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~i~. l.n.venticm re1ates to a process for the 

prod.uc:ti~ of &mse P01.ycry&ta11ine silicon c~bide. shaped 
a2:1;:icl.es and the supez:ior abaped a:z%icl.es produced by the 

process. :tn one aspect the i.DTent.ion P%'ovi4ea a new· f.i~g 
cyc1e for the prodUction a~ dense po~t:.a1liDe sil.ieon 
carbide shapetl a.rtic1es. %11 acaorcllmce w!.~ this £!zing 

cyc1e, pow4er campaats.ccm.taini:og ai1ic:mi carhi.de and 

alumim or a precursor t:heno£ are fhst heated to an 
int.exmediate temperature, as wi11 ))a exp1ained in more 
d.et.ai1 bel.ow.· Utm: am ext.en4ecl dwell at ~ inte.rmadiate 
tem;peratuze, the temperature is J:aised in a aecona stage to 

a higher temperature to complete tb.e denai£ication proceas. 

%D. the second st.age, :maoueaia OJ:' a precursor 
thereof may optionally be present as a amtering assist., 
and the atmosphere is esaentia11y carJ:)cm mcmozide. ::tt is 
pref e:-red that the orisriDal. compact contains maoueaia, or a 
~or there~, mt tile magnesia may J)e .intro4ueec! 

· 4uri.ag the fid.ng cycle. 1Jepen4ing -upon: the pm:ticu1ar 

conditions, it may also ))e advantageous to have a 
contro11ed a:mouiit of cm:])on preseDt, as will be explained 
m mox-e detai.1 bel.ow. XZl a prefez:re4 mDl:K>dim.ent 0£ tb.e 
invention, the f~rat stage is cai:ried out in an inert 
atmoapl:lere suck as m:gcm, 8114 the atmospbare i.a changed 

after the i.D.t:.eaae.4iate t.em,peZ"abU:e 4wel.1, £or e.xamp1e ))y 

pursri:DsJ Clle £un1aee cbamber Ul4 intJ:Gd'1Cino' carbon monoxide 

~or the remai:Dde~ oJ: t:he firing cycl.e. 

pCKGROOND OP DB XNVBNTION 

Shaped i&fticl.es comprising high density 
po1ycrysta11ine si1icon car))ide are we11 known. ~Y are 
caaracter:i.sed by excel1ent peysica.1 properties such as hi.gh 

resistance to thexma.l. shock, abrasion and oxi.datio:11 
together with high 1eve1s of strength and thermal 

.. 
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cm:aduct.ivity. :It i.s tliis combination of PtoPerti.es whi.cb 
makes si.1:1.con carbUe mater1.a1s lea41Dg caDCL:Ldates for 
engiueeJ:'ing appJ.i.catiODS. •owever, the production of 
aati.a£ac~ ld.S1A densi.t,y Jll&te:ials has been fraught with 
Clif:ficul.ties. 

Barl.y workers (eg A11ieg.ro, Co££:1.D im4 '.ri!Jkepaugh 
J. Amer. ceram. soa.1 39 [111 386-89 [1956]) showe4 that 
si1:Lccm cubicle could be bot pressed to bigh density bodies 
w.ith the aid of sin.t:uing a:l.Cls such as al11•mhmt aud irC>Zl, 
a:ad a1umipi:um p1u.a one o.f the metals z:i.rccmium., boron or 
ircm. %t was ~urt:her d.isc1oaed tllat :for the hot pressing 
of ailiocm carJ:>ide. magmsaium additions aD4 maoneaium and 

alum;·nium a&U.ti.ODS were ineffective, and ilapaired the 
4eus1£i.cad.on proceas as compare4 to a control sample of 
sil:Loozi ca:bi.Cle, hot pzesaed under ideDtiaa1 c:om!iticm.s 
with no adtitiTea or ac.14iucms. Lange (J. Hater. 

sci.(10[1975)314-320) 4isc1oae4 the hot pressing of sil.iccm. 
carbide usillg alumina as the demaification aid. 'l'he 
1iaitaticms of hot presa:lncr for the attainment of deDse 
bo4ies are we11 lmOlll&. 

~ selection of suitable deDsi:fication aids :for 
the sintering o:f silicon carb:l.c.ie bas ):)een ccmsi.ClareCl by 

Neg:i.ta (J .. ~- cezoam. soc. 69[l.2JC308-10 [1986]). Usin~ 

tlw~c a~s it was ~owid that meta1 aa.ditives 
such as bo%Cm, a1v•·hdua, iron, Diake1 mia. cobalt could be 

~fective 4enai~ica~ian aiaa. uaino these pri.Dcip1es, 
aJ.umipa, beey11.ia, yttri.a, hafDia and ~are earth oxi.4es are 
cOPSi4ered to be potentia1 4ensi~ication aids as they do 
not decompose si1:i.con carbide during sin.tering.. Keta1 
oxides iJlc1uc1iDsr z:Lrcoziia, calcia, magnesia are not 
acms.idered suitable as they tend to decompose s~1icon 
ca.rbi.de to met:a11.ic ai1icon. :tn addition the use of carbon 
w.ith m.eta1 oxide a<ldi.tions was reported to be be.nef icia1 
tor oz~des such as aJ.Ullli.ua, be.ey:LJ.ia,, ytrria, rare earth 
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oxides, ca1cia, z.ircmd.a, and :ba.£Dia. Xt is stated that 

tl:Le carl>on ia a44e4 to react with t:he said oxides to form. 

the correspominsJ aeta1 carbi.de and silicon. metal. the 

£ozmat.io.u of the metal carbides was seen as des:izab1e. Zn 

the process acco~. to the preaen.t i.n~ticm., the 

fonaa.t:.:i.on of such meta1 ear~ides was not o.bserved. 

l"U.:therm.oze, in contrast to the woi:k o:f Bagi.ta, in the 

current work it bas bemi foma.d tba.t tbe reaction of carbon 

with the metal oxide deDaificat:i.cm ai4s is UJldesirahle mm 
impairs t:he 4ens:l.£icaticm. of the :bodies. ~s ina.icates 

chat the ro1e of carbon in tile pre•ent work is 4.i£:f erent to 
tl:lat P2:CPO&e4 by Hegi.t:a and. o~~s.. Zn ac!clition, gi.'1".eD. the 

unstab1e D&'t.1U:e of metal. carl>i4e phases, £or some even in 

air at room tem;perat.uz"e, the 'fm:mation of such phases i.s 

seen as UD4eaiz'ab1e mid are avoi.de4 in t:.l2e present 

iA'ftletioA. mi• aspect w111 J3e 4iscwaae4 in CJJ:eater detail 

£or the ca1cia ayetem. .. 

91.e ~k of Clt1ei: aDCl Kill.er (VS Patent 

4,141,.,40) descril:Mls a pJ;Oaess £or a ze'fraatoZ'Y p%04uct 
based on ai1iccm. carbide conta:lntng at: least 1% by weight 

of alum1,,i:u:m. Di.trUle aD4 at least 1% by weight a1um:fn:5ma 

oxycarl>i.4e. file pxesen.ae of mata1 impurities (other tJ:aan 

a1u•inium and sl11ccm.) were seen to be 4etJ::iamltal to the 

process aD4 axe l.Ud.teCl to o .1 percent by wei.ght or 1eas. 

No iDdi.aa~ioza. was gi.Tell as to the propeJ:ti.es of such bodi.es 

and the ease at which they can be made into deDSe bodi.es 

with 4esirab1e ~iaal propertiea and ~ commerc.ia1 
util.ity o~ the process. Further "Ork i.D. this system was 

described by Virltar et al. in :cnterJlatione.1 Patent 

application W087/01693, where the pressure1ess sintering of 

silicon carbi4e-aiumjuiumnitrJ.de-a1uminium oxycarhide 

oontaixdng materials was described. A major drawback of 
1;he process as o.iaciosed ~s that the mater~als mupt be 

heated at very rapid rates to minimise volatilisation of 
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the acti.ve 4ensi.~i.catiou apeciea. This could pose p:r:ob1eJDs 
£or the pxad.ucticm. o:f 1a:ge parts in which cli£~eren.tia1 
ainter.:l.ng as a reau1t of thezm".'l cn:aaieuta can lead to 
distortion lm4 u1tima~el.y to Jld.cz-o cracking due to t:hezma.1 
stresses me•ita:bly pnaezit aa a resuJ.t of the described. 
firing cyc1ea. Whts wou14. make the maintenance 0£ ~he 

desb:e4 pll.Yaica1 pJ:'OPertiea ~fiaul.t. l1l a&Ution, the 

1D1desirab1e =••eDCe of al1,,1tnima ozyc:a2:h14es in the fi:aa.1 

body ma:t PJ:'OTe. di'!ficul.t to avoid. 
~ 8unld. et al.. (VS Pateat 4,354,9.91) the uae of 

al11minium ox!.4& ~o Clenaify silicon 'carWe .ls described. 
:tn the pJ:"ocess as Cleac:ribed the WJe of ncm.-oxi.Qat:i.ve 
atmospheres is taught. ~ae inc1ude Ditrogeu, carbon 

moDoxicle, helium. an4 argcm. :Ct is taught that argcm or 

hel.i.um are preferable an4 tbat t:be at:aosPliere shou14 

preferal>J.y contain al.vmhd:am, s!.1!.ccm. or carbon. Xn one 

method, it is p:opoae4 tl:lat mixtures of t:.llaae gases J:»e fed 
into the reacti.cm ch•mb9r with a carrier eras such as 

23.itrogen, m:srou. Ud bel.i.ua. :En another m.etho4, the use of 
a powder J)ed or sintered prod\lct c:apabl.e 0£ S1eD&ratia.g the 
gases axouzui the si1icon carbide a.rt.ic1e to be dens:i.f ied 
was Clisc1ose4. Xt was a teaching of t:lle Clocument that .it 

is ~cessazy t.o remove the si.1ica preseDt OD the su:fac:e 
0£ the si.l.icoA cazbi.Cle. %D fact i.t was stated that i.t i.s 
feasible to a44 silica as a raw materia1. 'l'b:ia ia in. 

