casts ohtamen 
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4.2.2 Die pressing 

I<'lgure 4 4 shows a flaw chart for making samples by this processing route. 

SilIcon nltnde b)urne~ contalnmg 0.5% dcflacculant and sintering additives were 

attritIOn mJllcd as d('~criLed carlier. The slurnes were poured through a 212J.l and 

mlcrowavc dned 'l'hl' resultlng l'loft agglomcrates were granulated through the 212).1 

sieve 80 as ta forrn a free flowing powder. For each sample approxlmately 5g of the dry 

granulated powder was uniaxlally die-pressed at a pressure of 4.6MPa. The green bars 

obt:-uned had dimenSIOns of 8 9mm x 5mm x 60mm. 

r
--DEFLOCCULANT 

SOLUTION ---- - l ~ - -
1 POWDER .Jl~ - ..... rATTFlITlo~1 MILLI~G .~~'. _ ...... :~~i?J~~~j 

[~_~~ ~/EVING! L -
M/CROWAVE! 

DRYING 

r 
. l .. 
GRANULATION 1 

1 - l --~ 

f DIE PRESSING-

FIGURE 4.4 Flow chart for die pressing. 
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4.3 Drying and Iso-pressing 

The slip cast samples cast, were air dril'd for 2 dayR aft('l' rt'111ovn 1 t'rom tilt' 

mould. These samples, together with thosè obtal1wd by dw-pn'sslIlg, Wt.'l"l' plnel'd III 

an aIr oven which wns heated upto 500"e, from roOIll h'll1pl'rat \ln" lTl :\ hOUl'H 

Temperature was rnaintamed at 50t)"C for an aeidit IOn al :3 hours, and tlwll !.lU' 

samples were furnace cooled. ThIs burn out treatnwnt was pl'l'f"ol'nwd to '·t.'tlHlVl' the 

polymer dispersant, and any entrall1pd orgamc conta1llll1ants. 

The uniaxüHly pressed samplcs, aft.cr burllout, were subHl'qlll'nl Iy IHostatlcally 

pressed at 340MPa, and mr dned for l hour at 1:30"(; 

4.4 Sintering 

Green densities for sarnples prepal"l'd by hoth the methods were meusul'l'd, 

after drying, by calculations bm,ed on dry wClghts and dlrlWnSlOllS 

These samples wcre thcn cmbedded ln cl SL1N /BN powdcr hed (wlthll1 li 

graphite cruclble) and tJghtly packl'd to aV/lie! warpagl' Smtenng WBH rH'rfol"llH'd al. 

1800"C for 1 hour in a controlled atmosphcre, graphite clement fUr/Wc'(' A hlgh plllït.y 

nitrogen atmosphcre of -125 kPa wah mamtaIlll'd 'l'hl' HIllt!'! lIIg <"Y el 1 , 1:-0 :-.hOWll III 

figure 4.5. The furnace has graphite clements and douhle w,t1I('d wall'" c'oolE-d 

chamber A schematlc of the fllrnace IS shown 1Il ligure il fj 

Smtered densitlcs were mcasllred usmg ArchimedeH prlllciple outlHled III 

ASTM C373-72 
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FIGURE 4.5: Sinteri~.:::le used for densification. 

Water cooled electrodel 

Water eooled chamber 

Graphite elementa 

Thermocouple 

Cruclble 
Inlul.tlon cage 

FIGURE 46' Schematic of the Sintering furnace 
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4.5 Sample preparation 

(A) For Modulus of Rupture 

A four pOlT1t bending Jlg, shown in figure 4.7, was used ln calculat.<.-> tlw l'Oom 

temperature M.O R strength' Samples were longltudinally surface ground with Il 240 

grit diamond wheel ta ensure paralIel surfaces as per US Mililm'y Standards·n . '1'h(' 

edges of the tensile faces were bevelled using 240 and thon 600 grit diamond wheels 

to rem ove stress concentrations. 

Roller supports 

"" 1 1 Y /~) 

Sample 

FIGURE 4.7 Four point bending test jig 
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M 0 l{ values were calculated usmg the following formula: 

whcre 

M O.R = ~3PaJ(bd~) 

M.O.R = Modulus of Rupture (MPa) 

P = load (Newtons) 

(IV-2) 

H= tlu' dIstance hctween adjacent upper and lower loading points (mm) 

h,d al e specimen wldth and thlckness respectively (mm). 

The relatlOnshlpGI proposcd by WClbull fc)r reliability of ceramics is given by: 

(IV-3) 

whcl'c' cr is the applied stress 

ail is the threshold stress 

ao lB a normallsing parameter (at probability of failure = 0.632) 

m lS the Welbull modulus which describes the flaw size 

distrIbution. 

'l'hllii by plotting ln ln (1/( I-f)) against ln MOR, where 

f= n(~aJllpk ranklllg)/( l+N(total number of samples», 

the' W( IbulllllOdulu::-., 111,1::-' glvcn by tht' slope of the line. 

(in For l'vflCl'Ostructure analysls 

M llTostructurul analysls was carried out using Scanning Electron Microscopy. 

F'·.ll'lul'l'd sUl'f'an's of'slIlLered, and green samples after burnout, were analysed. These 

Wl'n' ult l'HsOJlIcally cll'aned, mounted on SEM stubs, and subsequently gold coated. 

Fractography \Vas l'<lJ'I'Il'd out on broken M.O.R. bars to determine fracture initiation 

Hltl'ii TlwSl' WP/'(' Illon' viSIble by tIltmg the speCImens by _20°. Energy dispersive X-
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• Ray analyses was used ta determine the chemical compositIOn of inclusIOns ObSl"'Vl'c! 

on the fractured surfaces. 
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CHAP'fER V RESUL 'fS AND DISCUSSION 

The study analyses the rheological behaviour of silicon nitride slips using 

polynH'r dispcn;ants By optImising slip properties, mechanical strength values of 

:,J1J('OII Tlltnde sarnples fabricatcd by slip casting, are compared with those obtained 

by dw-pn'fo;:'lng 

5.1 Slip casting 

5. J.1 Surface charge 

Pun' t>dl(,o!1 mtnde powder when mIxed with deionized water at low 

concentratIOns of 10wt% and 15wt% solids, showed a pH of 8-9. A portion of the 

powdcr scttlcd immcdiately, and the fines settled very slowly eventually forming a 

c!par supernate. Presence of basIc species in the supernate are c!carly evident by its 

pH value:, A basIc pH al80 mdlcates proton (H+) adsorptIOn by the silicon nitride 

Stld~lCt' It'a vlIIg a dl'! ficJel1cy II1 the bol utlOn If the pH of the supernate is adjusted to 

7, It can be (,ollcludpd that the SIlIcon mtride surface is surrounded by a 

lllo!1omolecular layer of H t IOns followed by a f-'rmomolecular layer of OH" ions, in 

ordpr to rnmntam electncal !1eutrality. 

l'Ill' hydrolYSl8 of silicon I1Itnde lS thermodynamically plausible13 

an ordmg tn tllp followll1g equatlOll. 

(V-l) 

'l'Il(' pn'senee of ammonia 18 observed on sniffing freshly milled silicon nitride slip. 

