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I .  Traditional and Advanced ceramics niust be conbidered as :in enahling :ps>r..:.L:.; s5 

.ceramics tech~tology - one essential to c o ~ n p r t i t i , ~  or I-.:,~ A:? 81 

lbllclional perf0rm;ince o f  larger systems. < ~ . . ~ . . , s e i t  

Advanced new roles for ceramics drpcnd on ..,:: : -:>,. 
.,L, : .. . ..v L 

This gcncr:~l \t!rvey co\,ers tlic licldr oftr:iJi- properties inherent in basic structure and cc>#tt- .. N. 

tion:tl cer;~mics ;and : t d v i [ ~ t ~ e ~ i  lor high-teclt- position. Recognition o f  special c;tp:thilitics o f  , ,. . :-:I, 

nologyl cer;t~ttics. touchins 011 ilte m;~teri:tls eln- ccr;~mics is largely due to progress over tlte p:lst 
.- 

ployrd. processins :rnd iot-lninp. firing and 30 yesrs in relating physical to c<>mpositio~tal .::(: .. %:,I. 
.::?.:.:~>:.,\: 

linishing. and the use o f  pruiit~cts. ~ d v a n t a p s  and structural features [IS]. Two recent dcvelop- - :nc 
and disitdvantngcs uf  v;trinus types of ceramic inents are responsible for the exponenti;tl 2roo.lll . : .  , . . . . . , r 1 x 1  

ware are discussed. i n  applications for advanced ceramics: lirst. :td- ,,,-:.;: ::\ 

The word c'rit~tiic is i~ "gener;tl term applied vances in systems that require special. ltiglily 
,pr..:.. -.*I>. 
,>& , ,  :.'-.:?.$I, 

to the art or technique ofproduci~ ig ;~rlicles by a developed ceramics: and second. ;~dvances in , r . i i . -  :: I 
ceramic process. or to itrticles so produced" (241. ceramic processing thst permlt production of 
I n  general. i t  applies to any o f i t  cl;tss o f  inorpon- usable ceramic parts. 
ic. nonmetallic products subjected to high tern- 
perature during manufacture or use. "High tem- 

1 . 1 .  Trm 
Historical Aspects. The qualities of plaaicity. dried 

perature" means :In? tempcr:trure above red strength. and fired hardness of cla)i were dirorerpd ;,nd 
1 ..:; ,> 

heat. ca. 540'C (13). "red possibly as long ago as l 0 W  a r .  [?6J. und ccri;tioly I,<..: :<:.,,,: 
Typically. althouzh nor exclusively. a ceram- 5 5 0 0 B C  P71. 

The e~rlierr rocicticr that give rcaionablc evidence o i l  r!,$t<::.:: <I.,< 
ic item is a metal oxide. boride. carbide. or ni- ,,,,,, i, industry lo have ken in N~~~ ens,, ."'< r:..;Vr 
tride. or a compound of such materials. Thus. n a pollcry tradition dater back ca. 7000-8000 years [28] In  >\,,. :::.:<>,, 
ceramic arric/e is "a glazed o r  unglazed object "f ihc Far East. Neolithic villagers at Banpo in Shaanri 

crystalline or p;,rtly crystalline structure (or of Province o f  China were making fine red. gray. black. and ~I,I;. \ ,I 

pa~ntcd pottery at least as early a5 4500 s c .  18. pp. 135- III,,,!::~.:-<~ h 
glass), produced from cssenrially inorganic. non- 1621, ~.ro\k:..< .I,, 
metallic substances: such objects are made from Urban planners at Mohenjo-Daro kn the lndur valley , 1 'L,:::.:..::) 
either a molten mass which solidifies upon cool- *err using lired clay bricks and ti le for pubiic buddioy. "l.'L:::< <I 
ing or which is formed and matured simulta- water-supply conduits, and an advanced sewer system 1000 

years ago 1291. A cuneiform tablet afthe 17th cenrury uc. I\S~LL:: .LC? 