ao~traat ~o the pJ;escm.t in~t.ion. wJmre the preaeiice of 
tbis phase :baa been ~O\md to exe:t a 4e1et.erious e£f ect en 
the densilicat.icm. l>ebaviour at high tempera~s aD4 wi.11. 
be expl.ailled later on. The fired Jmlk densit.iea obtained 

were im:erior to thoa~ achieved by the present invention. 
:tD aa.dition., the sint.ering times were m11ch 1onger. Por a 
continuous process for the aensification of bodies, the 

aignif icant1y 1cm.ger reac~ion timea for dens:i.fication wou1d 
resuit in iower procluction rates. 
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XD the wade of PU.entas US Patd.t 4,876,226 the . 
use of a1umina aDC! calcia as 4ensif~cati0Zl aids ~or si1icon 

carl>:i.4e was 4isclosed,. Xt 1faS a rec;radrement of the 

in.Tent.i.cm to f:oza 1iquid pbaaes c4cmrprisino a111•ini:u:m 

oxycazl>ides at t:be sinteriDg temperatures to promote 

4GDSi£1cation.. ea ad4iticm. of ca1cia was to in.crease t:he 

amount. of the alvmi1dwn. o:xyaarl>:lde 1iqd.4s axad •nliance 

dezul1£ication. X~ was ~urther disc1ose4 tlaat the add~tion 

0£ £i:ee cuhoA is ~£erred. :Ct i.s J:>e1wvad tbat :in the 

ayat:em 4eam:i.JHld byl'Uent:es, the ad4iti0J1 of free carbon is 

to react with a1u•inium containing- phases to pro411ce or 

f:urther enb•une tbs f o:matiou 0£ the oz:tearbi4e pl:&aaes 

which are a reqtd.rement for the pxocaaa. '!he 1e-ve1 of f:ree 

carlxm. a.44:1.t:lons weJ:e pre~ez:eabl.y greater than o. 4 % by 

weight. Ro inc!icat.ion was g:i.ven to an upper 1im.t..t £or tlle 

CArboll a441.~cm.. eia is in cODtrat to t:1'e teachings 0£ 

the preaen.t ~:Lon, whez:e the reaction of carbon with 

tJae alv•:Jna~e pbaae i.s belie.ad to ))e 4etr:imenta1 to t1ie 

4ezual£icadcm p2:0aesa. Xt is c1aimed tlsat the tecbni que 

exc1udes tile use of rare earths bu.t DO J:ef:erence was given 

£or the:Lr de1etiou. 'I'Dd.eed., in the work of Omori et a1 (US 

»atent 4.569,921) the use of ca1cia aD4 precu:sors ~or the 

oxides OJ: ·a1tuqin:lma aD4 rare earth e1~8 'for Che 

:Pxessureiess siate:!rlg of' si1icon ca%'bi4e waa cliacl.ose4 · 

with ~a1l.erlt Z"&au1ta. Xu. a«Cl:i.ticm., it has beau. repo:r:ted 

i:.y B'oatar et a.l (J. a. eeram. Soc. 39[11-11 [1956]) that 

aluminium cul>i4e mad. a111m:Jnima oxycm:b:l.de, the 1atter at 

1east :required. for tba process as ou.t1ined, are vm:y 

miatabJ.e towarCls- both moisture aud Ox:19e11. They taught 

tbat these materia1s sbould. not be used ill applications 

where these species are 1ikely to l::>e ~omitered.. l:n the 

process as disa.iosed, sueh al'WDiDium oxYQarbide apeoi.es are 

a key el.~ent 0£ the process. ~e preseuae 0£ auch species 

i.s expected to oxea.tly clegr.ade the J)edOl:lll.aD.Ce and severely 



6 

1imit the auita:b11ity of t.he aaiCl materia1s. :tu the 

i>:esent inventi.cm, · al11m; niua oxycarl:>ides, such as A1,o,c 

8Dd Al,OC, have not been obaerved and thej,r presence is :not 

a prerequis.ite ~or the process disclosed herein. ~s t'b.e 

pz:oaeas mu! pro4u.ct as diac1ose4 herein cwercomes 

aiom.£i.caz1.t disadvantages of the p:oceas as disclosed by 

PU.eutea. 

~e use of z:are ea%ths &U a111m;na as sizltm:!ng 

assists i=or s.i1iccm.carb:lde has been 4iscloaed (eg aee 

Knl.la and ltrstia Bull. Amer. ceraa. Soc. '70131439-443 

[1991] ) • :tu order to o))taisi high 4ena:l.ty bo4:i.es, the 

compommta k4 to .be encapaul.ateCl in olosed threaded 

graphite m:ucib1es sealed with graphite £oil.. Xt was 

revealed tbat botiea cou14 be pro4u.ced with over 95% of 

theoret:lca1 4ezaaity ama. waiOllt loases ~ 1ess t.mn 1 

pexcant. 1dian the same experimlmts ware carried out 

without encapsu1at:lon, the re911ltina bo4ies obtained 1ess 

tbm:t. 80 percent 0£ t:heoretica.1 &malty aD4 wai§ht 1ossas up 

to 20 percezit were recorded.. CU1ter mstl &racksoxi (pp309-

31.8 in Ce~s Hateria1a a.n4 Ccmlpcm.eDts ~or Engines, 

Proceedia.gs of ~ ~:I.rd zutemationa.1 ~aium., Las Vegas 

NV 1988) a1so di.sa1ose<l the use of yt~z:oia m:a4 a11Daina ~or 

the sint.erin§ of silicon carbide. Al.tbo\lgh high 4ensit;Y 

J)ocU.es coul.d be J>z:oc1uae4, the ncoi:Ued weight 1osaes were 

· ldgh and. imu:eaae4 with increasino temperature. ~ 

decomposit:.i.cm. reactions between the sintering assists and 

the ail.i.con carbide were cited as a major prol)1ea. As in 

the case of KU.11a and X%stic onl.yvery shoxt times were 

use4, tl'Pica11y of 5 mimites 4uraticm at; the maximum 

temperature. file xequirement to sub:lect samp1es to minimum 

times at hi.gh temperatUJ:'es is CODSi.4ere<l di£ficu1t to carxy 

out on a C0111ft'91:C:i.a1 scale especially for the maimfactu.re of 

l.arger components or 1ilrhere luge 'fumce loads are used. 

This can l.ead to 1arge ther;mal gradients giviug rise to 
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prol>1ems aueh as 4i£fereu.tia1 sinteriDcf, 1eading to 

aistort:ion 0£ the ~ired bod~s. ~ wov.1d great1y reduce 

the aP.?l.icati.cm. ut1.1ity of the p:coceas .. 

DUCR.%ft%0N OJ' ~ D1V21".l'J:O'N' 

'Rb.is invention PZOT1clea a dezule ail:l.ccm. cubicle 
product Ul4 a matllod of pro41lcizag the aame wj.t:bol.lt ~ use 

0£ pressure assisted processes sucb as llot preaai.Dg or hot 

isostatic: pressing,· t:he use of boJ:OD. or bm:oD. compound& and.. 

carhoa, the use o:f powder beCla or the reqaii:ement £or 

aea1e4 ccmtais:uu:s. %t :is an o!:»:lect 0£ the J)J:eSent 

invention to overcome the Cli££icu1t:i.ea 0£ existing 

tec:bAo1ogies and. p:oduce us~u1 products maed on ai1i.con 

c8.%t>i4e. '!'his i.s acbi..veCl by tbe a44iticm o~ sinteri.nQ' 

assists, aD4 by pmvia:l ng an e11.riZ'ODID8za.t in tez:ma of 

temperature an4 atmosphez:e tbat 1• coD.dudve to . . 
d.emli£ica.ticm.. Xt is ))el.i.eved that the Ckmai~icatioa 0£ 

the powcler compacts is a reau1t o£ a 1~14 phase smterin.Q' 

mecllanisa (L»Sl • 

xn tbe ainteri.Dg of ai11ccm. carl:»:l.de J:Jy tealmi.ques 

sucb as us, it :is l>eJ.ie•ed ~t it is cz:ucla1 to main.tam 

the ~£ective sinteriug ai4s within the body. %23. the 

temperatu:e i:m:ige at which demli£icaticm. occurs, these .. 

e.Clditives react to £m:a a 1iquia pl:aase in.to which a:11icoza. 

carb:l.Cle bas some c!egree 0£ so1ubi1i~. ~ the Utitia1 

stages, t!ae 1iqu.i4 Which £01"1118 at ld91'l temperatures a11ows 

CleiisliJ.cati.cm lJy particJ.e r~. ~ j.s usu.a.11y 

f ol1owe4 by a solution prec:l.p:i.tatiOJ:l step fo11owed 1'Y a 

Xf, as ~s to be 

the case, it ia the liqui4 phase 1:bat is :faci1it.ating the 

denai£:i.cat:i.ou, the premature 1oss o:f ain.tering aids is t.o 

l>e avoided. Be use of excessive amounts 0£ sintexiDQ"· aids 

to compensate :for t:he loss thereof is a1so to be avoided as 

this results in inm:eaaed cost, ·a:oa cau also resul.t in the 
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~position of u:ntrli:llted species in the coo1er parts 0£ the 

£tu:nace. xn a4cliti.Oll, the loss of sinte.rillg assists can 

resul.t iii compositional cra4ients. filese species can be 

unst:able witb regard to the atmosphere mid ean resu1t in 

damage -to the fuznace and make the mami£aceure 0£ 

compODellts bazazdous. ~s, it is ilnpo=ant in the 

ef f ici.en.t 1NU1U£aat~ o!'. compommta to m.in:lm.iae the 1oas 0£ 

rawmat:eZ"ia.1s. 

~e use of PoWde%' l>ed.8 in. the 11BDU£acture of ~s 

ai1icon carbide is Jmown. 'lhe rol.e of a powder bed is to 

provide a suitable enrironment. However, there are ma:tor 

drawbacks to the use of powde'J:' ])eds~ -.rheae are: 

AQ4i.ticma.1 cost of the powder bed. 

Aaaiti.oual. costs a•aociated with the increased 

muaber of ?um41ing cperaticma s110h as loading Cid. 

(after t:.he firinsr> 'UDl.oacliDo' t:be samples from the 

powder bed. 

Poor em:face £in.iah eopeciall.ywhere the sa:mJ>les 

are bi prolonged contact with the powder ·bed .. 

.· 

'n:l.e.powder bed by pr01t:l.diilg active species f~r 

tAe demd.£ication can. resul.t in wa:pi:Dg or 

4istoxtion of the bo4ies as a resu1t of gradients 

0£ d•sast.~ic:aticm ai&J therein, and denaif ication 

sr~ezits ~ can also lead. to wa:ping 822d 

distortion of the bodies. 

'fhe use of sealed eontainers to encapsulate the 

bodies to avoid the loss o~ volatile constituents a1ao 

imposes limitations £or l.arge scale production of bodies, 

as a result of a.d4iticma1 costs associated with ii1creased 

number 0£ unit operations required to produce components, 
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such aa the requirement to load the samp1es into the sea1ed 
containers. 