AIN, also pn'sent iI1 the slIp, shows a strünger tendency tü hydrolysis than silicon 
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• nitride, AIN reacts with watrt, and lwcol1ws AI(OH)I and AIOOH a~ pp!" tIlt' fo\lowlIlg 

equation; and changes the composItion of tlw IIqllld phasl' 

AIN + :3H~O ..... AIlOH II -t NH 1 

The ammonia released, tlw!"cfon> can bl' ,lttnbutl'd to il n'suit of hyd!"ol,vsIs ofboth 

Si:iN1 and AIN, From thls arguIlwnt wc ean susJ)('ct that tl1(' silicon 111tndp surfacp IS 

negatively charged and ('ontaim., sllanol (SI-01l) ~J)('ci{'s, whl\<' 111<' H('lc!Je spl'('il's ar'(' 

adsorbed l2
•
16 Presencc of NH 2 groups on t 11(' sUrf~H'(' If' sllu.'oll nit ndp havl' .. Iso 11t'(,1\ 

reported by Whitman and Fck(P 

Samples of UHE SIlIcon mtnde POWc!N, as t'('(,l'IVl'O, balllllilh'd and altnllOIl 

milled werc anaIyzed Ic)r Oxygpn content, by IIH'I'L gas fUSIon II\pthod 'l'ht' J'('sults at'p 

given in Table V,l 

TABLg V 1 Rpsults of'()xygpn lInalysls 

Sample Pro('('ss wt 'y, 
( hygl' Il 

A SIlicon NIt, 'Idp powel('!" as J'('('('lvpd 1 ~1 
--

B Powder attnt IOn 1l1I1lpd/ SIIICOIl 11Itnd(· 
medIa/ llwthyl 1 dcohol lor 0 !)h al, ~()() rpln/ 1 :.M 

TJ\ 1 ('l'owa VI' d/'ll'rf 
---- ---

C Powd!,I' 1>1 dl III tllpr! III ri 1~1 dl(·rI 1 :\:\ 
watl'r loI' 2 Il and IIIH'I'IIW;IV(' dl /(·d 

-- ------~ 

D Powdp!" aUnt lOI J Illdj('r! \VIt I, ~.r1J(·(J1I IlIt 1 1 ri l' 
medIa alld c II~tIlI(·d wal!'1 fo!"()!ih ~!i 

al, 200 l'prY 1 alld TIIICl ()\Va VI' ri 1'\('<1 
- - ---- - -- -

A hlgh Oxygen contpnL IS ohserved In sampl(~ 1), AttrltlOlI rnIlIllIgd('(TPlI:-OPS t.h(' 

particle size, thereby inereasmg the spectfic surfae(' area of jJJ(' POWdl!!', Ali JIl(·f(·a:-.(' 

in Oxygen content IS relaLcd Ln the increase ln the! speclfi(' ;,urfuc(! arca 'l'}H' oxyg(!f] 
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r1ch surface layer II; produced by the oxidation of the ultrafine powders, having been 

expos(!d to watt~r contaming atmnsphere. Studles done at NASA, Lewis Research 

C(!lItn:III JrIdJ('aU~ ail IIICrl'aSe 111 ~peclfic surface area ofalmost four tImes when silicon 

11Itnde powc!pr I~ attntlOn mIlled with blhcon mtride media and ethanol at 100 rpm. 

Thl!lf studl(,s mdlcate that the Oxygen pick-up was !inear with time of milling, but 

eVl!lItually Imllted by subsequent breakdown of particles, indicating that hydrolysis, 

as weil, Iii occunng after an increase in specifie surface area. 

AttntlOn mdlll1l{ m the present work was done for halfhour. This is sufficient 

('lIoLJl{h to lJn'akdowll agglOIlll'rates No expenments were donc for longer periods of 

tllll(', howpvpr, IL can be safely assumed that breakdown of particles will reach a 

plaU'au wlth tlTlH' Tlm, IS be('au~(' Ow t('ndency of the particles to re-agglomerate 

IIIHler gnlldllll{ plCf,SlIre and fllrLher fracture of the particles will decrease with time. 

'l'hlls tlH' Illt'l'easp III ()xygen conLent which is lmear initially, would eventually reach 

il platl'au wlth tIllIl' 

The Oxygl'Il eXlbts predommuntly as Si-OH on the surface of the particle and 

gl VPS a 11l'gallvl' ('harge Ln the surface ThIS again suggests the presence of negative 

~P('(,II'S on tl1l' sllrfil('1' of the SIlicon mtnde particles. 

FIglll (' G 1 ~hows the electrophoretic mobility of silicon nitride powder using 

() 00lM KNO" a~ the background electrolyte . 
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Figure 5.1: Electrophoretic Mobility of 
Silicon Nitride particles. 
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FrrHn the figure the Iso-electnc point (lEP), which is proportional to the 

H1obdlty, IS between H-9 Thil-> lEP 18 quite basic and does not strongly support that 

:·lJlanol hpI'CI(!h on thl' hurfacp of sIlIcon mtnde are dominant ThiS also indicates that 

('WH If hIlar)(j1 SP('(')('S do eXlst on the burface, the sllnnol layer is permeable to 

phY!->lsorbed and chl'misorbed basic species. Presence of NH~ groups have also been 

n'porU'd by othc>rsJ:J. 

Figure!) 1 lJ1(hcates thnt a slip containing silicon nitride particles will be most 

:-,Llbl(' If tfl(' pH IS less than 7 or grenter than 9. At these pH ranges zeta potential 

would bl' 11Igh, rl'sultlllg lJ1 a well dlspersed system due to high electrostatie repulsion 

h('/'W('('f) partlcll's Zeta potpntwl of sll1tC'rmg additives Al~O.j and Y2Üa show higher 

:-,tallliit 1(':-' III the rangl'S of pI-k!) and pl-b9 15 Therefore for a slip containing silicon 

IIltn<l(' and additives AlPi and Y~P:I' pH>9 is preferable due to a relatlvely small 

dlff'erencc ln zeta potenttal between sIlicon nltnde and the additIves In addition, sinee 

a('ldH.' slips abo a/l'l'et tl)(> life of a plaster mould, they should be avoided 

5.1.2 Slip Viscosity Bchaviour 

Figurt·s G ~-;, !) show the variation f'fviscosity with varying amounts ofDarvan 

C, for hohd:-, loadll1g lOto 2.G. ViSCOSlty was ?neasured at two shear rates, 50 and 

!iO(h'plll From thesl' graphs lt lS apparent that for a given soIids loading, liscosity 

dt'cl't'asps aH the amount of Dm'van C increascs, '..Intil a minimum is obtamed. On 

l'urt lwr lI1l'I'l'HSlIlg the Darvan C concentration, viscosity increases again . 
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Darvan C, a polyelectrolyte of Ammonium l\I(.lthyl Ml'thacrylatl" IS 

proprietary and the exact cornpo~ltlOn is not known This PIlIYl'lt'drolyll' haH hPt'll 

used earlier18 and has been found (n be an efll'cttVl' dISpl'rS<l1l1 for Cl'ramle sItPH. Il 114 

however, an ammo\11um salt of Meth)'1 Ml'thacrylatt\ ,lIld dl~~Ol'Iatl'H III watl'I' to giVl' 

NH/ 10ns and l11l'thacrylate polY-lOns narvan C lH'lIlg lOl11l', t 1ll' sllIrry 114 lH'lIIg 

stabilised by both eledrostatic lI1tt'rad lonH and polyllll'r athorpt \Un 

When Darvan C is addt'd to a slip tlw tlll'thacrylaip POIY-IOIIS (t'nt! to lw 

adsorbed on the surface ofpartides. This dtfl'UHl' layPI' glveH tilt' pdrtlcl(,H a w'glltIVl' 

charge. The excl'~" of t he pOSltl ve lOns( NH~' alld Il' ) III Ll1l' 140111 t IOll t hl'Il HIIITOlllld 1 hl' 

diffuse layer due (0 eledro:-,tatlc attractlOlI. The part IcI(';:,; !lPlllg lH'gat IVt'ly l'h.ll'I-:I'II, 

repel each other and the system del1o{'culat~s It should hl' nolt'd t h,tt, n'publVl' lia ('PH 

can a180 arise due to non-lOn1c polymer adsorption 011 Hw partH'lp Hurfll('1' AbH(),-ptlOlI 

of non-lOnic polymers on the partlcle surface can l'l'HUit III botll attractive and 

repulsive forces. AttractIve forces can anse l'rom polynwr hndgll1g wlH'1l therp iH li 

direct 1.nk between two partlcles through a polymer bndgp IkplllslVP torcps II/'1S(' III 

two ways when two polymcr aclsorbcd partlcles appl'Oadl eal'h otltpl' (1) As t!w 

partIcles come close to each other, the polynH'1' (·oIll'f'llll'ut.101) I/H'r'(!a~('~ Illot'!' 111 thl' 

gap between the particles than 111 the gerH'l'al ~()I\ltJ(J1l l'Psllltlllg III OSlIlOt,W lHf'sHlln' 

difference between the g.lp and the solutHm 'l'lm, decl'l'uses the l'Iltropy oftJw Hysimn, 

and m turn II1creases the Gibbs frce l'Ilergy. This IlItrease In energ-y CHlIHl'i-! repulHlofl 

between partIcles. (2) The polyrner chains can also lnterpenetrate and cornprCHH (wch 

other which results In forcing the particles apart. 'l'his can be visuall!md by 

compressing a slmple circular spring as shown in figure 5 6 . 
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Murray and Anderson4S have shown that a low visc,)sity of a slip i8 associnted 

with a hlgh zeta potential and vice versa. Increasing- the amount of Darvall C enn 

have two opposing em~cts: (1) Increasp 111 œta pntC'ntial (low ViHl'Osity) dm' tn 

increased surface charge, and (2) decrease II1 zeta potl'ntlal (ll1gh VIHCOSlty) dut' tn Il 

compressed diffuse layer. From the discussion so far' an opt 1 III 11111 amollllt of Darvllll 