neously or subsequently b? ;~ction o f  heat" 11. describes mating coppcr.~ead glare [301. .,s~s~c,: .:, 11 
p. 197). By the Shang Dynasty (15W-1025 e c . )  the Chinese ,'.,!\'..'.: .*. ,\ 

The noun ceramic is derived from the Greek had changed Neolithiccarthenware lo a fine-grained white <I.,,. p:.,, ,<I 
meaning r:trth,.. Trorirrio,,a/ stoncwax 18, pp. 135-1621. A primilive irldspa~hic gl~zr 

appeared during the Zhou Dynasty (IW-771 B.C.I. iol- i'rlt:. ::.,,~IL' 

ceramics refers to wxre prepared from an un- I O W C ~  bya green to brown lead ii j icareglaze in the \,.. .,? :..,I,, 
refined clay or t o  combinarions of one o r  more Period (206 KC.-220~.~.).  In the Six Dynasties time peri. < 1.8, ::..:>rr;, 
refined clays i n  combination with one o r  more 0d (265-907~.~.). markcd developments a-currcd in rrt 1' F , , ,  

powdered or nonplasric minerals or POrterY. Ceramics of the Song Dynasties (960-1 127 and 
1127-1279~.0 .1  and into the &ling Oyr~~rty (1368- Id! ,:,I :'::c,l 

prereacted ceramic compositions. Traditional I ~ G  *.".I increaring of purcrl;,in IIWI: .,.:I,pc 

ceramics also refers to ware or products made formulas. An egg-shaped kiln with a special rvach deiipncd .A:#.! .:':.i,.~, 
from or n:~turally occurring mate. for high drafl wasdeveloped for firing Minj porcelains: the .. . . . . .,',,I 
rials i n  which clay rnineritl substance exceeds war pine wood ['I]. 

Beginning in the sixth century u c . .4tt~c v.tres ,,i ;nn- .,\in::. , .531~5 
20%. Traditional ccrnmics and ckly ceramics are ,,,,,I Greece represented a ceramic ~ i i  ml~ejtunr. use ,r;,i IVL-:: -:,,.,,I< 
synonymous espressions. m ~ d c  of a local illirie clay 1321 lo prrp;irc a Iriig,~ced glaze ,,,I,,!:.: ,,r 1 

The past 50 ycJrs have sL.rn ;~n increasins lhal *'as black under reducing conditions ;and rcd under I i rn! .:.L:c 
interest in ceramic items froln highly re- oxidizing conditions. Rome secmr lo  hn~c had nu ccramic 

Iradition. but drew an ware and u.orkmcn frunl v;lriour 
' . c ! , : : z : : . .  <I,., 

tined natural or synthetic compositions designed or ilr ~h~ famous ~ ~ r e r ~ ~ ~  ,vJrr ,ra, ,,.,:.:..... ...? . 1,: 
to provide special properties (19. pp. 150-1531, near whai is  now Florence by Orien~al Gruehi. ;snd !err& :~ % .:..,.: ,;I,,, . 
These objects are tertmed orlro,lceri. new. or (in qiei l l l la .  sometimes thought to have k e n  iitven~rd hy , . :. .... . , . . . . .,I 17, 

Japan, fine crro,,r,cpr.o~,,,cr,r, and find use as key Romans. originated on the island oiSamo.; 1331. :,,:,>..-,,,I, 
Chincre ceramic technology ii thought cu hart hccn 

componenrs i n  sucll high-lechnolosy fields as tr;lnrfcrrcd to (he N~~~ and ~ i d d ~ ~  E X S ,  by cu~,ur.tt cc,n. ; . . . I ~ C , :  ::;,. : 
electronics. computers. opticill colnmunication. i a c u  and by Chinere prisoners folluuing deiw c,I';, chi- . :.,I,,. 
cutting tools. metal forming dies. tvr.car.rcsistant ocsc arm? by Persian Abbnridr in 751 a I,. 15l:lmic inllu- I : , , !  . I~LII. 
parts, high-lentper~,ture re:lctors, ~ C C  was i c l l  la~c in t t r l y  m d  France 1311. 2nd IMcr ,(ill in 1 .: v, ,:,. 