:DB~Au,BJ) l?ISCRXHXOH 

Al.though it wi.11 be c1ear1y urade:r:-stood that we do 

DOt wish to be 1:1.mit:ed by~ poabllate4 or t:h.eo.retica1 
aecb•nf aa for t:ha observed :beDefiaial results of the 

proeees 0£ the present ~tion, we do of't:er the f o11owing 
discussion. of Wkt is believed to be the under1Yhg 
abemistzy invo1'V'e4. 

Acea~ to the present ilwention a dense 
product. is pro<luce4 which co~tail:ul at 1east: 65 weivht 
pucent silic:cm. Ca%bide with the remainder aubstant.ial1y an 
a111mimate. Part m: all of' the almninate may alao 
cptiona11y amitail'l :magnesium in the foxa 0£ spine1.. 'nle 
sp:lne1 pbaae is :a.ot Zl&aessarily stoichiometric with reapect 
to tlle magnesium to a11nni11ima ratio. 'l'he pre~m:re.4 

composition .range, expressed as the ec;uivalent amount 0£ 

oxi4e, :for the p:oduct is a111miP• 3 to 35 weig'ht percent; 
and magnesia o. 01 to s waig'ht pm:ceu.t. xn adelit:l.011, the 
pro4uct may opti.onal.J.y contain silicon, alumiJdum or glassy 
phases or a cambiDation of t:Jse aaid phases - 'l'he presence 

of alumina in the a-co%1111dum fo=a is typical whexi the . 

a111mini:um to magnesiwn. ratio in the samp1es is higl:l aaa or 
t.be !'iring tempezatv.J:es in the upper pa:t of the specliied 
range are emp1oye4. 

VsefuJ. materia1s can be producecl when the 

siutering aids are added to finely divided si1icon carbide 
powder and the reaultmlt mixture can be processed using 
traditicma.1 ceramic processing techuiq11es to form 
consolidated powder compacts. The said materia1s are 
heated using a two-stage firing cyc1e aJld densi£ication of 
the body resu1ts.. ~he materials can be conveniently 

densified in the temperature range of 1700°C to 2200°c, 
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with or wj.tbout. tJ:i.e &R>1ication of pres.811re. :ct ~a 

aipp:ecia~ that tbs llPS>li.c&ti.on. of pxesaure can be usehl 
in reducing t:be temperature at w!d.ch the demd.J:icat:.l.on :Ls 

car~ied out in m:4er to proc!uce a cleDse J:>o4y, bu.t i.s siot a 

prerequisite for the proceaa. 

Xt ia t:bougbt. t:bat the a&lit.ives interact to :fo=a 
a J.iquid Wbich p~tes desasifieat:icm. ~ a 1iquid pllase 
siza.terinsJ pzoc:eas. ~ use 0£ maouesiua aat a1•nni niUDL 

(both. in the £oxa as either oxiclea or tlleir precursora1 o: 

a1tez:aat.5.vel.J' as a magneaiua sp!.De1 or a m.ixt:ure of the 

a£orementicme4 speai.ea, £aci1itates 4ensi£ic:ation an4 tAe 

u1timate :fonaation of an. alttndn•u grain. bo\1Dda%Y phase. 

J>epana;ng on the atartiug COllPOaiticms a.224 th.e fiJ:i..ug cyc1e 

em;p1oyed, the alu•inate may be present in total or put as 
a ma.Q'DeSium. a111•inat.e (or magneaU. apinel.). Jrm:tlieJ:mOre, • 
magnesium· spiDe1 can enat aa a eo11d ao1v.tion 

(Ha<» •• <AJ.a<>s). w1leze x is 1e•s tl:laD or equal to 1. 'thua 
the gram !>o\U:a4a:y .»base can ac:ccmmodau abi£ts in. cbaical 
compoait:l.onwiUOu.t t:l1e ~oz:mation 0£ a4clltiona.1 pbases. 
This is au important ccmaider:at.icm. £or a high temperature 

reaC::t:i.on such as the presaureleas sint:ering process, where 

tb.e con.tro1 aD4 maintenance 0£ vo1ati1e species (a11ch as 
magnesiua aDd al•1•in:i.um.) cou14 pxove clif~icult· and 

expensive to carzy out in. practice. 

At tbe higher t:empuacuzea used to promote 

deDB:l£icaticm. t:be said magzieaium s»inel which £oz:ms in the 
bo4y or :is de1:lberate1y a4de4, may undergo further cbazlge 

1eaclin.g to an inc:ease in tbe a1uaird,.ua to magnesiUDl rat:l.o. 

~s may continue to the poiDt Where the magnesium is 

essenti.a1l.y J.ost from the boQy. l:t is also possible that 

aJ.umiuiua may be 1ost from tb.e bodies during the £iring 
cycl.e. X£ the process con.timies sti11 further, u1timately 
aluminium metal. or al.,1miuium ·a'lloy may l:>e detec:t.ed hi the 

:body. 
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~ attainment 0£ a. su:ita:b1e enviroma.ent i.s a. 

requiremmit ~or tbe succesa£'111 deiasi£ication of si1:icon 

cubiae by the method 0£ tbe presexat inver:Ltion. Xt i.a an 

aim 0£ the present. invention to proY.:Lcie ocmditicms 

·co=ucive ~or the 4eDai£1cati.cm o£ the ho4:lea.. l:t :is 

considered that tl:aa ~o=at:I.~ of auitab1e Uqu.ids is a 

requ;i.rement o~ the process to i.u:ocluce high desisity l>odies. 

zn this regard it :ls im;pm:tant. tbat the act.ive species, 

responsib1e £or the. &m1d.~ication of the ~, are retained 

in the bad¥ unt.i1 such times as the denailication is 

cOllC'1eted or xeaches such 1eve1s that o~r m.echan:ism(s) 

can 1ead to the atta:hment 0£ a high 4aDs:lty bodies. ~is 

is cO"!IPou to 1:iQUi4phaae sintering tecbniQUes where :it :is 

a req\lirement ~t the l.iqu:ld be stab1e. Xu addition, it 

is a condition t:bat umratad c~ommts are removed by such 

taabniczu,es as vo1at:11:lsati.on. or decom;oosi.ticm aJ24 £ozmati.on 

of pbases tbat assist or do not int~ere with the 

CteDsi£ication p%C)Cesaea. 

eare a:re za11mber 0£ ccm4iticma tbat mu.st be 

eatia~ied. in orde:s: to obtain usefu.1 product.a. ~•e 

conditions re.1ate to eusw::i.ng tbat. the ai1icon c:ar])ide and 

the 1io;uid pbase ~spcms1])1e £or densif~cat:J.on, are stable 

at .the dena:i.'fi.cat:J.cm. temperature •. At tlie high temperatures 

requ.U:e.ci £oz denai:f icatio11. tbe sol.id c4 1iqui.4 pbases 

requixe vapom: pressare of eleme11tsr aub oxide• Uld other 

vapour apeci.es to :amain stab1e. ee l>o4iea o-enerate their 

own stal>1e aemospb.ere tbrou.crb pm:ti.a1 decomposition o'f the 

said pbase~, bu.t this decomposit:.J.on s!IOuUl JlOt ))e such tl2.at 

the generati.on o:f the atahl.e a.at.Oaphere 4ep1eees the 1iquid 

pbase to suc'b an extent ~t densi.'fiaation is so reta:ded 

or i=1bitec1 that it is not pcssil>1e to make dense bodies. 

:tt is advmitageous ta maintain a ~avourab1e 

e'f:fective sa:m;p1e vol.ume t~ fur.oaee voiume, thus l.imi.ting 

the amount 0£ decomposition of the so1id and 1iquid phases 
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to . gaseous speed.ea and. ensuring an adec:iv.at.e 1eve1 o~ 

addit:lvea remain in the l>ody to obtain a Clense boay. ~i.s 

coup1eCl w:ltll a c:a.d:>ml JIODOZide atmos»here ill the secoDd 

stage of the proaeaa, are succeas'f"uJ.iy used to suppress the 

amouD.t o~ 4ecompositicm. of t:hese phases wit:hout the need to 

resort. t:o ot:he2:' me•ns, nch as powder be4s or the 

intrOducticm. of active species into the bot zone from. 
exterDal. sources. ~ importance of this aspect: w:l1J. he 

i.11u.strated with amiae of the 'findings of this 

inveatitrat:lcm. 
iCt' 

Po:- tlMl productiou of bocS:les w:lt:h thicker crosa 
sect~ons, s.i.Q111£1cane cli.~£erences ·in 'fiJ:ed bu1k de!Ul:lty can 

occur on the inside witb. xeapect to the outside of the body 

(coring) • This can u1timate1y 1ead to cracking o~ tlle body 

~tar £abxication. Xt :ls be1ieved thia bebav!.ow: is tile 

:reaul.t of the pnaence of 'Pbse(s) that. :blterf:eJ:e with the 

deusi£ica.tion procaases by either cb•ngiDsf the nature of 

~e 1iqu.i4 phases or which 4ecompose at the 11d441e to 

higher teJQPeraturea used. 'lile 4enai£icaticm 0£ the bo4ies 

is such that i.t is difficult to elimiuate cores from tbe 

interior o~ the thicker bo4ies. Pxom. the £oregoing it .can 

be appreciated that t:b.e critical thiclcness above whi.Ch the 

~omtion o:f coz:es :ls a ~1em wi11 4apend on a m1m»ez: 0£ 

:factors such as hea.tino' rate, stacking geoaetJ:Y 0£ samp1ea 

b\ the ~UJ:D&ce, e:f:£ect:ive gas £1ow z:at.e,, 1eve1 of porosU:y 

and pore sise Of the ~. 

~ uae 0£ ugon 'for the sintering of samp1es 

results in the for.mat.:lo:n o~ c!eDSe 'bodies. B~er, an 

unwanted competi.Jlo' reaction is the decomoosi.tion.of tbe 

si.1icon aa.r:bicie. 'Xt is considered that this ia a 

consequ.ence o:f t.A& reaction of the aiutering aas:i:ats wi.th 

the si.1icon ca:bJ.cle. ~s 1eada to the ~ormation of 

si.1~con. Which CODdenaes on the bodies with a deteri.orati.on 

of the surface finish. :It can also lead to the 

.· 
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coside11sat:ion of ai.1icon on the coJltact points o~ the 

samp1es with t~ce f'W:'JD.tm:e or ot.ller 1'o4i.es mald.ng the 

. :emova:l or sepai:aticm 0£ the ))odies extremely 4i~fic:u1t:.. 

:Ct is SAtic.i.pa.t.ed that Che generation 0£ si1iccm is the 

resu1t:. 0£ tl\e Ullwa:llted .reaction of' a111mina wi.th tb.e si1icon 

carbide <£or examp1e see reaction 1): 

••••• (1) 

the use 0£ an atmos:Dhere ccm.ta:l..ning carl:>ou monoxide. 