C must he added to the slurry to produce a t'ully dpf1occulatl'd system ~'r()Jl1 figlll'l'S 

5.2 to 5.5 minimum viscositIe8 correspond tn the opt IllIum Hlllollnt or Dnrvan C 

required for a given solids loadll1g 

ViscositIes, for a glven sohds loading are also depl'lldl'nt 01} s}war l'atPi-! (Hl't' 

figure 5 7>. These slips are Ilon-Newtolllan and eX~lJbit thlxotropy III thlxotropy OH' 

agglomerates are hroken by shenr action and lalPr r('('()lTIhIIW wlH'n t.Iw slwar r'atp IH 

reduced. Due tn thlS, the VISCOSltll'S al !iOOrpm an'low('J' than tilt' VIS('OHIlH'H at !}0'l)\ll 

ThIS, however 18 not true for low sollds loadlng of 1 O{:3:~ wL'/r,) For L1l1H Hlliids loa(ling. 

the ViScoslties at 500rpm are hlgher than !i()rpm indlcat\l1g il blwar t.Il1Ckl'lllllg 

(dilatant) hehaviour. 'l'he dlff()rence lJ1 VISCO:-'Itll'S aL Olt' two slwar rat!'s lB, howevl'l' 

smaU. SlurrlCs wlth soltd;.; 10ading 2 !i(71 wt/X) an- shl'ar t hllllllllg( UlIXOt.ropl(,) On 

Increasing the sollds load\l1g, the slwar t!1\(:kCllll1g behavlour (o!Jsp/'v .. d cI/'<Itly Itolll 

figure 52), dccreasei- and shear th Il ln IIlg bdwvlOlir Jr)('rl';\S('S (;\S showll III fig\l/'(·!j!i) 

The actual changcover from shear thlCkl'llll1g to shear thlllllll1g takp:-, plac(' (II, 11 solldl-> 

loading of slightly grt'ater than 20(67 wV/i,) and 0 !j'Ir, J)arval! C (Flgurn rI 7) 

The viscosity at thlS point IS Newtonian. At hlgh COlICf!/ltratlOns of Darvan C, 

ln figures 53-5 G a pronoul1c('d shear thtnfllllg behavlOur IS o!Ji->ervnd Sillee HH' 

dif.'erence \11 VIi-CObIt!eS al, thebe pOInts lB 11gh a/ld lIlCreW;(!i-> wlth tlw solHJs loadmg. 

The rheologlcal aspects wIll be dlscusfied fut~her III i-Jectjofl !) 1 :3 
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Figure 58 shows a plot of Darvall C contt.'nt Wlt h rld'ft'n'lll ~lllids loadlllgs at 

minimum viscositws. From t1w figure It can tH' ob:-:;{,l'\'l'rl t hat flu' H(Jlid~ loadlll~~ upto 

2.0(67 wt7d, the amolmt of narvan C l"l'ljllll'('d IS abOlit () fil 1 Ilo\\'('\'l'l' at a s(JI\(I~ 

loading of 2 5( 71 wtr/r,) requI!'('s 0 ~)I; of 1),1:,\ ,111 C Tlw., ml'ans 1 h:11 IIH'1't'W'HIlI~ 1 Il(' 

sohd'S content by 6 wt7c (t'rom 2.0102 ;)) ll'qUIl't'h ,\ slgnd;t',\I1t II11Tt',l~t' 11\ t IH' ,111l1ll111t 

ofDarvan C ThIS can lw explamerl as f'ollo\\'s, as tlH' soltrls loacllllg IIH'I't'H:-'l'S Ill'volld 

2.0, a large percentagc ofwatt'J' IH usprl up 10 SlilTOlllHI tl1(' par! Ici('H ThiS Il' dw' 10 t Il(' 

fact that the total partI cie surface arca/volull1l' of slurry 1I\('I'('al'('S SIIH'l' t IH' rat 10 of' 

water.particl<, surfac(' an'a at ~OlrdH loadlllg of' :2 ;l( 71 wl (; ) IS Illllch 1 {)\\' ('1 1 hall t Ill' 

ratio of watl'r partlcll' :-.urral'(' Hll'a al :-'01 Ids lo:\c!Jllg of 2 ()((j7 \\'1';), a laI gt'I :lIl1lllllll 

of Darvan (; IS }'PquIl't'o ln Stll'l'OllIHllhl' P:ll'l,i('lt':-. 'l'hl:-' IIHlll'all':-. Ih,lI .1 I:l/gt' IllIIIlIH'1 

of particles are Hurrounlh'd by Dai van C and Vl'l'V III t h- watt'I Sile" pat! Il'l 1':-' 

surrounded by hlgh concentratiOn of polyll1PI' tt'nd 1.0 fi li' 111 polYII\('1' hndg('s, t 1\1'1 ('fOI (' 

adsorptIOn at these concentratIOns lead~ to f1o('('lIlatlOl1 At. IlIgl1l'1 :"olICls 1():\(III1~:. 1 Il(' 

average interpart.lc1p olst:lIl('(' dpct'('(lses Tlwl'l'foJ'(' tlH' dlSpPI s:IIlI 111111('('111(,:" :-'11111'1 

from stOlC II1l.erfl'rellCC and (In' ]PHH ('/'fpc! IV(' 

If wC' COIlHldcl nOn-lOl1le poly/l1l'r ad:-.orptloll. l)l'c(Iusl' 0" OV('I'<'I'()wd"II~. f Ill' 

distance betwecn two part.lcll's wt11 h(' :"111:111 'l'hl:" wdl Il'ad fI) :t Il'VI'IS(' OSIII/l!.J(' 

pressure bet.ween t.he gap and holut HIll, and an at.tl'·{'\,IVI' fon'I', 11':-'111t.lllg III 

coagulation and flocculatlOn Thus a ('ornpr()IIlI~l' 1Il'I.W('I'11 tll/' :1!11/l1l1lt. of dl:"pl'rs:lI\t. 

and sohds loadmg should bl! ohlallH'd lo aV()Jd ()v('n'l'owdllli~ or part 11'1(·:" :11111 ('X('('!->:-' 

polymer. 
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Figure 5.7 lllustrates mmimum vIsco'3ities at dtlf('rl'nt solios loao\l1gs, A l11gh 

vlscosity can be observed at solios loacimg 2,;) As Illl'ntlO!WO l'arllt'r, \%cosltlt'S at 

both shear rates ar(' the sanw at sohdti 1(),IOlIlg 2 () W7wt''() Althollgh IlO quantitative 

analyslS was carned out on ~wc1lJl1l'/llat\()I1, It \V,l~ ob:-'l'I'\l'd (\\llIlt' plt'panng thl' 

slurnes) that Sedll11CntatlOn ratp for solids load\l1g 2;) was Ow hlglwst T\w llHl1'l' 

deflocculated a slurry, the Iower arc the sedllllt'ntatlOn ratps TllIS 18 OUl' to tilt' filet 

that in a well deflocculated system 01(' part !('Il'~ havp hlgh rt'pubIVt' l'on'Ph which kl'l'p 

them 111 motion If the repulslve forcp:-, art' wl'ak, and an' OVl'1 ('0 Ill!' by attract ivp 

forces, the partlcl('s wdl U'nd to C()dll",Cl' wlth each otlH'r alld t'or III "flocs" Tht'H(' n()('H 

eventually coalesce wlth otl1<'1' pdl'!lrll':-' .Illd M'dlllll'Ilt TIH'Il'fol'l' III flo('culatpd 

systems the gravllatiUI1al forces ovcrCOIllC t1H' (·I('ctrostatlc fOI ('ps, leadlllg (,0 a hlgh 

sedimentation rate, 

Parttcle size also affeds the sechmcntatlOll raU's 11, was obsprvpc! ut. HolidH 

loadmg 2,5, that for the first 10-15 minutcl-o of attntlOll ll11lllllg, tht' POWdPl' and tlH' 

liquid lU the null rotated in one lump Arter that a f{'w drops of 1 HlllH! l'papp<'ared , 

and very slowly the /()rmatlOn of a IlqUid slurl'y took pl:l(,(> 'l'hnty III 1 Il Iltf'S ofattrll,joll 

milling was carried out for ail the samples, lfldudlng tilt' orH'S ,II I()w('! sO!HIH loadlllg 