Gcrinony. (he Netherlands. and Engl;r~~d [>.;I. 
ture engine parts. medic:~l impl:~nts. and many :,,,::,, ..:c,,u, 

Salt-elxed ~loncware w;rr drbcil.pcd in l l l g l >  C;erll,;tny 
other special purpose opplic:llions Advanced nwr  ihi. undollhe fourtecnlh century 1361. ;lnd \ o ~ c - ~ ; , s , ~  \ , . x i ,  ., rut% 
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I i s  I h i  : 
. :~ t i : l l  t <>  c ~ ~ r t t p ~ t i t i v u  o r  ' 

,)I' 1:irgc.r systct~~s. 
lyrr cer:t,nics rleprnd on 

.. l ie struclurc otld cc,,n- 
- spcci;tl c:tp:~hilitics of 

8 progress OVCI. the piist 
:51c;tI to C ~ I I I I ~ ~ ~ ~ S ~ I ~ ~ ~ I ~ ; ~ ~  
. ~ 1 .  Two ruc~111 duvclo~). 
thr exp~nc t i t i i ~ l  ~OL\,III 

rlced crr~irnics: lirst. ad-  
rcquirc speci;tl. highly 

.d second. advances in 
pcrniit production o f  

.ju~Ii~ir.r u i  pla\,icitg. dried 
~ t ' c l a ! ~  ucrr  discovcrcd nod 
I I I H H I  U.C. 1261. :lnd c ~ r ! ; ~ i ~ > l g  

:#uc rearonablc e\.idencc or*  
: hrrn in thu Near East. where 

ca. 7000.80~~) yeus j281 in 
:irgcrs at Hanpo LII Shunxi 
rrlg line red. gray, hlact, and 
iily as 4500 u.c. In, pp. 135-  

:ti"-D:lro in the lndur V;tIIey 
.~nd ti le lor public building. 
ddvanccd wver ryslrm 4000 

:>hiel oithe 17thcrntury o.c. 
,,per -lead glaze 1301. 
1500- t i l l s  sr.1 the Chinat 
11u.are to a linc.gr;!inud while 
\ primitive fcldpathic glaze 
,?nasty (1000-771 u.u.1. ~ b l -  
r !cad riliare glare in the Hnn 
. ~hc Sir Dynasties time peri- 
:.:irlopments occurred in ;trt 
1 -  Dynauics 1960-1127 and 
tltc &ling 1)ynaity (1368- 
lure o i  1hard.pnrcr. porce1;lin 
with a 3pecinl slack debigned 

,,I tiring hliog p ~ r c ~ l i t i ~ ~ ~ :  the 

shury k3,c..  tic V.>SC\ oi.,,,. 
;~n l ic  ;lrL olilcrtunc. USC w;lj 
10 prrp.*rc a lcvigaled g i ~ e  
.' conditions ;find rcd under 

:ems Lo have had nu cerlmic 
.~nd workmelt [rum vario~, 

.Arrclinc w;uc war ,nl;tdc 
Oricnttal Greeks. and ~ c r r a  

I., Ihilt~. been i#lv~.nt~d by 
~:tnd  i is:,^,,^,^ [.I.:[. 
IS) i\ thoc~ght ID h i iv~ heen 
,l~ddIc E;I*I h! CIIILUT:II c t v .  . 5~1tuu in~  dciuat d : ,  chi. 
~ 1 s  1 n  751  ,t.t>, l,l;tn~ic t8,tlu. 

P ~ X I I C C  (34). and Ih~cr sttll ill 
:IJ Eltg!;ind [151, 
du\clopcd in tligll oerlnany 
ico lory  1361. ;u,d , , ~ ~ I - ~ O ~ ~ L .  