1eads to a great1y improved ~ace £i.DJ.sb. To s\IS)preas 

reaction (1), at t:he upper eD4 of the t._,erature range 

used £0: the deusi£ic:at.icm, a pariia.1 presaure of aar])ou 

monoxide greater t:1lan one atmoaphexe is require4. '.fl:ds 

tempera.cure is estimated to be 0£ the ozder of 2100°c. :tt 

has been found that at low tempcu:aturea there are 

~avourable"reacticms between. the powd.eX' c:ompaets am.\ the 

cabon m.cmoxi4e £m:aace atmosphere. J:t is antia.ipate4 tbat 

be.1ow r~y 1ssooc the f o11owincr reaction is 

thezmodyna:mica11y feasil)le and can proceed J.e£t to.right • 

sic + 2CO-+ Si~ + 3C ••••• (2) 

Above rouahl.y 1sso0 c in one atmosphere of carbon 

monoxide reaction 2 goes from ricrht to 1eft. (see reaction 

3). 

S1.02 + 3C -+ SiC + 2CO • •••• (3) . 

xn additian, it is also possible that some of the 

si1ica £oxmed by reaction 2 can react aecordi.ng to reaction 

4. 
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....... (4) 

PU.xtb.U', the free car];)on p.reaeut can react with 

the a112•i,,ate phase l.eading to its decomposition and 

impairing the dens1£icatiouproeeas (see reaction 5) • 

••••• (.5) 

%t mtat be appreciated, that as a raw materia1, 

the si1icon carbide powder is in~itab1y covered by an 

oxide layer 01: si1ica. As si1ica is detxi.menta1 to the 

deusification of bodies, it J1111&1t be removed. 'l!ds can he 

achieved ])y decomposition to gaseous species such as 

si1:lcon monoxide (see reaction 6). 

.· 

• •••• (6) 

Por tbimaer :bodies this reaction can l')%'oceecl with 

the si1ica being remove4 by a decomposition react1.on suah 

· 1 as reaction 6. However, for thicker bodies the time 

required to remove this phase is appreciable. Au 

alteXDB.tive is the de1ilierate ad4it:lon o:f carbon to react 

wit.h the si1ica phase (reaction 3) to produce si1i.con. 

carbide in the 1ower to mid temperature :a%lges o:f the 

firing cyc1e. .Depending OD the thi.cime.88 Of the 

compcmtmts, stacking geomet~ aa4 the £\una.ce CODf.iouration 

the use of 4we.11a can prove bene:f icial to eusure that this 

phase is removed.. ~carbon addition shoul.d be added such 

that it i.s s~fici.ent to remove the si1ic:a phase onl.y to 

prevent unwant~a. reactions such as reaction 5. The dwe11s 

or s1ow heating .rates are al.so iq;)ortant to ensure that the 

amount of' gas 1iberated, does not cause a pressure bui1d up 

greater than the cohesive.strength of the com.pact, 1eading 
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to tbe ~oJ:mat:i.on 0£ m:a.cks. ~e.uae o% slow hea.tizlg rates 

is in t.o c011txast with much of the teachiugs of the prioX' 
a.rt. 

~ the presence of eitller or both the si1ica or 
ca.Dxm. at the ldgher tem;peratu:es at which &msliication 

occ:u.ra, react to P¥'oduce an unatable phalle or phases. Xt 

is ))elieved tl:lat inte~1 scJ:eases are geu.erated witbin the 
:bo4ywlleD tile iDte=al. pores are cJ.osed of~ fzom t:l\e 

out:sia.e atmos»Aere ~ At high tampe7:atues Chase stresses 

are su£:ficien.t to ovexaome the cohesive st:renath o:f tbe 

compact, resultiug in the ~tuz:e of the JxKly. ~s 

m&m.:f ests i.taelf iii Che }.)odiea id~ ~iring exhil>.itina 

macro cracks. 

The use of nitrogen for tbe deD.ai£ication of 

bodies ia not suitah1e as a reau1t. of ~avoural:>l.e reaatU>zi 

0£ tlla consti.t.uezits of the J:)odies w.i.th the at:mospbeze to 

foal stal>1e compou.nQs. These compoUDSs reclu.ce the IUllOW1t 

of liquj.4 preaent at high temperatures aTa!.1aJ:>le £or 

deDS:l.%.icaticm. %t is ccmaidered t!Mt.t t:Jiis is the :cesu1t of 

·! the ~eact:i.on oi: a1q1na nth t:he silicon carbide iD a 

nitrogen. atmosphere to p2:00.Uce al.n•i11iua nitdcle •. ~e 

£oz:mation of stal>1e a.;Luminium uitride is a.ccompaDied J)y a 

co:creapoming decrease m the amouut o~ 1.iqd.d p!Jases 

necessaxy to ail.ow deDSi.fication to proceed Oy- 1iqui.d"phase 

sinteriDg. A possib1e reaction is as f'ol.1owa: 

••••• (1) 

Thia aemonst:a.tes the 111iport~e of maintaining 

the presence of the 1iqnid phase at least unti1 

.dens~£icatio: is essentially comp1eted.. 

Xt bas l>een £ound that the use of an bet 

atmosphe.:e be1ow 1SS0°c and preferal:>1y at 1east 160o0 c, but 

be1ow the tez=mpatu:res at which the onset of the unwanted 
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react.ions such a.a z::eact:Lon 1 occur, .is bexie£i.cial. £or the 

p%'ac:luction o~ us~ui PZ'OdUCts. ~ at the cemperaturea at 

which there &%'e 'UD:favourab1e reactions between the si1icon 

carbide baaed. bodi~a aiad the caJ:J:xm monoxide ablla.BPbe2:e, 

the use of' an inert: ataoapb.ere such as a:gon or possibly 

n:l.trogen cm:t. be used. Above this teJQPei:"ature t:be. ~ur.Dace 

cbam:ber is puzge4 am carbon mDDOX:l.4e is intxoduced into 

the hot zone for ~ remai~Oer of the ~iring cycle. 11.rbe 

tem.PercLture in tbe reaction ZODe is such that the umnmted 

and detrimeJ1ta1 reaction which lead.a to crac:ldng 0£ t:llle 

body does not take place. JA additicm; t:be umrcm.ted 

£oD&&ti.on of silicon on ti. body is avoided. 

An al.ter.miti.ve is to use redUCed p.i:essuX"e in ~ 

Rmce cbaraber be1ow l55o0 c. '.flms the i.mwanted react:l.ous 

. , of carbcm monoxide with the compacts is avo!.ded. Above 

this temperature, carbon monoxide is :J.Dt:ro4uce4 into the 

reaction ah.amber t.o prevent: the 'UllW8ilted foJ:m&tion of 

si1ic011 at bi.gh ~at~es. 

~ it is the iutctioa to p%:0duce boaies with 

thicker m:oss sect.iou, it bas beeA 'fow:sd that it :i.s 

aO.van:ageous to take steps to 4eli:beJ:&t:ely r~ .the 

sil.ica ~rom the systea as tl:lis pbaae, or the ~:I.de-based 

reactiou proc1uct :fo:cmed ~rom tlle said phase with other 

pbaaes prescmt, i.D.t;er.£erea with the UDif~ 4ensi£:i.cation 

0£ tAe said bocliea. Poor such l>odiea it can prcwe dif£ic.u1t. 

to xemove this pbase ):)y' processes 8UCh as decomposi1:.i.on an4 

di.ffusi.on. ~s ~se as clesc=-ibecl can perai.st at higher 

temperaturea. .xt bas :been foum that carbon. added 

accom:Lng to equation. (3) to react with the sil.ica present 

on starting material.a is bene'f icial. in eliminating the 

presence of 1ow density co:z:es iD the ~ired sa:mpl.es. care 

has to be taken to ensure that the evol.uti.on of gaseous 

species expected to .be carbon JllOnoxide does not 1ead .to the 

c:::ack~ng <>~ the bodies. Fu.rt.her to this it has been found. 

ot'·,· ..., ..... -· 
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:ben.e£iaial. to hold t:he sample at: a ~J:ature at which the 

ieaction (3} :i.s ~~ail>1e aua. can proceed 1eft eo ri.ght at 

an apprec~le rate to enam:e tbat t:be reacti021 is 
essentia11Y c:omp1ete ~ore Jieat.i:ng t:o a. ldgber temperature 

wt the :ate a:f re1ease does zaot:. 1ead t:o cxacJciDQ' of the 
bodies. Note,, it is thought. tbat reaction 3 shou14 be 

easctia11y comp1etecl be~ore beati11.g' aove the eCNi11J:)r:ium 

t~rature :for tlla i:eacticm in cme at:mospbere.~ carbon 

monoz:i4e. under tl1ese ccmditiw the crenerati.on of carbm:I 

mono.zide can excee4 one atmoB»)lere Ul4 produce ccmditions 

which are comua.i•e to cr&Clc:incr. Mdi"g too J1D1c:l:I. ca:bon. 

accerClius;r to :eact:icm (3) for tba 81QOmlt of a:i.1ica present 

leadS to &:1:1. ol:>ae:rvecl dec:eaae ill the £:I.red l>u1k deus.ity. 

J:t is believed this is u a reau1t o£ the umnmted rea.ct:ion 

of the resi4ual carJ.)On with oxicles pbasea. Tlds ia in 

cout:rast t:o the wor~ repoz:cetl l>l' l'lleDtes where the reacticm 

of. caxbon with al11m;niwn c=taiziiing i;»baaes to pro4uca 

oxyca~bid.es is beneficial • 

. Xt is hypotheaiaecl tbat when carbon monoxide 

at:mosplieres are use4 excs1uaive1l"1 t:Jie use of extended 

clwel.J.a al>Ove tlle 1600°c may overcome the problems . 

assoc~ated with the uae of this atmosphez-e at 1ow 

temperatures that manifeat:s itse1£ in the macro cracking of 

the aampl.es • Xt is tile izltant.icm. tl1a.t t:he use o.f an 

iDtel:.'XUPted ii:c!.1\g cyc1e nth a dwe11 above tbat 

teq;>aratuxe at wl:d.cm the car))ou moDOZicle adverse1y reacts 

with tho l>odiea wt below the t:empe.ratm:es at ~= 

denaification occurs leading to eea1ina' off of the int~1 

pores ~xom. the uur£ace, t~ trapping vol.atil.e products 

in the bodies coul.Cl prove ad,,antageoua. :tt is speculated 

that the use o~ tempez:atux-e dwe.11e al>Ove about l.5S0°c say 

1600°C, but be~ow the onset of exteusive densification, in 

particu1ar before sealing of porosi.ty o.f the bodies,. 

estimated to .be arOUXl.d 1900°c oou1a pr°'1'e to be e£feative 

.. -.•: 
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iD. preventing cracking. ~ ~i:iug cycle wou1d !>e 

continued a~ter such times as tile unwanced species bave 

:been :r:emovecl an4 the &aJDDie vou14 then be heated to the 

fina.1 smterbig temperature to cteu:i.£y the powder compact 

into a CleDse usefu1 body. 