Thus the effective Tmlll11g tmw for a slurry for solide; loarllllg ~ r" W:l:-, ollly IG-:,W 

mm utes ThIS could have res\llted ln few !urger slz<'d p:ll tld<,~ whwh ac('(!ll'.'a!.(,d tilt' 

sedimentation ratcs The slun'y was I.!xtremely tl1J(~k and very Vlf>COUS ln appearanc<, 

It was also observed dunng ('Hf-,ting that th(; slurry could not. occupy t.he fin!!r ddaIlH 

of the plast.er mould, due 1,0 a very high hUrf~lce tCIl1-ijon alld VIHCOHIt.y 

From thl' dl:-'(,!I~,...,l{Jll ;'0 far, a sollcb !oildllig (Jf' ~ () «()7 wt'!rJ) and () G% Darvall 

C appeared to be the !J('c,t cUlIlblIlallrill fol' lllaklllg wl'II dISfH'r;,('r! f>!lp" Th(, oh,,('/'vpd 
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pH val Uéf> for the above were 8 5-10 O. 01 agnon et al 16 ha ve perfonned similar studies 

u~lI1g Darvan C anù Dlspex 40 They optlmlsed a sohds content of 65 wt% which 

corresponds tn li so!Jds loading of 1.8. Their pH range for a well dispersed slip was in 

thl~ range of 7 5 to 90 The results they obtamed are quite consIstent with the ones 

obf>erved m the present work. An Improvement m the present work has been the 

slJghtly hJgher sohds content This mcrease ln sohds, alongwlth the mcrease in the 

amount of dlf>pelé>ant (0 5%) lB Justlfied by the hlgher pH values obtamed, which is 

prunanly due Ln a ~llghcr oxygen content on the surface of the particles as a result of 

aUnL!on mJlllllg 

'l'wo more polymer dispersants Darvan 821A (Ammomum Polyacrylate) and 

ET·HG were tt~::,tl'd lor thelr vlabIllty to aid slip formatIOn Us mg the optimised solids 

!oadmg 01'2 0, and 0 5% dispersant concentratIOn, vlsco::,ity was measured at different 

shcar rates Table V 2 shows the VlScoslty behavlOur of the two new dispersants in 

COlllpanson ta Darvan C, at 0 5% concentratIOn. From the table, the viscosIties for 

Llhle V.2: Viscoslly behaviour of varIOUS dispersants 

--. 

Dispersant Viscosity at 50 rpm 

1 

Viscosity at 500 rpm 
(cP) (cP) 

----~---~--

Dm'van C 26 2.6 
.--------

Darvan 8:21A 2.0 2.7 
--~--

ET-85 22.5 7.0 
-1---
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Darvan C and Dm'van R21A arC' low \\'It h n'sppc{ 10 ET-HG ET-Hf, also ~llOWS :t hlgh 

shear thinning bphavlOur dul' to a bIg dlffl'1'l'J1cl' III \'l~C(lSlt \l'S .\t dIfrl'l!'llt slll,at nlll's 

The chatce of o.sr, dl~pl'r~al1t alld sollds loadll1g 01' 2 () fil!' tlll' two IIl'W dISIH'\'s:lnh 

was used slI1ec thls pl'odl1ceo a good slip \VIt h Danall C Abu, h.l~l'd 011 1111' l'ac! 1 hat 

both Dm'van C and Darvan H~lA an' sl1Illlm' ammOl1lUlll polYI,!t,l'tlo!ytl's. Il W;\S 

assumed that the disperSIOn charact.l'rstlcs would lw slIlulal', whlch IIHkl'd IIll'v 

appear tü be 

Dm'van 821A was furihcr 1l1vC'stlgatpd SII1('(' II, apP('a\'l'rI to hl' .1 good 

alternative dlspC'rsant For il soltds loadlllg of ~ 1. VIscoslty was 1l\('aslll'l'd as :\ 

functlOn of amüunt. of J)arvall H~IA, as showlI 111 figlllP ;) ID A VI'I'y WI·I\ dl'filll'd 

minIma 18 ObHCl'vcd al. 0 GI;; cOJ1('('ntrat 1011 ThIS Indlcat(·s a hlgh zpt a-pol l'Ill lai of 1 hl' 

partlcles and a weil (hspersed Hystl'm ThIS hehavlOlIr IS Vl'l''y sllllllar to tilt' Ollt' ~llIlWll 

ln figure 54. Darvan 821A 18 an aqueous solutIOn of A III 1lI011 Il 1 III l'olyacl'vl.tfl· 'l'hl' 

molecular weight ofUm; polymf'r (~GOO-:W()()) IS 11\ uch !owp\' 111:111 t Ill' 1I10!{'{'ld.!!' W{'ll~ht 

of Darvan C (14000-20000 l, IIHIIC,ttlng thal >-i~IA has ShOltl" c11.\111~ A hlghl'l 

Vi8C081ty ean he ohserv('d al both tlH' 1l111l1l1l111l1(() 1 lit) aile! IIl.lXIIIIIIIIl( ~ 'Ir) P(·, ('('It! 

concent.rations of Darvan C (fig [J,1) thall IIJ(' e'()rn':-,porlllJlIl~ 1)(11111..., 101 I),IIV:III H~IÂ 

(Fig. 5.10) In both the (lIspC'Ti-I<tJlI..., a IDJrlIJ\1l11ll I~ ohse'rv('d "1'0111111 () [J';';, :dt Itollf~h the' 

Viscoslues in case of Darvan H21A Hrt' slwar thll'kl'llIllg ThiS !l"!J,,vHlur l~ pf)~~lhlt·, 

due to t.h!.' fact. that the H~lA challlS an' shorl('r and \'h(· S\'I'I II' t'('SIS\':III1'{' I!-> 1 h(,I'I'fOl l' 

reduced even at. hlgh sollds loadlng AH dls('us~·;(>d ('arlH'r, tllls {'OIH'I'IILral \(111 01 t.I\(. 

dispersant. will I(mll a dlffusp layc'r or jJlIC:klH'ss {~II()lJgh 1,0 gl VI' I,/\(' hll~hl':-'L 1.1'/.:1-

pot.entml \'0 t.he par\'l('!es AddItion of mon' pO!YITI{'r (·O"'1J1(· . ...,S(·~ t Ill' rl"fll~I' Lly!'1 Ily 

(1) surroundlng the part/{'ll'!-> dlll' \'0 furlllf'l polylllf'r adè>OIJitloll, .!/ld (~) :tfll:HtlfJ/1 
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• between polymer chams due to van dt'r Waals forces which n'suIt \Il bl'ldgmg 'l'lm; 

leads to flocculatlOn, A similar 11PhaVlOllr 18 ob8l'l"\'l'd at lo\\' (,Ollct'ntratlOlls of tilt' 

dIspersant ln tlm; ca:-t' tlH' forc('~ wll1ch ll'ad to f1occulatlO\l an' V.\ll dPI" Waals 

attractIVe force::, whlch leads to t hl' format lOI) of 1,1I'gl' aggIOllH'talt'1'> Tht'sl' t l'nd (n 

settle by gravIt y, 

5.1.3 Agiug behaviour of slips 

FIgures 5,11 and 5.12 show the time dcp('nciPnt bl'ha V \0111" of sd jcon nit l'Idp 

slips using Darvall C as .1 dlspl'rsant. In figul'l> [) Il, () 14(;;· l)arv<l1l C rppn'sl'Iltl'> t.lH' 

minimum amOlll1t n'qul'ed Lo n'J1ckr IhllClIty to tl1(' slip 0 [)(,:; ('O!lCl'\ltlatloll was 

selected bascd on prevlOus lI1vestlgaLlolls () Wil and ~ (Y){, ('OIU'Pllt rat IOIIH W('I'(' 

randomly selected From the figure IL can be ohs('rvpd that t1H' JllIt lai VIS(,OHlty at (1.=0) 