~ ~- ~ - - - 
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,,,,.,I,,,,, ,,;,. h~iag in:roolx<tu~cd in Mrir,ecl as earl? ~r B ~ r i e ~ :  (I) I1atural ClilY body, ( 2 )  refined cl:ly 
:,, ,,,, d ill si,rc\. Froncc. hg 1751 -1754. In Ensl.*nd. 
. , , , , , , K ~ ~ ~ \  dcrelupcd and p:tlc.nted ;I htlrd-fire porm~ 

bod?. (3) talc body. and (4)  ssmivitreous tri;txi;,l 

. ..; , , ;,,, d .,,nle,iate hci~,rc 1750, unlcined hanc a.ls hod? [ I  1. p. 41. Fired ;~bsorptions nix) rirngc ... 
.;:;,, ,,red in tt>ilki~tg chinii\v.w~. 1371. rrom 4-g0/u for semivitreous ware to 20UI:t li,r 

; , ,~ ,~~ , , ic  atul hiud ~otr.eiaisl . ~ C T Y C ~  as P T O I O O W S  i<lr the high-talc formulas. Fired color tn;l! rnngc 
:,:: ii,l,i,,o,t i o  rhc Uniced Sra!cr. I'ngl~nd, and Eurupc ol :,,,,, s , k ~ ~ !  ,tn,ns. ~ i t r c~>u i  hodics ibr  use in m;lnuiac- from red for high iron oxide bodies to tvhitc for 

. , , ,  ;~ ,,,, ;,.7yu.;,re, high-lellri~,nrlectricalporcel;lio.;lnd tile t;llc and triaxi:tl formulas. 
.,:. !.,..,i.~~nt dlnllcruarc /I I .  p. 41. 'The ;~dvent oiilcam .~ to l l n l ~un~  i s  a vitreous or scmivitrcous ce- 
.. . .., . illcc~PI~~~cr>!h 1e8it~iu) ~ lc r ln i i led WI:~)(~W~XII I~~~~ r.lmic ware fine texture. madc from 
. .  ,,; I ~ ~ I " X ~ I ~  IO i~lech:i~, i~~ prcpilriiliun ;and lurm~ng 

. ,  lchough ;rcep~;tncl:olncw idear in the wigyul nonrcfraclory fireclay or some combination o f  
...,.;;,. ii,. I,;,, btcll sluuj v\r.r t ~ , ~ ~ ~ ~ t ~ ~ i ~ ~ .  within the past clays. fluxes. ttnd silica that matches the forming 
, . ,  g;,,cr.,~iuor ..kli wiln~i" in industry have stimulated and fired properties o f  a natural stoneu,are. 

i,, the . I~CJ> of ild\a~>ccd ccramic). Thus. stoneware may be made either froin ;I cltty 
or may be a synthesized stoneware. Synthesized 
stoneware can range from highly refined. zero- 

[ .  I. Traditional Ceramics absorption chemical stoneware to less deniand- 
ing dinnerware and artware formulas. 

(I,,!- is the oldest ceramic material. The ear- Cltinowurc is vitreous ware o f  zero or low- 
. - ~ t .  icrtlmic ware was most likely made from fired absorption used for nontechnical applica- 