.· 

'the imoo~e of tlle raq\li:r:emen.t t:o retain the 

dansificaticm. aicls has been 4iscu.asec:l. At the hioh 

temperatures u.aed £or the 4enaif:lcaticm. of the boclies,. the 

vapour pressures o~ the various elemeuts am other species 

can be significant. A conseciu.em:e of' this is to 1imit the 

umranted reactions. xn a static envi:cmmezit, the Tapou.r 

pressure of a species wi.11 be d.eterJld.Decl i:.y thermodynamic 

anCI. kiDeti.c ccmsiderations. At: the t~eratures used., the 

rates of' the react:i.ODS are typica11y rapid and thus the 

maizi coDBi4eraticm m:a t.11e tbe=o4ymmaics of the .reacti.ODS. 

~ amoUAt o~ ma.~ia1 in the l20t zcme ia an impoRant 

Va2:iab1e. Xf'. ina11ff:icient. mate~ia1 is ~:U:ed, the amoant of 

decomposition (re£1ected in t:he weight 1oas after £iring) 

wi11 be 'UD8.CCeptab1e and in exu:eme cases denaif icaticm. of 

the bod¥ wi.11 not be aabieWKt. ~ dec~osit:icm i.a tbe 

reau1t of the genesat:i.on of the vapour species in the 

atm.ospbei:e. The actual. paz:ti.a.1 pressure of the species can 

be pz:edi.cted using tbermaclymmdc cal.cu1at.iODS. 'rhe vapour 

pressure :is thus l.iai.te4 to e~ther tbe ec;iui1il>r:ium. part.ia1 

presslU'e or until a11 tile plase in question is consumed in 

t~g to establisb ta equi.1ibriuapazt:ia1 pressure. 

Depending on parameters such as t:he e~£ecti.Te fUJ:"Dace 

voJ.ume a:ad its cmua~ruction. as outline4 previously, it is 

possibl.e to 1imi.t the amc>1111t o~ decomposition and 

geuerat~on of a stab1e pai:tial pressure of vo1ati1e species 

without s1gni.f ica:ut1y cha»giug the starting composition of 

the samp1es al3d adversely affecting the densi£ication of 

the body. Fu.rthexmore, by incoJ:Paration of same of the 

gaseous reaction products, spec:i.£:ica11y carbon monoxide, 
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into the furnace at:mo&phe:re £rem extm:i:ial sources it is 

possib1e to mini~se decomposit:icm. of the aa:mp1es using ~e 

Cbatelier princip1e. 

A mat:hod of f C>%11Li:Ag a de:Dse si.1icon carbide 

product is 4isal.ose4 wi.t:hout the use of !>oi:on, or boron 

com:aiDislg compouDCls aD4 carbon associated prob1ems of 

UDCOJ1trol1ed ar&:ir& g.rowt:b d.egra.Giug the physica1 properties 

or a1ternatJ.veJ.y the use of powder beds or tbe use need to 

introduce act::ive 4emd.fication aida into the fu:zi&ce 

chamber via tlle ~ce at:Sll.Osphere. 

The p~ellt. iu.veut~ wi11 Ile 1:t.=ther i11ust:rated 

J:Jy exampJ.es in a DOU 1imit:i.Dg manner. 

BlUBF DBSCRJ:ftl:OH OP ~ l>RAWDIGS 

In t:ha accompen.yiD.g drawiD&Ts: 

Pioure 1 i1lustratea data .relevant to zxample 26 

below. 

Xu tbe £o11owi.zlg examp1es all qwm.t::ltiea aze 
~resaed iu parts by weight, unless otherwise specified. 

Example 1 

9:.'be raw materials uaed "8%• u s~1i.con c&J:"bide 

fJ:om Lonza known as SJ~'ll tU'l.O; a1•n11iD• ~rom. A1coa mown as 

grade A16SG; and magnes.i.a £roa Ajaz (Analytical Grade). 

fte powders were wei.gheCl aD4 ba.11 mil1e4 usiltg ai.1!.con 

carbide milling mea.ia. 'The cond.id.cma u.aed £or this 

operation are show.A m ta:b1e 1. 
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Tab1e 1 

COnd:i.t:lons uaed ~or ba11 milling operation 

time 

Pow4er 

Hil11Dg Keelia 

Pluid 
Biudex' · 

16 hours 

300 0 

1500 g 

600 ml iso-prop&!l01 

2 wt% 

After milling, the mill.hig media was separated 

'from. the s1uri:y "ld..ch was aul:»seqwm.tly spray dri.ed. The 

powder was 1max:J a11y pressed using a steel die a:a4 pu:ach 

set and co14 1aoatatiaal1ypresaed at a pressure 0£ 150 ~a 

iD.tO a "10 ma sqam:e t.ile. 'Baa aa:mp1e was then hea.~e4 in 

a:l.r to 400°c am held for s hours to resacwe the b:!:mler. 

~ samp1e was placed iu a gr~hite work box wi.tb a loose 

~ittino 1Ul. ~work box was heated bl a gi:aphite 

z:esistBDCe ~m:uac:e ill an atmosphere of argon. At 16oooc 
tbe £U%D&Ce was eTacU&ted aD4 ])aa~i11ed with carbon 

monoxide (see table 2). file specimen after firing bad a 

smooth su.zo£ace :fmiah. -.cb.e startillg compositions and 

results ~ given in tab1e 3. 



&xamp1e 

sic 
A1203 

MgO 

At:mo&phere 

Masa(g) 

GBD(g.cc-1 ) 

nI>{g.cc-i.) 

wt: Change% 

conamits 

Where 1 

2 

3 

4 

5 
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~ab1e 2 

F!~ing cyaJ.e 

Beat at 1400°C.min1 in Ar 

Hold £or 60 minutes 

Beat to 1600°C at s•c.miu-1 

Bo14 £or 30 minut.es 

BYacmate 8D4 l>ack£111 nth co 
Keat to 1900°c at s•c.:ada-1 

Heat to 2030°c at 2.s0 c.mbi1 

Ho1d for 60 mism.tes 

Cool at 10°c.min·1 

l 

8'7.8 

10.7 

1.4 

~ab1e 3 

Sample t>etai1s 

2 

87.8 

10.7 

1.4 

Ar/CO Ar 

164 174 

1.10 1.69 

3.16 3.08 

-5.9 -8.'7 

1 2.3 

3 

87.8 

10.7 

1.4 

co 
179 

1 .. 72 

3.16 

-8.2 

4 

4 

87.8 

10.7 

1.4 

N2 

14? 

1.75 

2.07 

-10.7 

5 

Goo4 surface finish GBD Green l!u1k Denaity 

Si1icon on sur£ace FBD Fired Bu1k Density 

Poor su~a.ce finish 

Cracked 

Sa:mpl.e porous 
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· Comparative B??!J11Pl.e 2 

!rile apecillum prepa.rati.on. cmd: the £iring cyc1e 

were the Smile as £or Ex•mp1e 1 wit:h the exception that 

there was no evacuatiozi step wi.~ l>ack:fiJ.l at 1&oooc aJ2d an 

u:gon at:.mospbere was used ezcl.usively. After firing the 

specimeD lla4 s~ace 4ePOai~s of silicon (see ta:b1e 3). 

Tl:le surface fim.ab m; the specimen was rough iu comparison 

the specimen p~d accorcliDg to example l.. 

Comparative BXam.p1e 3 

'Iha specimen preparation am the ~i:'in.g cycle 

were the same as ~or Bx•mpl.e 2 with the exception that 

cazbon monoxide was used for tbe c:omp1ete ~iri.J:Lg cycle. 

After the £i;z;-i.ng operation, the surface £!JU.sh of t:.he 

specimen was the same as example 1, howevu, the sample was 

ba.41.y mac:co cracked and 4:i.seorted (see table 3 > • 

Comparative Bxame1e 4 

'S:le apeciaaii preparat.icm was the same as BXample 

2 except that a 4isc 65 mm in diameter was u.aed. ~ 

f iriDQ cycle was the same as ••.,le 2 except 1:.Jlat nitrogen 

was used. A£ter the ~iring the sample hacl not densi£i.ed to 

any appreciab1e extent (see· table l > • 
Prom the reau1ts in cab1e 4 i.t can- be· seeii the 

aa.vantasie o~ t:he two stage £iring cyc1e. 'S:ds results in a 

higher ~.ired bulk demlity tban the uae of' argoii or mtrogen 

aQQospheres a:ad eli•inates tl:ae macro crcieking obse:cved with 

the use of. carbon monoxide on:Ly atmospheres.. :en additiou, 

it ~s poasil:>1e to use relatively s1ow :firing c:yc:les and 

sti11 produce usefU1 components. This is important for the 

mass p:c'Odu.ction of samples using 1a:rge £uniace 1oads or the 

manufacture of large components where it is not o~ten not 

practicai or :feasible to ~se rapid heating rates. 



23-

Comparati.ve Examp1es s - 8 

Samp1es.ware prepared accordino to Ex•mp1e 1 w1.th 

the exception t:hat 4iscs 65 mm in diameter we:e used. 'l!'he 

£izincr cyc1e used. was iclentica1 to t.bat used for BxaJ!q;)le 3 

except £or the 4we11 time at the maximum temperature. 'rhe 

reeu.1ts o:f the fil:iDcfs axe given in table 4. 

'f el>le 4 

Examp1e s 7 8 

sic 87.8 87.8 81.8 87. 8 

A1203 10.7 10.7 10.? 10.? 

Kg() 1.4 1.4 1 .. 4 1.4 

Atmosphe:e co co co co 

Kaas(g) 14'7 147 147 14'7 

QBD(g.cc-1 ) 1 • .,3 1. 18 1.. ?8 1.?7 

~ime(min) 0 30 45 60 

FBD(g .. cc4 i.) 2.86 3.02 3.07 3.13 

wt Change% -4.8 -6.2 -?.s. -8.? 

Comments Cracked 

:From the reau1ts 1isted in tab1e 4, cracking on1y 

occurs at the 1ater stages of the deus~£ication. 