IS h1gh for 0 143(}(" and decreases wIth mereaslllg amounts of J)arvdll (' 1l1l1.t1 0 [)(h) 

Increasmg the concentratIOn further, Ine}"PélSC'S the VIS('oslty 

Over a period of about four hours, tl1l' VISCOSlt J('~ dt () 14% COIll'Plltr'atloll 

decrease sharply 'l'hm can b(' explalllcd as follows; dUt, (0 a IlIgh partICl1' 

concentratlOn and pOOl' def1occulatlOn, the sedUllentaLlO1l ra(,('s WC'IP 11Igh alld /lIOS!. of 

the sohds settled alnlOst Illlmedwtply as shown sdH'fIletleally III figlll C' fi 1:1 Tlw 

vlscosity as observed, therefc)re represents thut of tlw superrw!.ant. ('OrISlstlllg BloHtly 

ofwater and a few partlcles Since the arnount of'soltds s{·ttllllg I/lcn~a:;(·d wlth 1,11111', 

the viseosity decrl'uscd sharply t'rom 25 eP to 9 cP, A lTIllI1111 UIII of 7 cP allm' fj hours 

mdicatps almost eompll!te settling Mc,lsurements of vlscoslly werr' not pOSSlhl(! aftC'f 

8 hours 'l'hl!":> li-> dur tn the filet that the solids settlll1g Jalllrned the rotaLlflg bob wlthlll 

the eylînder 
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Thus, somewhere between 5 and 8h01' cs the bllb orthe visconwtpr lwearne jmnmed and 

viscosity became unmcasur('able as reprcsented by the dntU'd III\(' on figur(' 5 Il 

VU;COSltIeS for O.5l,'f, COIlCl'ntratlO/1 Wl're relatlvt'ly C(llIstant Olle!' a (()lll' hou!' 

period. However, 0 Wl!, and ~ ()'!t sho\!v a graduaI inen'Hs(' SIIl('!' cdsLlllg of t1w slip WllH 

done Immediately aftcl' Ils preparatIOn, and ba:·wd O/l fin;t f(llH' hOlln .. ; of VISl'OSlty 

behaviour, 0.5% was the bcst concentration of the Darvan C oIHpen;ant. 

Figure 5 12 shows the data plotted in the form of viscoslty VPl'HUS (Yi; Darvali 

C different times (0,2 and 4 hours). This figurc agam con(irms the filcL tha!. llllfllfllUIll 

VIScoslties are observed for 0.5% concentratIOn of Darvan C Slfl1Ilar va Ill('s ln thl' 

region of mmimum VISCOSlty, over li pcnod of (()ur hours, also Jr)(lIcaLes a Newtorll:tll 

behavIOur The difference i.ï vlscositlCs betwcl'n (J and 2h IH very srnall, Indleutmg 

almost no change lI) the system . 
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FlgureH fi ] 4 and 5 ] f) represent time depcndent behaviour of the slurries using 

/)arvafl H21 A Figun~~!j 14 and 5.11 show a slmllar behaviour wlth ViscosltIes 

d('CTI':i">lflg frorn o 24 fY, tu a mlnirnum at 05 r)é .Ind IncreaslI1g agam Vlscosities for 

o ~tjfY", 0 fifY, ,tnd () !y,:; of Darvan H21A appear tu be fmrly constant over a four hour 

lH'rIlld 'l'Il(' Vl;"('(J~JtlC;" of 2% concentratIOn decreuse gradually ThIs is due ta the fact, 

Lhat a hJgh COllculltratJOn of the polymer tends to form long pol ymer chains, 

Ild,N'loc'klng the f,olId partlclcs A network consli'>ting of polymer chains primarily due 

t,o sterl(' eff(·ef, IS forrlwd. This suspensIOn consists of large molecules and anisometric 

parLH'I(·;., Flow 111 stlcb SUbpenSlOns tl'nds 1.0 Ol'lent the polymer chams and reduces its 

/1';" 1:-' t ,1/1(,(, 1,0 ;.,lu·<lr T1H' viscosrty, thcrcforc decreases and the behaviour is typical1y 

slw,l!' thH'kplllllg 

J)tJnng HH' first four hours, the viscosity at 0.5% concentration are the lowest. 

Tlw; ddta are l't'-plottpcl in figure 5.15. From the figure, once again the viscosities, 

\\'lt/l1l1 t/ll' fïr:-.1 .-th, are lowebt at 0.5(,Ït, concentration of the dispersant . 
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5.1.4 Slip casting R(~haviour . 

Cw.,tlTlg wa~ dOIlt! 111 th(~ plm,ter moulds shown in figure 4 2, and bars of green 

dJn)(~lIsl()ns 9 4rnrnx!> 4rnmx6:~ 6mm were produced Afler castmg, the bars had a thm 

!lo/lIJW PIJW rtllllllTlg down the cpntre along the length, as ShOWll III figures 5 16 and 

fi ) 7 

'l'lm·, II-> typleal f(H' soIJd emlting, whel'e the helgÎl of the pJeCC far excceds the 

('I"osH-s('dional an'a In t.hls case the length was 63mm and the cross-sectional area 

of thl' grC'C'Tl bars was 4limm! SmcC' the rate of cast mg along AB is equal to the rate 

of" cHHtJng alollg tJw kngth XV, "olJ(1 mat('l"Ial cast 1l]ong the AB dln'dJOn p!'evented 

Ill(' tlow of"sllp along tJw XV dl !'l'('1 J()Jl On subt-.pqu('l1L drylllg tlH' cakp shnmk Ipavll1g 

a t.hlll hollow PIJ)(> III tlH' (,(,Iltn' 'l'Il(' 11lJc!'ograph orthe fl'acturcd salllple IS shown 111 

ligul"t,!) 17 1';vHI('IH'{' of a ~OO-:300pm dJamctcl' plpC can he c1C':tl'ly "CCII 111 thL centre 

liglll'(' li 17 alfio shows C shnnkagc cracks and seggn'gatlOl1 of' additIves, 

ThiS problem was ovpl'comc in two ways, Fm,Uy, a waxed surface was placed 

011 1 Il(' bot!oll1 fiurf:H'(' tn l'pplan' tJw plaste!', so that the süIJd cast would not fCll'm on 

IIH' bot toril sul'fil(,(' Tlw sclwlllatll' of HlP !11oulrl It-. shown III ligure 4.::l(I) ThIS allowed 

tIlt' ('(\st 10 gl'l'w ollly Hlol1g tlH' AB (hrl'ctlOl1 showll 111 figlll'c 5.16 
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Secondly, a reservoir was made on the top of thl" mould eontmnmg l'''-l'l'SR sltp 'l'Ill' 

reserv01r made of plaster was also waxed to pn'vent dl'watt.'rmg and any l'a kt' b\llld-

up. Throughout the castmg procedure lt was l'IHHlI'l'd (hat tlU' rl'Hl'rV01r l'ontulIll'd 

excess slip. 

Slip cast densities and sintering behal'lOUr 

Tables V.3 and VA show the green and sllül'l'l'd dl'nslt.lt's of t IH' si Ip l'ast 

samples. The green densitJes were calculated afler b\l1der hum out. t.1'l'at 1lH'1lt. 'l'IH' 

individual green and sintel'C'd density vahws are gWl'1l \Il appl'lldlX A 

TABLE V.~3· Green dPIl;';lt ips of (Ill' sltp l'ast sHmplps 

~ - --- -- ------- ~ 

Dispersant Number of dCllslly 
sample~ ( g/cc) 

-- -

Darvan C 31 1 6:3 

Darvan 821A 27 169 
=-C=O=:: 

Standard 
dt'vlalloll 

() ot! 