. . t i l l ~ ; t l  clay. selected by the potter for its form- lions. It can be either glazed or unglazed. The 
.:,.. piupcrties. However. at very early times. i t  expression soft-paste porcelain has thc same 
;,.,. ci~atomnry to add some other nonclay mate- meaning [ I  I, p. 41. Formulas can be simple 
ll;llb. A sticky. high-shrinkage clay might be clay-flux-silica triaxial bodies or bodies con- 
~ l l ~ > d i l i r d  by addition o f  crushed stone, sand, or raining signilicant percentages o f  alumtnn. bone 
,.rushed shell to reduce shrinkage and cracking. ash. frit. or low-expansion cordierite or l i thium 
I ~lrrenrly. the major nonclay materials used i n  mineral powders. Fired absorptions range from 
; ~ ~ : ~ l . i n ~  clay-based ceramic items are silica 0 to 5% for ovenware. 
;p,ntdcr and certain alkali-containing minerals Porcelain is defined as glazed or unglazed vit- 
,,i,lcd :is fluxes. Traditional ceramics can be re- reous ceramic ware used primarily for technical 
r.::J~J ;IS ware made from formulations i n  which purposes. Formulations are generally o f  the tri- 
;I.$! yruridss the plastic and dry bonding prop- axial type although some or all of the silica can 
atzi.> required for shaping and handling. Analy- be replaced by calcined alumina to increttse me- 
-<. natural clay bodies show that the actual chanical strength. Firing of ware may be bisque 
,-I:I\ inineral content is 25-40%. (unglazed) at low temperature with glazing at 

Plr~ ten .  is sometimes used as a generic term high temperature or b y  single-firing at hikh tem- 
i't>r .t i1  fired ceramic wares that contain clay i n  perilture. 
t l t~, ir  compositions. except technical. structural. Tcclznicn/crrarnics include vitreous i1.6..  non- 
: ;> t i  :cli:lcrory products ( I .  p. 2011. porous) ceramic whiteware used for such prod- 

r l ic term irlzirru.~rre was originally applied to ucts as electrical insulation, chemtcal ware. tnc- 
: . : i :  ~ahleware and artware [ I  I. p. 41. but has chnnical and structural items, and thertn:~l wart. 

I,L.CII hroadened to include ware that i s  ivory The clays used for making c o ~ ~ i ~ i r o ~ t  brick arc 
<,~lorcd or has a light gray appearance in the usually o f  low grade and i n  most casss red- 
!ired state. Fine ceramic whitewares are con- burning. The main requirements are that thcy 
\cnitnrly divided into two classes: ( I )  formulas areeasy to form and fire hard at as low a remper- 
c~~lthisting primarily o f  clay minerals. feldspath- ature as possible. with a minimum loss from 
!c-. :tnd quartz: and (2) nontriaxial bodies made cracking and warping. A n  average of:~n:!lyses ,,I 
antlr~l!orpredominantly ofother materials. For ;I number of brick clays from sources in N U W  
;?ltm.lses o f  this discussion. ceramic whiteware i s  Jersey (381 showed approximately 67'::. SiO,. 
:.i.lccd into five categories. 11;tmely. ( I )  earthen- I8"/o A1,0,. 3% Fe,O,. 2 %  :~lkal ine-wrth 
~.1!e. 12) stoneware. (3)chinaware. (4) purcel;~in. oxides. and 4 %  alkalirs. with an ignition loss 
. s I ! ~  i j l technical ceramics. ;tbour 4 %  I -  Construction Ciran~ics. Vol. /\ 7. 

E~trrhemvc~ri. is defined :IS gltrzed L,! unelazrd p. 4251. 
~!c'n\'irreous (porous) clay-h:tscd ccr;lmic ware. I3odies ( I  I. p. 21 can be cl:lssilieil :I> hring 
\ I J ~ O N  subdivides e;trthenw;~rc into k ~ u r  c:trc- uithcr /Ltc (1i:tving piirticlcs nut ILtrgcr than c:~. 

1 

! 
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Irhlc I. Fine ccr;r~nic pruductr 
1 3. C'I.,.. 