~ermore1 .it is thought tbat this.bebaviour occu.rs after 

the samp1e has reached the closed porosity stage. Xt is 

well laloWD. that there is a general imrerse rel.ationahip 

between the 1evel. of porosity and strength for such 

ma.t.er:ia1s. ':rhe inability to produce ~r&CX free bodi.es with 

low 1evels 0£ porosity would g~eatly 1imit the application 

of such JDateria1s. 
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Comparati.Ye Examp1es 9-13 

The smnp1ea were p:epai:ed acaozding to the method 
of Bxamp1e .1, wit.h t:he exaept:ion. that 25 mm. discs we:r:e 
usesi. For aamp1es heated. to 1400°C and hi.gher iz:r. the 

at:mospbe:c-es indi.c:ated, the aurp1es were hel.d at this 

tmape:r:ature for 60 minutea prior to heating the max~mum 

tempe:ature. Samp1ea 9, 1.1 am 12 were heated to the 
maximum temperature am coo1e4. The results o.f t:.be firing 
are. given in tah1e s . 

Tal)le S 

Samp1e l>etail.a 

Bzampl.e 9 10 11 12 13 

Si.C 87.8 81 .. 8 8., .8 87.8 87.8 

Al.203 10.7 10.7 10.7 10.7 10. "1 

MgO 1.4 1.4 1.4 1.4 .1.4 

Atmosphere co co co co Ar 

Hax.TelQP(OC) 1100 1400 1600 1900 1400 

GBD(g .c:c-i.) 1.?2 1. '74 1.1s 1.73 1 .. 72 

FBI> (c.cc-1 ) 1.?2 1 .. 82 1.81 2.09 1.12 

Wt Change% -o .. o +~.2 +3.8 -2.8 -0.9 

Co.lour Grey Black B1ack Grey GJ:ey 

Fz:om the resul.ts of Bx'amplea 10 and 11 (see table 

5) , it can be seen that heating tbe samples iu a carbon 

monoxide atmosphere at 1400°C resul..ts iD. a weight gain. rt 

is tboUght:. that the col.our change of tile samples £rom. grey 

l.n the as pressed state to black, was the resul.t of carbon 

.foxma.ti.on within the samples. PUrthexmore, the formation 

of carbon occurs :by oxidation of the si1icon carbide 

according to reaction 2. From the resu.l.ts of Example 9, 
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the weight change Oeba.viour ~s :u.ot the resu1t of the 

deposition or axa.c:td.Dg of the carJ:>on monozi4e within the 

sampJ.es.. HeatiDg of the samp1es to higher temperatures 

resu1ts iJl a weight 1oss and colour change from :b1ack to 

the o:risrbaa1 g:ey co1our (see .Bxaap1e 12) .. Th.ls :behaviour 

is a.tt:ibuteel to the carhotb.ermal re4ucticm. invo1v~ the 

carboa &mi silica fozmed at l.ower temperatures accoJ:ding to 

react.ion 3. J:t is thought that the presence of tlle si1i.ca 

has an adverse effect on the demiif icatimi. of si1icon 

caJ:"bide. For a saJQp1e heated in. an argon atmosphere 

(bamp1e 13) ~ there was no weight iDcrea.se or co1our 

chm:ige, iD4icatiDQ J1G J:eaction :between the samp1e aDd the 

atmosphere. 

CoeParative :sxamples 14 - 17 

TJ:Le ef£act of additives on the oxic!at~ of' 

silicon ca.roide in. a carbc>A JDDDOXi4e atmosphere was 

studieCl. 'ale resuJ.ts are oiven in tah1e 6. 

'.rab1e 6 

Bf~ect o~ compoait:i.cm on weight cbange l:>ebav.iour in co at 

1400°c £or 60 mislutes 

Exa.JQpl.e l.4. l.5 16 1'7 

SiC 100 90.0 98.6 87.8 

A1203 0 10.0 0 10.8 

MgO 0 0 1.4 1.4 

Mass(g) 5 s 5 5 

GBD (g .cc-1 ) 1.65 l..12 1.67 1.68 

FBl>(g.cc-1 ) 1.66 1.'73 1.72 1.80 

Wt Change% +0 .. 8 +0.9 +5 .. 4 +.9.2 
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Silicon carbide pOWder, with anCl without the 

· adclit.ion of al.matpa is re1ativel.y st:~1e under these 

conai.ticma as evide:ace4 by the iiegligib1e weight changes. 

By contrast, tl:le addition of :magnesia res111ts :in a 

significant ia.crease in weight being obaeJ:Ted a.£ter f.ir.ing. 

:tt is J)e1ieved that tbia beha:viour is the reau1t 0£ the 

reaction of the additives w.i.t:h the s.ilica 1ayer on the 

silicon carbiae. GU.a proridea a rapi.4 transport mechanism. 

for the ox;ygen throa.Q'h the aai.d layer to the si.l.iccm. 

ca:rb.i<le. 

Examples 18 - 20 

t!he ef£ecta 0£ residual silica, with and without 

the presence of £ree carbon, cm the 4ensif ication. beba•iour 

was studied. 9Je samples were prepared as out1.ine4 for 

&za1')l.e 5. 9le resu1tin.o potl&ar alm:riea were spray dr.ied 

and. green discs (65 mm. diameter) weze unaxia11y pressed at 

35 HPa aD4 wet. l>ag CxP at 150 ea. 

':be samples were f :U:ed in an atmosphere of carl)on. 

mouoxi4e atmoa::PU:ce at 14oooc to £OJ:a silica amt carbon 

(3X'ample 18-a and 1.9-a). Bxaaq;>le 18-a was auhaequent1Y 

lieatecl to 600°C in ai.J: t:.o remove the carbon,, ~ the 

product is designated Bx&IUPle 18-b. 
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Bxamp1e 

S.iC 

A~03 
Hg'() 

Atmosphere 

!lax ~ 

HasS(SJ) 

Wt c1u11nge 

comments 

Where 

(OC) 

% 

1 

2 
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~ab1e 7 

Sampl.e Detuls 

18-a 

87 .. 8 

10.1 

1.4 

co 
1400 

177 

+S.4 

1 

Co1our B1ack 

Light Grey 

1.9-a 

81.8 

10.7 

1.4 

co 
1400 

178 

+5.4 

1 

18-b 

87.8 

l.0.7 

1.4 

Air 

600 

187 

-2.8 

2 

'Rhe results show that £iring in a carbon monoxide 

atmosphere reau1te4 in an increase in t:he weight of the 

samp1e.. D:l acUlit.ion the amap1e ab•ngec! co1our from a 1iaht 

grey to a .b1ack col.our. -'this change in col.our was 

attributed to tbe £oi:mation of carbon in the samp1e. After 

heating at soo0 c in air (Example 18-b) there '11as a decrease 

in the weight of: the samp1e &lld the co1our cb•nge4 back to 

its original. co1our. HoweTer, the.re waa a net weight gain 

obse:ved £roa the sample after die carbon monoxide and air 

f~rizig. ~s was attributed to the formation of si1ica 

from the •il~con carbide. 

These samples (18-b and 19-a) were heated using 

the ~iring cyc1e given in table 8, and the products are 

designated 18-c and 19-b respectively. 
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~a!;)J.e a 
. ·SUmma.ry of Jl'b:mg Cyc1es 

Keat to 1400•c at 10°c.mm-1 in Ar 

Hol4 at 14oooc ~or 60 mbmtes 
Keat 14oo0 c to 1600°c at S0 c.ain-1 

Ho1d at 16oooc for 30 minutes 

Bvacuate to 1 ma Bg mid :fi11 wi.th co 
Heat 1600°C to 1900°C at S°C.mi:n-1 

Beat 1soo0 c to 203o0 c at 2.s0 c.min-1 

Hold at 203o0 c for 60 minutes 

coo1 to room temperature at 10°c.m.in-1 

unti.1. t!sG uatui:a1 coolisig rate takes over. 

Tha"z;esu1ta are giveii iD tab1e 9. 

SiC 

A12~ 

Mao 
Mass (g) 

FBD (g.cc-J.) 

% 

Conmlents 

Comments 

~1e 9 

Smap1e J>etails 

18-c 19-b 

87.8 s1.a 
10. "1 10.7 

1.4 1.4 

182 188 

2 .. 94 3.16 

-11.5 -10.0(-5.1) 2 

1 

Where 1 Ba.d1y d~atorted 

2 Weight 1oss for samp1e before co firing. 

20 

87~8 

10.7 

1.4 

178 

3.19 

-s.2 
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~ resu1ts demoJ18trate the adverse effects of 

s'i1ica on the ~ification of sj,1icon carbide. BXam;>le 

18-c (oxidised in a carbon monoxide atmosphere a:nd 

subaequ.e:t1y heat~ in air to remove the carJ:>on), UJ:lde%went 
a large weight 1oss after densif icatiOD at high 

temperature. i:rhe final. bu1k demlity was re1ative1y 1.ow and 

the mic.rost.ructUJ:e of the sample was characterised by 

porous z-esiiOD.S. b•mp1e 19-b (fired in carbon monoxide 

acmospl:lere to 14.00°C and re£ire4 uaing t:.be two stage £i.rina' 

· cya1e), al.so eXbibiteCl a J.arve weight loss. By contrast, 

the fired bu.1ked density obtained after fh'ing was 

c~arab1e to the two stage fiz;ing. For 'RYamp1e 19-b, it 

is be1ieved that the silica and carl>on foraed during the 

f ~t f iriD.Q' cycle to uoooc, reac:t:e4 to form sic aD4 

canxm monoxide bl Cl:le a:aon aaaosp~e in the second 
firiug. i:t shoul.4 also ))e noted that the o,,era11 weight 

aba"Dge (~or l:»ot:.h firiuga) fOZ' Bzamp1e 19 was very similar 

to tbat for zxample 20 fire4 using the two stage f ir!Dg 

cycle. Thie demonstrates the a4verae e£fect o~ s.i.1icon 

carbide on densi.~ication aD4 the its is possible to produce 

high density samples in. a ca.rbonmonoxiCle at:mospb.ere i.f the 

sa1d phases which is inevital)le foxmed at 1ower 

temperatures is removed ~rom. the. boc1Y prior to the high 

temperature densificat:i.021 step. 

Examp1es 21 - 25 

~ coDf i:rm. silica that. bas an adveree e£~ect on 

.the densi.fication of s:i.1icon car:bide, ~ree carbon was added 

to react with the si1iaa. ~e same source of si1iccm. 

carbide aDd magnesia as used for BXa:mp1e 1 were used to 

produce the samples.. ".rhe alumi'Da used was obtained from 

Alcoa was known as grade A1000 and the carbon source was a 

phenol.ic resin.. The powders were l:>atcll.ed and ba1l. mi11ed 

using si.1:i.con carbide mil.ling media (see table 1.0). 
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Tabl.e 10 

Ki111ng C<m4itions 

~ime 

Powder 

Bal1s 

P1ui4 

16 hours 

350 g 

1500 g Sic 

700 ml iao prQpanol. 