() 07 

as % 

'1' h PO l'l'Ill' ,,1 
dl'Ilslt.y 

- - -- -

4!) 7 

TABLE VA' SinterC'd d('nsiti('~ of tht' f,llp cast salllp)PH 

Dispersant Nurnher of 
samples 

r----

Darvan C :n 

Darvan 821A 27 

. --'" _-:_cc'--

dr..!milt.y St. 
( g/ec) dl) 

------

3 ~1 
----------

3.~O 

83 

andard 
V III t.HJfl 

002 

as % 

Th(!on'l,lCal 
denslty 

97 H7 



• Sarnpl!'s made wlth Darvan C showed slightly lowcr green densities than the 

(J/)/':-' prcpdrl'd wlth Darvan H21A (Table V.3). The ~intered densities, however in both 

t Iw ('i1!-'e~ were greater than 97'k. Tlw'l data lb qlllte consistent with the shrinkage 

()h~('rved Sillee Darvan C IS a longC'r chained polymcr than Darvan 821A, the organic 

loc,s :d'ter hul'll Ollt trpatmcnt, IS hlg}wr th,lO the samples made with 821A This led 

tu hlglwr i'lhrlllkage value» (18.027r in case ofDarvan C, and 17.25';é ln case ofDarvan 

H~IA) and I"wer green strpngth 

FlgUf(' fi.1 R bhow:-; typical fracture surface of slip cast and sintcred silicon 

III t mit· 

-100 p,m 

F\(~UHE fi 1~' l\l!cl'ograph of fracture surface of smtel'ed slip cast silicon nitride 
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The rnicrograph lI1 figun' 5 18 shows a typlcall\hrror and Hal'kll' fradurt'. 'l'Ill' 

fracture initIating site, though close to the pUl'fact.'. is an mtt'I'n,t! flaw 'l'Ill' slllonth 

surface around the fracture orig1l1 IS tI1l' fractul'l' Illlrror. Wlwll :-Olleh n Cl'al'k 

propogales It encountl'I'S mclusJOn::. and eXpl\l'll'I1CPS 11 ::--htfl 111 t Ill' dll'l'l't IOIl ofpn I1clpal 

tenslle stress ThIl'> causes the formatioll of sma]] l'adwl nnges kl1llwll a::-- hackh' 'l'Ill' 

micrograph shows the uneven surf'arc or the hacklc al'Ound t Ill' frnetll l'l' IllIt Iatmg Sltl' 

5.2 Pressing and Sinlering results 

Sarnples prepared by dlC-press1I1g Wl')'(\ Isostatically pn'HI-wd and sintt'I'l'd 

according to the procedure glven !Il sectlOf! 4 2 2 Un'('f! d(lllSlty [W'aSltl'(,!lH'llls W('[ (' 

carried out again by direct measurenwnl of wl'Ight and (hmellsio!1s 'l'Ill' slIIt.l'n'd 

density measurcments were carned out by nWaSlIn'Illl'lIts olt helr (Ir'Y, saturatl'd alld 

wet weights as olltlmed ln ASTM C20-87 The rcsults of grl'pn and sintered denHIt.II'H 

are given in table V.5 and V 6 respectlvcly 

TABLE V.5: Green denHities of the presficd HamplcH 

Dispersant Number of 
samples 

Darvan C 2:3 

Darvan 821A 25 
--

denslty 
(g/ccl 

l 74 
- -

1 70 
= 

85 

-

. Standard 
dcvwtlOn 

o O[) 

004 

al-;% 

Th(!oretlcal 

denslt.y 

!)lH 
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'J'ABU-; V f) Hmterer! demllties of the pressed sarr 1ili'.ê.:. 

Darvan C 

J)arvan H21A 

Numher ( 
;-:;amplci-> 

J!' 

-

-

,--

densIty 
(g/cc) 

----

:3.20 
t---

:3 1H 

Standard as % 
devwtlOn Theoretical 

density 

0.03 97.5 

004 94.8 

Cornparmg the values glven In tables V.4 with V 6, it is clear that the sintered 

dl'Il~ltJ(':' arl' Illd<'p('ndC'nt of the gre('n demntlCs In the case ofshp cast samples, the 

gn'('1l dl'llSlt J('~ an' lowl'r than the (,ol'rpl->pondmg pressed sarnples, huwever the 

:-'11I1('II,d d('II:-'lt Il':-' an' hll~hl'I' 'l'Ill' :"mtel'l'd densltlP:-' for buth the processing routes are 

(,Olllpalélblt, dIHI/i.dl wlth1l1a range of about 4(/(, although the shp cast sarnples show 

11IglH'r vallH's 

Prpssurpkss sll1tenng was carricd out 1Il bath the cases, The use of sintering 

add 1 t 1 Vt'S, a:-. 1 n t hls l'm,l', allow smtenng of sIlicon nitnde In pressureless conditions, 

ln bot h, :-.ltp (,il:"! alld pn''':-'l'd :-.am pl l':-' , the additIve content (11-12%) was same, and 

pn'::-':-'IIIl'II':-':-' :-.lIIt('1'I Il~~ \\ <1:-' ('.llTll'd ou t II Ildi'l' sa Illl' ('ond 1 tians, the resul tIng sintering 

dl'IlS1t H':-' lin' :-'l1llllal The 1ll,lIn vanatlOll 111 the proCC'ssmg route ofshp casting versus 

prl'ssi ng tS III LlH' making of the green bamples. Thus the slight difference in sintered 

dl'IlSlty may 1)(' due tn more eyen packing In the slip cast samples as opposed to 

pl'l'sSl'd s:lmph·s which oftl'Il cxhlblt dcnsity gradients which lead to non-uniform 

slIltenng and \ower sll1tered den SI tics . 
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- -_._--------_._------------------------------

5.3 Mechanical slrengtll of slip cm.t anel die-pr('ssed s(J11lples 

Table V.7 and V 8 ShO\\b tl1(' n>slilt.s obtall1l'd f'IOlll strl'ngth tt>stllli~ alnng wlth 

fradure mitwting ckfccts for bot h. :-.lIp C:l:--t and pn>:--b!'d sa 111 ph·s. l'l'Spl'ct Iv!'ly Flgun's 

5.19 and 520 show the Wl'Ibull plot tllr slIp ( .. tst and pr(,I->:-'l'd 1->.II11ph>H Il'S(H'ctl\'l'ly 

Fractography was perf'<ltIned by IOldtlllg tlw f'ractuf'l' 1I11tlatlllg Sltps by tdtlllg tlll' 

samples by 20°. Fraclography IH of l':-..tremc lmportam'p III l't'ramIes and ('!:qwclally III 

this case RlI1Ce silicon mtnde 18 a Il1gh temperalurc nwtpl·tal, and l'l'lIahlltty can onl.\' 

be achleved by the elimination of failure cauRlI1g defects 

TABLE V 7 HCRUltS of mechal1lcal te:-,tlllg of sltp cast and slI1tl'\'(·d s<llllplt's 

number of 
sampI es 

Darvan C 39 

Darvan 821A 
36 

-

1 
Modulus of 

Huptur'e ( l'v1 Pa) 

0" 
- --------

38:3 

:388 

III 

Frae!,uf(' ('all:-'lng 
cJt·f(>cI S 

!)O", pOl p:-, 

:3 l :HVlt, 11l('llI!-oIOIlS 

~O% macllllllllg 

·1G'11 IHIII'.'-I 

22 a!)'1, IIH'lw,IOIlS 

2(1% lIlildllJlIllg 

TABLE V.8: Reslllts of mpchameal test mg of dll'-[)l'psspd and SIJI~(L~~I!!.!pl~~ 

r;========;======r-=o==----=--=-.-=--o-o· 

Darvan C 

Darvan 821A 

number of 1 

samplcs 

---

2:~ 

25 

]\10dlllus of 
nuptur'e (MPaJ 

0" 
-- ----- ------

G19 

fi28 

87 

!li 

:U~ 

:LG 

I,'ral'tu n~ call:-'Iflg 
dpf(·c1,s 

~~(Yt prll'l'S 

1:1';', ITl('IIlIoIlHI.'-I 

:l!)'Yr, ma('h III 1 fig 

1 ~'Yr, P0rl'S 

1WYr 1 ncllllollHlh 

40'j" machllli ng 
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From Uw n~~ults abnve It appears that the mcchanical strcngth values ofboth 

~llJ) C<t~t and dle-pressed samplcio are affected by thelr typical fracture causing defect. 