'Type o l  product li;trthenwnre Stuoeware Chiiua;hre I'orcclain 
1 ,,,,~.::,.rl 

"A A h  Color 3; Ab- Color %, Ah- Cedar : ,  A h  Culw 
\orpt~on iuiplion \urptiuil wrplioil 1 i I<.:,,.' :,,,,L':!, 

1 
Artwarc 10-?O rcd-wtlicc 11-5 rcd-while I1 - I (shiw I) ill whi~c 
llallmill balls 1lL11.2 mhiw 
tlaltrnill lhners 0-0.2 uh i l c  
Chcrn~cal winre 11-11.? griby-white 11 il.? ivhilu 
Cookware 1 1  5 guy-whkle 
1)minpipe 0 5 era) 
Ir>iulncors O l I ?  white 
Kitchenmrc 10-15 whi le 11 5 gray 
Ovcnw;$re 1010 white I i tan  
Sanitary vnrr 0.1 - 0.3 i;tn-white 
Tableware 5-20 white 0-5 white 0 ~ 1  uhiw i I t l . 5  while 
Tile 10-?0 while 0-5 red-white 

Tabb 1. Cmrsc ceramic products 

Porous ( >  54'0 i+ 5%) absorption) Dense I c 5% ( -  5 % )  ahsorplionl 

Building miltrrislr Refractory Chemical Struc~urill 

bricks flue linings ~cid-reriilanl bricks qutlrry ti le 
terra cauil fireclay bricks sewer pipe 
roofing lilt $nrulaiing bricks fireclay ranuary ware \I.,:.:::::. I I S U , . ~  

drain tile 

4 , , , t :~ .# i  ':Wb.L,.. 

0.2 mm) o r  coorsc (having the largest particle ca. plus chemical functions that involve direct use o f  
8 mm). These can. i n  turn. be subdivided into electronic properties. The orlter classification in- 
bodies fired to a porous state and those u,ith a cludes strictly chemical functions. for example. 
fired absorption [I. p. 1971 not exceeding 5%. catalysis. as well as biological functions. 
i.e.. a de/e,rse state. The classes o f  fine clay ceram- O f  course. any classification i s  likely to be 
ics and product uses are arranged i n  Table I to inexact because m i n y  applications involve si-  
show the percent absorptions and body colors. multaneous use ofseveral functions. However. :I . . : : . : I .  

The classes o f  coarse clay ceramics and their functional classification system does point to the 
fired porosities are given in Table 2. fact that. in contrast to metals. ceramics can be 

made to embody a wide variety o f  electronic 
functions \vhile also having desirable chemical 

1.2. Advanced Ceramics  and mechanical properties. 
Ceramics are already widely used in process 

Advanced ceramics are generally used :is industries. especially where corrosion. wear. and , .  .. . . .  .. 

in equipment by \,irtuc  lie:!^ resistance are important. Excellent enam- . . 
,,.,..:: ..,, i 

of such ceramic properties as special electro- ples ;tre tbund in metallurgical refractories [JO]. ,, . . .  .. . , , : t .  

magnetic qualities, re~ati,.e chemical inertness, :!,I :trea already feeling the effect o f  new develop- 
hardnessitnd strength, and temperaturecap;~bil- ments i n  ceramics and the new demands o f  ad- 

ities, sometimes in combination. nnccd  metallurgical processing. 
A systematic classification of' :~dvanced ce- 

ramics based on function is presented in Tablc 3, I . I .  dvnnced Structural Ceramics 
and examples o f  materials and uses itre shown, A I - Ceriimics. Advanced Structural Products) 5 ::,:#,. 

hroader system classilies all applications into 
structural. electronic. and other. Str-trcrerr,/ :(I>- '1.11~ pru~ i i i~ ien t  families ofadvanced srructur- 
plications are mechenical, but do che,l,i- :'I ccr:~mici i ~ n d  strucrur;~l nl;~tcrials involving '. . ,: ::.x.,.:,.; 

cal aspects where these ;Ire required I<, c:rrr!. m ~ t  c"':""ic' 

the mechanical function. The ~ / c ~ i r , , , r i ~ ~ c ; ~ t c . ~ ~ ~ r y  LLI~LIII~II:~ 
covcrs electric. 111;tgnelic. and optiatl l i~nctions 5ilicili1 cilrbide . (  ,.,:l.;l. ..: :I:. 
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1 ?. Cl.~..ilici(ti<,lt ,,I' Ihigh-1~~1~110Iog~ ccr i tn l i~ i  hy l i ~ n c l ~ < ~ i l  [>'I1 