~e compoaiti.ous o~ the batches are given in 

ta.bJ.e 12. Rote the i:atio of Si :Al :Kg was kept constant £or 

each mix. The weight 1oss after pyrolysis for the pheno1ic 

J:esin was 45.6%. Asamaiug a surface oxide 1ayer o:f 3 

weight pe%Cent. for the si.licon carl:tide, 1.8 g of carbon 

wou1d ])e reqa..ii:ed ~or eacla 100 g of silicon carbide £0% 

cou.versic= 0£ ~ said silica J.ayer to silicon car])id.e. 

Example 

sic 

~03 

MgO 

Resin 

(C) 

~ab1e 11 

CompoaitiOA in Parts 

21 22 23 

89.0 89.0 89.0 

l.O.O 10.0 10.0 

1.0 1.0 1.0 

o.o 1.6 3.2 

(0.0) (0 ·'·) (1 .. 8) 

24 25 

89.0 89.0 

10.0 10.0 

1.0 1.0 

4.9 6.5 

(2.6) (3.S) 

~e reau1ting powder slurries were spray Clri.ed 

a:l:ld green discs (65 mm diameter and mass 250 g) were 
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11n•rla:Ll.y pressed at 35 la>a and wet l>ag CJ:J? at 150 Kea. The 

sampl.es weze heated in .nitrogen to pyro1yae the :resin aiid 

· fo::cm free carbon (see ta:bl.e 12) • 

13. 

~ab1e 12 

CUrincr and Pyrol.ysia Ccmditicms iu Nitrogen 

Beat to 100°c at 3o•c .1i-1 

Hold £or l h 
Heat to 1so0 c at 30°c.1i-1 

Bo1d £or 1 h 

Heat to 600°c at sooc.h-1 

Hold £or 1 h 
cooi at 2oooc.h-1 

net.ai1a of the ~irillg cyc1e are giTen in tal>le 

~able 13 

Swmmu:y of Firing Cyc1es 

Heat to 600oc at s0 c.m.in.·1 in Ar gas 

Heat 6oooc to 1400°C at 1ooc.m:l.n-1 

Heat l400°C to lSSOOC at S°C.min-1 

Ho1d at 1sso0 c ~or 30 m:blutes 

Beat 1Ssooc to 16sooc at s 0 c.min-1 

Ho1d at 1ssooc ~or 30 m:bl.utea 

BVac:uate to 1 mm Jig aD4 fi.11 CO gas 

Heat 1650°C to 1900°C a~ S°C.min-1 

Jlo1d at l9000C £or 60 minutes 

Beat 19oo0 c to 203ooc at 2.s0 c.min-1 

Beat 2030°c to 2060°C at 1.s0 c.min-1 

Hol.4 at 2060°C for 30 minutes 

cool to room temperature at 1ooc.ain-1 

unti.1 tbe natural cooling' x-a.t:e takes over. 

- :. 
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'rhe results or t.he 1!:iring are l..isted h1 tabl.e 14. 

~ab1e 14 

a~~ect 0:£ ~ee ca:dK>D content on densification 

uaing a two stage firing 

Bxamp1e 

Sic 

Al203 

HOO 
aes:Ln 

Hass (g) 

GBl> <a. cc-1 > 
carbon content 

nt>(g.cc-1.> 

wt C'bange % 

comments 

Comments 

Where 1 

21 22 

89.·o 89.0 

10.0 10.0 

1.0 ·1.0 

o.o 1.6 

245 248 

1.6.9 1.70 

0 0.9 

3.13 3.20 

-6.3 -s.s 
1 2 

Low density core 

2 Unif o:rm 

23 

89.0 

10.0 

1 .. 0 

3.2 

247 

1.70 

1.8 

3.19 

-5.7 

2 

24 

89.0 

10.0 

1.0 

4.9 

247 

1.71 

2.6 

3.12 

-6.3 

2 

25 

89.0 

10 .. 0 

1.0 

6 .. 5 

24.6 

1."12 

3.5 

3.04 

-6.3 

2 

From the resu1ts in tah1e 14r cmi :be seeJl. that 

the addition. of small amounts of aarbon greatly enbances 

the 1eve1 o:f £ired bu1k deiasity obtained (Exampl.es 21 and 

22) • iror higher 1eve1s of carbon addi.tion, tbere is a 

decrease in. fired bulk density (Bxamp1es 24 and 25) - :It is 

beJ.ieved that this :behaviour is the resuit of the 

~avourabl.e reaction.of the carl>on at high temperatures. 

Thus th.ere exists an optimum. ranae for the carbon content. 

Xt is important to ~ote that for thinner samp1es the 

a&li.ti.~ of carbon was not found to be necessary in order 

to produce high fired bul.k density products - :rt is 
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be1ieved tbat £or these samp1es t.be s:i.1ica 1ayer is ab1e co 

decompose an4 can be removed f:rom the powder cam.pact. ~is 
becomes more di~f:l.cu1t with increasing thickness of the 
sampJ.es,. aa :it requires considera])le time to dec~ose and 

remove the UDWallted ox:i.de f:r:om. the powder coDIJ)act. 

Exag>1e 26 

The reaction of the mim>r secomary phases was 
studied to detez:miue the decomposition hebaviour in regards 

to the 1il:>eration of gaseous phases such as carbon 
moDOxide. ~ raw mat:eriala used to produce ~ sam;p1e 

were si1:i.ca ~~ Pemiys1va.nia G1aas Sa:ad. Corporation known 

as !:tin-u-SJ.1 gra4e 5 micron; al11mi1Ja from AJ.coa was known 

as grcLde A1000,. magnesia ~rom A:lax Chmdoal.s (anal.ytica1 
grade) aDd the ca.r.Gon s~e was a pheno1ic resin. 'rbe 

oxide onl.y powders we.re batched and "ball mi11ed. ..rile resin 

was acldeCl as a separate step to the pre mil.1ed and. spray 

dri.ed oxide powClera. A ·green discs (38 Jllll diameter and 

mass 60 g) was unaxially pressea to foza a compact. ~e 

,, startiUSJ compoai.tioii used was fozmu1ate4 to correspond to 

the expecte4 oxi4es and f.i:ee car])cm present in 2xamp1e 22 
and is given :in t:~1e l.S. 

Component 

Si.~ 

Al.203 

MgO 

Resin 

(Carbon) 
~·. 

':abl.e 15 

·cOJQPosition 0£ Example 26 

Parts 

17.S 

65.4 

6.S 

10.6 

(5.7) 

BXpected Oxide Composition 

(b:amp1e 22) 

2.7 

10.0 

1.0 

(0.9) 
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'.r.be resin iXl the samp1e was PY%o1yaed to carbon 

·accoz:Cling to the ~tbod out1.iJ:led i.n Bxamp1e 22. Detai1s of 

the fu.iug cyc1e are g:i.ven in tal:>l.e 16. The sampl.e was 

f:i.red. iu ~ open cruc.i'b1e in a srz=apbj.te tube fuznace. The 

net gas £1ow rate and tbe co con.tent we.re contilmously 

measured .. 

~a:bl.e 16 

· ~ of Firbg Cyc1e 

Heat to 6000-c at 1ooc.mia-1 in Ar gas 

Heat 1400°C to 1650°C at soc.min-1 

Hol.4 at 165ooc for 30 minutes 

coo1 to room temperature at 1ooc.min-1 

until. the natural. coo1ing rate takes over. 

~ result• ol>tainea during.the firiug are sbown 

in £ig. 1. TJse resul.ts imlicate a smal.1 amount of carJx>n 

monoxide was liberated at ?oooc with a. cm:reaponc1ing. 

increase in the uet gas £low rate. e.e maiu out gassing 

started at 13oooc and was rapid a])ove 1soooc. '.rhe reaction 

was compl.eted iu a shOrt. time. The composition before and 

after firing is given :in table 17. 

'J!'ab1e 17 

Atomic aa.t:ios ~or Bx:a•le 26 

Bl;emeut :Initial. Ratio Pina.1 Ratio 

A1 1.00 1.00 

Si 0.23 0.20 

Mg 0.13 0.12 

c1 0.42 0.01 
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Notes (1) Pree ca::r:bon 

The reau1ts i=dicate that t:Ae major change is the 
1oss of the free ca:oon as carbon mononc!e. 'nlere was a1so 
a. smal1 1oss of si1icon. lfil.is imicates that extrema care 
shou1d be takenwi.t.h the use o~ carbon to ensure that the 
samples are iiot Clamage(l by excesa.ive out gassing. ftie use 
of a s1ow heating-rate or a dwe11 in this cri.tica1 
tem:peratU%e range (of roughl.y 13oooc to 16000C) can be used 
to overcome any a4vex-ae a££ects of this phenomena.. ~use 
of inat:umeu.t.s such as gas :f 1ow meters or ca,,rl)on mon.oxi.de 
detectors can be used to monitor the out1et gas screams to 
prevent rapi4 ou~ gassing in the componeD.ts ])eing f i%ed by 

interrupting the firing cycle at the cri.t:ical. points. 

Exgiples 27 - 29 

~ e£~ect of firillg QJ'C1e was also examined for 
tbick-specimeua. ~he compoa:i.tiOZl aD4 the slUIQ)1e 
preparation was the same as Example 22. fJ!1e firing cyc1es 

used are smmaariaed in table 18 and the results of the 

firing in table 19. 
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4:rahl.e 18 

Piring Cycl.es 

Heat room temperature to 60ooc at 

soc.min-1 in Ar 

Beat 6oooc to 1400•c at 1ooc.:min-1 

Heat 1400°C to 1550°C at 5°C.min-1 

Ho1d at 1ssooc fc= 30 mis:mces 

Heat 15S0°C to 1650oc at soc.m.n-l. 