III the cahC of die preiosed sampl(~s metallic mc1usions resulted in lower strength 

VlII1)(''', wlwn!as ln case of "lip cast samplcs, metalllc mcluslOns and poroslty both 

h('('111 tn have uffccted the values ~(lptalhc contaminatIOn lS thought to rcsult from 

aU nt 1011 Il1J1lJng nnd 15 due to hllght 1l11;"(l!Jgnmc:nt of the rotor m thc' chuck, resulting 

III ItOIl fillmg'-> contammatmg the bamplcs A Humber of snmplcs, showcd inclusions 

wlllch a('t(,d as fracture Initiation sites. Figure 5.21 shows a micrograph of a fractured 

h:lmplt· conl HI/JIng an inclu~lon En('rgy Dispersive X-ray analysis of the inclusions 

!ligur·(· 5.22), bhow distinct peaks for Al and Fe. Al could possibly be from the 

alllllllT1llllll stub !lnidlllg the sam pIe. 

10 f.Lm 

FIGUIŒ !5 :n· ~l1cl'ograph of n fradured snmplc showing metallic inclusion . 
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.-~- --------- --~-- ---- ---- - --.- --~---

t1ETnLLIC INCLUSIOH APi 

F 
E 

FIGUHE 522' XPS of a metallic iD_c1usion . 
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In caf-,(; of slIp custmg, sub-surface pores r.aused fracture in most of the 

:-.nrnpleh, whlch }<;d to lower strength values as shown in Table V.6. Figure 5.23 shows 

t1H' flllcmgraph of an approxlmately 120 micron sub-surface pore. The origin of 

P()fOHlty can be due to improper filling of the mould or more likely due to trapped air 

bllbbl!~s III the slip. 

I·'IGUHE [) 2:3: l\lierngraph of a slip cast sample showing a sub surface pore . 
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De-airing ot . slip, under high vacuum, containing a 111gh sollds loadlllg h'ads 

to evaporatlOn ofwater from the surfacC' of the shp ThIS gIVP:" n~t' tn tIlt' fonllatlOn 

ofa crust and changes the VlSCO~lty orthe slIp. Anothl'I Illl'thnd for n'mm'al oftrappt'd 

air is by constant ::.tlrnng oftlw slurry \VIth tlll' hC'lp 01 a plOpl'lIl'r ln tills caSt' tlH' 

propeller ]S fully sllbmerged wlthlll t11\.' ~Iurry and st Irnng takl'S pl,u'p at a v('ry slow 

speed. The second method is an IIldustrial approach wlwrp largt' hatcht's of ~lllrr.v an' 

made and is especially llseflll when the slun'y IS to lw agl'd lwfort, casting SIIl('(' 110 

de-airing of the slips were done aftl'r attrit IOn nl1JImg, Il iH pos:--Ihl(' t IHlt thl' t rappl'd 

air bubbles resulted III pores lpadillg tn thl' fractut"P of tll(' :-.aplplps 

Flgure 524 BhowH thl' mlclograph of a slip cast s<llllpll' l"ol1tallllllg 1111'111111(' 

inclUSIOns. Ma::hmmg defects, as ~h()wn III ligun';, 2;', also 11Il1I«'c! tllt':,,1 l'l'Hg!'h valtlt's 

in the slIp cast sarnples Fwure fi 25 shows a radiaI crack whrch IS typJ('al of a 

machining defect The samples bemg grollnd m tIw 1.1IIgltudll1al (hn'cLHlIl, th(' strpss 

concentration OCCllfS Hl radial dlrection 

The inclusions and machining dcfccts were observpd III both slrp cast alld 

pressed samples . 
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FI(iUHE li 24. Mlcrograph of a i-lip cast sample showing a metallic inclusion. 

FI(~UHE fi~.s l\Ilcrograph showing a mm'hining defect in a slip cast sample 
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CHAPTER VI CONCLUSIONS 

Slip castmg of silicon nit ride WHS invl'td l~atl'd by stuny of t 11l' dH'()!{)~y of 1 hl' 

prepared slips \VIth thl' ,llel of' paranwt('r:-i ~ul'h as VI:-iCOslty. SO\IC!:-; \oadlllg. Il'ta 

potentml, amollllt and t'ho}' i.: of du: .. pt'r:-anb and tlllll' dl'pl'ndl'111 lH'ha\'lo\ll. II wm, 

possible to s 1l p cast t;} lJeon 111 triLle uSlIlg 1 raciJ t IOna! :-\ i p cast mg pl"ll('l'ii~( 'i-> III i, n aqt'Oll:­

medium. Sm ce the propertH's of t11l' sllll'I'y gn'atly afl'pct the castlllg ""II'H. ~lIlll'll'd 

microstructure and mechal1Jea\ strC'ngth, It was illlpot't,ant to cont.rol tilt' r1wology of 

the slips, Bascd on the rCh.lIts it can be conc1uded that· 

1. Viscositics fol' a given solids loadlllg Ch.'CTl'asC' with iIHT('asmg COIH'(·pI.raI.IOJ\ of 1 h .. 

dIspersant, ulltd a mllllmlHn Iii obtallH'd On IIlCf'()UslIlg tlw ('()IIl'('lllratloll (Jf Iht' 

dIspers~nt the VIS(,O~lty Illcreasps agalll 

2. This mmimum value of VU3cosity lB assocwtcd wlth th(' 11IglH'st {',l'la po!t-ntlid for 

the given solids loading, und can be used as a rl'fcrPllee pOIllt. fi)r opt IllllSlllg il 

deflocculated slip. 

3. A wide range of dIspersant concentrations (() 14',Y,,-2'fr, , alld SOIH!H !o.l<IIl1g ( 1 o-~ fi) 

were exaTlllI1cd filr both Darvan C and I)arvan ,11211\, <llld It WHi-> ('()JJ('ltldl'd t1wt (} [J'ft 

concentratIOn and a sohels loading of 20, gave the !J(!:-,t and 1 ~J('OI()gJ('illly stabl!' l';]I;)H 

for casting. 

4. Sintered densities ranj:,ring from 94-97%TD were lIIdcpendpllt of th!! gn'('11 dl'IIHI!,/I'r, 

C48-54%TD) 

5, For slip cast bamples sintcred dcnsltlCb upto ~J7'Yr, theoretlcal, could be :\c'hu'V('d 

after sintering at 18000 e for 1 h wlth a slight nltrogen overpressur<" and an addillv(' 

content of 11-12%, 
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fj M(~chan Ical strenglh values obtained were limited by metallic inclusions, porosity 

and rnachlTllng flaws. 

7. In the case of slip cast samples, an average strength of 383MPa was obtained. 

Porosity, and ITlCIUHlOns were the major fracture causing defects. 
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CHAPTER VII SUGGESTIONS FOR FUTURE RESEARCH 

This research has shawn the lIllportann' of partlrll' Hizl', sohds loadmg, 

viscosity and other processing related paranwtC'l's, tlwu' t'fI'l'l't on slI1tpl't·d 

microstru2ture, and successful slip casting of SIlicon mtride. Futul'l' work clin hl' 

directed towards' 

1. Development of theoretical and experimental tl'chlllqu<,s for l'hal'actl'rizlIlg 

agglomerate formation and pore dlfo.tnbution dunng slIp castmg 

2. Theoretlcal technIques for predlct Ion of sll1tpred propPtt1l'H of IpS prppan'd hy 

using different powders and a wldp partlde t-.lze (iIstnhutlOll, l'spp('wlly non splwncal 

particles. 

3. Creation of multlcomponent collOldal structural models through Il knowl('()g(' of 

starting powders and processing parameV'l's. 

4. Using a combll1ation of dlsper::>mg agents wlth a VlCW to enhancp flowabdll.y and 

green densities of slIp cast silicon nItnde 

5. Development of a c~mputer sllllUlated software fol' the predictIOn of relinhllIt.y of 

advanced and other structural ceramics prcpared by slip casting 

6. A purely economlC approach dlrected toward the lI~C and lm plenwntatlOn of slip 

casting in conJunction with othe!' pOSSIble cO)]Oldal techniques, IiI!' thp developnwnt. of 

advanced ceramlCS and composites 111 an 1I1dustnal envlronment. 
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APPENDIX A: SAMPLES PREPARED BY SLIP CASTING AT THE 
CERAMICS AND COMPOSITES LAB, Mc GILL UNIVERSITY 
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Figure Al: Green slip cast ring 
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F'igUl"l' A2: Green slip cast crucibles 
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Figure A~~: Green ~hp cast holl()~~:.yJl!.!1~~E 
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Figure A4: Sintcred rings 
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Figure A5: Sintered and green ('r\l('ihlp 
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APPEl/DIX B: GREEI/ DEI/S/T/ES OF SllP CAST AND PRESSED SAMPLES (gm/cc) 

Sarrple 

nllrber 

1 

2 

3 
4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 
15 

16 

17 

18 

19 

20 

21 

22 

23 

24 
25 

26 

27 

28 
29 

30 

31 

32 

33 

34 

35 

Average 

Standard Oev. 

SLIP CAST 

Darvan C 

1.64 

1.62 

1.62 

1.62 

1.63 

1.58 
1.54 

1.62 

1.64 
1.65 

1.65 

1.63 

1.64 

1.65 
1.61 

1.65 

1.66 

1.56 

1.68 
1.60 

1.63 

1.64 

1. 72 

1.69 

1. 71 

1.72 

1.60 

1.61 

1.60 
1.61 

1.60 

1.63 

0.04 

SLIP CAST 

Dar. 821A 
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1.68 

1.67 

1.66 

1.67 
1.69 

1.59 

1.61 

1.62 

1.69 

1.65 

1.74 

1. 71 

1.54 

1.69 
1.68 

1. 71 

1. 72 

1. 72 

1.72 

1.76 

1.73 

1.67 

1.66 

1.56 

1.88 

1.85 

1.69 

1.69 

0.07 

PRESSED 

Darvan C 

1. 76 

1. 71 

1. 75 

1.84 
1.67 

1.73 

1.77 

1.69 

1.62 
1.7 

1. 71 

1. 79 

1.81 

1.81 
1.77 

1. 76 

L72 

1. 71 

1. 74 

1.73 
1.7 

1.71 

1. 74 

1. 74 

0.05 

PRESSED 

Dar. 821A 

1. 71 

1.7 

1.69 

1.68 

1.68 

1.68 

1.61 

1. 71 

1. 78 

1.69 

1.66 

1.67 

1. 72 

1.73 
1.66 

1. 76 

1. 72 

1. 76 

1.66 

1.69 

1. 75 

1.69 

1.7 

1.73 
1. 72 

1. 70 

0.04 
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APPENDIX C: SINTERED DENSITlES OF SLIP CAST AND PRESSED SAM,'l~S (gm/tc) 

Sa~te 

nurber 

1 
2 
3 
4 
5 

6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

Average 
Standard Dev. 

SLIP CAST 
D .. rvan C 

3.22 
3.21 
3.24 
3.21 
3.24 
3.25 
3.26 
3.22 
3.21 
3.21 
3.24 
3.19 
3.18 
3.21 
3.23 
3.18 
3.17 
3.21 
3.23 
3.21 
3.20 
3.18 
3.19 
3.22 
3.23 
3.23 
3.26 
3.21 
3.21 
3.15 
3.19 

3.21 
0.03 

SLIP CAST 
Dar. 821A 

3.21 
3.17 
3.18 
3.22 
3.21 
3.17 
3.19 
3.19 
3.19 
3.2 

3.22 
3.19 
3.2 

3.21 
3.2 

3.19 
3.16 
3.17 
3.24 
3.22 
3.22 
3.21 
3.23 
3.21 
3.19 
3.18 
3.19 

3 20 
0.02 
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PRESSED 
Darvan C 

3.19 
3.19 
3.11 
3.12 
3.21 
3.19 
3.21 
3.21 
3.22 
3.25 
3.26 
3.24 
3.21 
3.23 
3.25 
3.21 
3.2 

3.22 
3.18 
3.18 
3.19 
3.22 
3.21 

.5 20 
o 03 

PRlSSlD 
Da. 821A 

3.14 
3.16 
322 

.5 2~ 

.5 75 

3 11 
3.17 
3 19 
3.18 
3 14 
3.15 

3.17 
3 21 
3 21 
3.18 
323 

.5 21 
3 21 
.5 23 
3 23 
.5 13 

3.19 
3.11 
3 17 
.5 18 

3 18 
o 01, 



• APPCNOIX O' STRENGTH VALUES OF SLIP CAST AND PRESSED SAMPLES (MPa) 

Sorrple SL IP CAST SLI P CAST PRESSEO PRESSED 

ntnbcr Oarvan C Dar. e21A Darvan C Dar. 821 

438.40 373.10 501.01 555.86 

2 434.00 350.50 550.66 622.35 

3 431.00 274.00 599.07 535.61 

4 350.00 402.40 521.52 636.50 

5 444.00 332.80 532.46 503.20 

6 416.60 381.00 487.20 482.23 

7 353.00 422.00 452.28 522.45 

8 310.00 437.30 524.44 428.50 

9 312.80 480.00 459.90 520.93 

10 321.00 353.00 530.31 459.14 

11 383.00 363.10 588.31 602.69 

12 355.00 204.00 498.82 634.40 

13 424.00 454.00 513.75 549.43 

14 436.20 440.00 38).16 459.90 

15 342.30 339.00 443.53 549.86 

16 350.10 355 00 544.99 485.88 

17 460.00 497.00 492.66 540.22 

• 18 480.60 354.00 458.80 500.28 

19 325.30 359.50 534.27 484.37 

20 300.60 440.00 544.61 518.48 

21 409.40 333.10 613.90 553.65 

22 413.70 495.00 619.85 576.73 

23 247.30 365.00 538.67 430.62 

24 433.00 40l.00 517.76 

25 329.00 382.00 542.57 

26 449.40 417.50 

27 381.00 321.10 

28 389.00 

29 420.00 

30 356.40 

31 369.40 

32 
33 
34 
35 

Average 382.76 382.68 518.96 528.54 

Standard Oev. 55.27 61. .62 55.69 56.19 
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• APPEND 1 XE: pH MEASUREMENTS 

Sol Ids loadlng X Darvan C pH X Dar. 821A pli 

0.143 8 47 

0.5 8 48 

0.9 8.46 

2 8.67 

1.5 0.11.3 8.47 

1.5 O.~ 8.47 

1.5 0.9 8.5 

1.5 2 8.87 

2 0.143 8.4 0.24 B.~6 

2 0.5 8.55 O. ':> B.68 

2 0.9 8.9 o 9 9.7 

2 2 9.2 ? 10 8 

2.5 0.143 9.01 

2.5 0.5 9.45 

2.5 0.9 9.7 

• 2.5 2 • 1 .02 
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• APPENDIX F: VISCOSITY DATA 

Sol Ids " Darvan C " Dar. 821A VISCOS1 ty Viscoslty 

loadlng at 50rpm at 500rlXll 
(cP) (CP) 

0.1 1 1.1 

0.2 0.9 1.2 

0.3 0.6 1.1 

0.4 0.35 0.94 

0.45 0.2 0.92 

0.5 0.23 0.93 

0.6 1.1 1.3 

1.5 0.2 4.8 4.4 

1.5 0.3 2.6 2.3 

1.5 0.4 0.7 1.2 

1.5 0.5 1.2 1.5 

1.5 0.6 1.55 1.6 

1.5 0.7 1.8 1.6 

1.5 0.8 1.8 1.55 

1.5 0.9 1.55 1.8 

• 1.5 1.5 2.6 2.2 

1.5 2 3.5 2.4 

2 0.143 24 7.5 

2 0.5 2.6 2.6 

2 0.9 2.5 3 

2 2 4.5 12 

2.5 0.5 11.4 25.8 

2.5 1 5.5 9.5 

2.5 1.5 6.3 14 

2.5 2 8.3 26.5 

2 0.24 2.2 3.5 

2 0.5 2 2.7 

2 0.9 2.3 3.5 

2 2 3.8 8 

• 112 