Ho1d at 16S0°c ~or 30 m.imltes 

Bvacuate to 1 mm Hg and f 111 

:tnt%'oduce co gas 

Heat 16S0°c to 1900°c at 5oc.min·1 

Ho1d at isoo0 c ~or 60 minutes 

Heat 1900°c to 203ooc at 2.s•c.min-1 

Heat 2030°C to 20600C at 1.S•c.min-1 

Hold at 206o0 c for 30 minutes 

cool. to ~T at 1o•c.mi1'.l-1 until. the 

:aatura.1 cooling rate takes ewer. 

y 

y 

·y 

y 

y 

y 

y 

y 

y 

y 

y 

y 

y 

y 

J:J: 

y 

y 

y 

H 

y 

y 

y 

y 

y 

H 

y 

y 

y 

y 
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~ah1e 19 

Bff ect of f i.ri.Jig cyc1e 

J!:xamp1e 2., 

sic 89.0 

A1203 10.0 

MgO 1.0 

Carbon 0.9 

Mass (g) 248 

GBI> (g.cc-1 ) 1.?0 

Firing Cycl.e x 
l'BD (g.cc-i} 3.20 

lit Cllange% -5.8 

con=ents 2 

comments 
Where 1 LOW density cm:e 

2 tJnif On:L 

28 

89.0 

10.0 

1.0 

0.9 

248 

1.68 

XI 

3.18 

-5.9 

1 

29 

89.0 

10 .. 0 

1.0 

0.9 

70 

1.71 

J:I: 

3 .. 20 

-8.0 

2 

Prom. the results it can be seen that the use of 
dWell.s in the midd1e temperature range i.s bene£icia1 in 
increasing the fired bulk density of thick sam;p1es. :In. 

addition, it has been sholal that a dwel1 or ~1owiD.g down of 
the heating rate is b~eficia1 as a resul.t of the react1on 
o~ carbon with the si1ica inevitably present on the si1icon 
carbide. ~ elimination of this silica is crucial to the 
successful demli~ication of bocli.es. It wi11 be appreciated 
that for thin bodies the de1iberate elimination of the 
sil.i.ca i.s ·not required as :it ia evo1ved during the heating 
cyc:1e (Bxampl.e 29). For thicker bodies, the rel.ianee on 
the di££usion and el.indnation of the ~il.ica £rom. the body 

ia not prac::tic::al.. :t11 addition, the firing of mul.tipl.e 

sa:m:p1es can a1so inc•eaae the amount of time required for 
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the e1.i.:aU.aa.ti.on of silica or si1icate pl:lases from. the 

samples as a :r:es~t of a bu.ild up of silicon con~aining 

vaz,our speci.ea i.D. the fUJ:Dace atmosphere, stah.i.1ising the 

said. si1icon contaitdng p,baaes. The effect of fum.ce 

design cou1d also be a factor in. this process. 

2xamp1es 30-39 

file effect of a11roaina and magnesia add:lti.ons ozi. 

denaificatiou we:e·exaajne4 fo.r a fixed firing cye1e for 

thick specimens. ~ carbon ad4itiou. was baaed on the 

amount of silicon. carbide in tJie start:Ulg mix. The mass 

ratio 0£ carbon to silicon ca.rl>icle was o. 015.. The sample 

preparation 8J3.d the firmg cycle used was the same as 

Example 22. 'l'b.e results 0£ the firi'DO'S are summarised in 

tab1e 20. 

'.rah1e 20 

Bf f ect of composition on deD.a~ication 

l!:xamp1e 30 31 32 33 34 

sic 95.0 93.4 91 .. 9 89.9 87.0 

A~03 4.0 6.3 6.3 10.0 12.0 

ld$1() 1.0 0.3 1.7 0 .. 1 1.0 

carbon 1.4 1.4 1.4 1.3 1.3 

Hass (g) 249 248 249 248 248 

GBt> (g.cc-1) 1.68 1.70 l.. 71 1.70 1 .. 71 

FBD (g.cc-1 ) 3.00 3.11 3.08 3 .. 20 3.23 

%-a> (ca1c) 92 .. ? 92.7 95.5 97.6 98.4 

Wt Change % -3.9 -4.0 -5.4 -4.S -s.a 
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Tal>l.e 20 (continued) 

2££ec~ 0£ compos~tion OA densif ica.tion 

35 36 37 38 39 

sic 8"'1 .o 86.0 82.0 80.6 '79.0 

A1203 12.0 12.0 17."J 17.? 20.0 

1(gO l:.o 2.0 0.3 1.? 1.0 

Carbon 1.3 1.3 1.2 1.2 1.2 

Hass (g} 248 248 24& 248 248 

GBD {g.cc-1 ) 1."12 1.73 1.74 1.74 1. '7"1 

nm (g.cc-1 ) 3.22 3.23 3.29 3.27 3.30 

%Tl> (calc) 98.3 98.4 99.0 98.7 99.1 

Wt Change% -s.s -5.8 -s.2 -5.6 -6.1 

From the xeaulta it CB!l he see:a. tllat in the range 

examined, increasing the a.lumjna c:oDten.t had a greater 

e££ect on £.ired bul.k density t:ban the mag:Qesia content. 

LoW 1eve1s 0£ add.it~on o~ magneaia were ef~ective iu 

promoting densi~i.cat:ion. By contrast, to achieve g%'eater 

than 95% o:f the theoretical. density, aJ.umjna had to be 

added in excess o.f 6 weight percent. Xt can. al.so be seen 

that there :ia good repeatabiity between firings (compare 

exampl.es 34 azid 35) • 

Bxample 40 

~he e££ect 0£ alumina addit.ion, in the upper 

range was examined for thick specimens. 'J:'be carbon 

adClition was based on the amount 0£ ail.icon carbide in the 

starting mix.. !rhe mass ratio of car:t>on to silicon carbide 

was o. 015. The sampl.e preparation used was the same as 

Bxamp1e 22. Tbe £iring cyc1e is shmnl in tab1e 21. The 

resuJ.ts of the firings are summarised in tabl.e 22. 
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~ab1e 21 

~ of Firmg Cycl.e 

Bea.t to 6000C at soc.~1 in A:r gas 

Heat 60o0 c to 14oooc at 1ooc.min-1 

Heat 1400°c to 1sso0 c at soc.m.in-1 

11014 at 1sso0 c for 30 mi.mites 

Heat 15So0 c to 16sooc at soc.m.in-1 

So1d at 1650°C for 30 miiw.tes 

BVacuate to 1 mm Hg and f i11 co gas 

Heat 16Sooc to 1900°c at soc.min-1 

Ho1d at 19oooc for 60 min.utes 

Heat l!oooc to 2000°c at 2.soc.min-1 

Bold at temp ~or 60 minutes 

· Coo1 to room temperature at 10°c.min-1 

um:.11 .tJ:le Datu:al. cool.ing rate takes oYer. 

Tab1e 22 

B££ect o~ cmaposition on 4enai£1cation 

Bxamp1e 

Si.C 

~03 

Kg() 

Car:bon 

Kass (g) 

GBD (g .cc-1 ) 

i'BD (SJ .c::c-1 ) 

%TD <eal.c) 

Wt Change% 

40 

64.8 

35.0 

1.8 

1.0 

248 

l..82 

3.27 

91.1 

-4.3 
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I:t. cazi be seen that even in the upper l.imits 0£ 

alumi»a addi.tian,. dense l:>odies can be produced. ::r.t is 

thought that high levels of .aiumiJ>a reau1t in ccm.siderab1e 

1eve1s of residual stresses as a consequence o~ the therma.1 
S expana:i..021 mi8JDatcb. between alwd.na am si1iaon carbide. 

Zt wil1 he c:lear1y UDd.erstood that the .inveAtion 

in ~ts general aspects is not limited to the apea1£ic 

details given. hereinbefo:e. 
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CLADIS: 

1. A pJ:'Ocess for the production of dense 

po1ycJ:'l"sta11ine si1icon oazi>ide sbaped artic1es, 

cbaracte:-ized in that tbe process includes the· foll.owing 

steps: 

(a) heatiug a powder compact:. c0J1taining si1iaOJ:l 

c:arl:>ide am alum;na or a precmrsor thereof 

to 8J1 intexme4iate temperature, and 

u:intaiD;ng the said .i.Jlteniediate 

tempexat\JZ'e 'for an extm:l4ed dwe11, and then 

· (h) heatiDQ the product 0£ step (a) to a higher 

t~erature £or su~'f icient time to produce 

a dense p0l.ycxyatai1ine si1icon carbide 

product. 

2. Process accor4ion to claim 1 111 which in step (b} 

there is all upper temperature dwe11 at a temperature ahcwe 

tbe intez:mediate tempera~e aD4 be'f ore the onset of 

~recial;)1e densification. 

3. P:oceas accordiug to c1aim 2 ~ wldch the i;a.pper 

temperatu~e dwel.1 is carried out at l.esa tba:n 190o0 c. 

4. Proeesa according to cl.aim 1 in which :in s~e.p 

(b),, magneai.a is pres~t as a ai~tering assist, and the 

atmosphere is esaentia1ly carbon monoxi.Cle. 

S. Process acco:cdi.ug to c1aia 4 in which tb.e powder 

compact heated in step (a} cont:.aina magnesia or a precursor 

thereof. 

6. Process . according to claim 4 in whi.eh maguesi.a. is 

adde~ du:rinSJ step {a) Ulii/or step {:b). 

7. Procass ac:.co4ding to c1aim 4 in wb.i.ch step (a) is 

carried out in an inert atmosphere which is replaced by 

ca%:bon JQOx:iox.:ide pz:.:ior to commencement of step (b). 

8. Process according to claim. 7 in which tb.e inert 

atmosphere comprises argon. 

l \11111\ l\\I\\ lll\l l\1111' \II\ 
* C L M S * · 
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.9 • Process according to c1aia 1 in whiah the 

inte:mec'.liat.e temperature in step (a) is be1ow the 

temperature at Which extensive densi~i.catiou·o:f the compact 
occurs. 

10. Process acco:rding to c1aim 9 i.n which the 

iiltexaedia.ta temparatUX"e is lesa ~ 1sso•c. 
11. Pzocess according to c1aim 1 in which aey sil.ica 

or si1ic~te present is eliminated befox-e the onset of 

appreciable Clenaificatimi in at:ep (b). 

12. Process according to c1aim 10 in whic!l the si.l.ica 

or silicate i.a e1iminated by react.ion with carhon. 

13. Process according to cl.aim 1 in which the higher 

temperature in step (bl is above 19oooc and ])e.1ow 22oooc. 

14. PZ'Ocess according to cl.aii:a 1 carried ou.t at 

ambient pressure. 

15. A dense polycxystalline si1icon cm:bide produced 

bY the p~cess of any one of c1aims 1 to 14.. 

16. A d.eDse pol~ta11ine si1icOD carbide according 

to claim 15 contaiuin" at least 65 weight per cent si1ic0J1 

carbide with the remainder S'Ubstantia11y an aiuminate. 

17. A dense po1yczystal.l.ine si1icon ccu:l>ide according 

c.o claim 16 in which the aluminate contains magneaium.. 

l lllllll ll\ll\ 1111111111 ll lll 
* C L N S * 