.- Porceliiin O\L.\ 

" A h  C*lc,r 

11 -11.5 whicc I r l  n i l  T i  I ,  r'criilnic <.~{I.LC~L~I 
1)-0.2 wllilr. I ~ i ~ ~ o c l c c t ~ i c  #i~:klcn;tl* ( I ' Z r i  vi l>r.~~o#, ~ ~ ~ c i l l ~ ~ t ~ ~ r ,  1.11t~r 
n-11.2 5v~litc t r . ~ ~ ~ ~ ~ l ~ ~ c c r .  t ~ I ~ x ~ \ , > ~ > i c  l h # t ~ ~ i ~ l ~ l i c ~ .  {>ic,<~elcct~ic .p:trk 
II-11.1 ,~l,i,e 

.c#n~cund!ccoi maleri;il< 1R;t'riO ,. XTC l l l in l l i~cor :  IL.III~L.IOIIIIF .~II~OI. ~ C I I I ~ ~ I : I I U ~ ~  

Sic. ZnO t(i,O,. V,O,. and <lilict 
11-02 *hit< r.ompcnrnii~~n 

(- l c : ~ ~ ~ ~ i t i ~ ~ ~ ~ - ~ ~ ~ e v ~ l  osidcsl I'rC ihcm~istur: 1hci~ci.r I.~L.IIIUIII. \,\il~h. I C ~ ~ W I I ( -  

I U T C  ~~ll l l*. l l* i t l i , l"  
C'TR ~h<r~ni.wr: hca, %nbur elcn,u>~t 

:,,,c 
0 - 0 5  ,rhi,e 

thick.tilm 
Iherm~,lur: inir,trcd rcascr 

\ariscor: noise vlimin;nion. urge currunt 

.~hiurber. lightins ;trrertor 
sincered CdS 

m 1 c r ~ 3 1 :  \olilr cell 
SiC henrsr: elec~ric iurllil~~ IIC~L~CI.. lniit~iaturc 

.il""i 

Slructural li~o-cunducling materials (11-AliO,. ZrO,l solid rlcctrolylc for sodium hallery 
7.10: ~.er3mics: rnyscn seilrul.. 1pII r!trccr. fuel 

quarry tile ccib 
wurr pipe 
tireclay rnnilary wtre nl3gn~tic recording hcad. tempci;tturc sensor 

lerrile maone,. frrcrionnl-horrup~,u.cr mutor 

high-picijurc sodium u p o r  lamp 

l e t  i n v o l v e  d i r e c t  use of rr;tn>lucrnr magn<sia. mulliic lishting i u k .  ipecial purpose 1;lcnp. inirrred irans- 
: urher classif ication in- mission a indow 

'unctions. far example.  lawr material 

,:ical func t ions .  I'LZT cerxnic\ l i g h ~  memory clcmmr. video dirpl;ty and storage 

t i ca t ion  is l i k e l y  ro he 
;yslcm. light m o d u l ~ ~ i o n  clcmcnl, lighl'shumr. light 
\a1vc 

~ p l i c a t i o n s  i n v o l v e  si- 

funct ions.  H o ~ v e v e r .  a gas Icak~ge aiarm. su,omat~c \cotikatioo itin. hy- 
!s tem does p o i n t  t o  the drocarbon detector. tluorocilrboo detucror 

nctals. ceramics c a n  b e  lha~nidity sunsor !MgCr,O,-TiOll cookine conrral clement in  micrl>u.;lrr. o\m 

. var ie ty  of  e lectronic c.8v~lyil cartier lcordieri~e) calal?jt carrier ibr  emission c081trol 

~ n _ e  desirable chemica l  enzyme c ~ r r i e r .  rcolirz 

'_). 
r.lvc:rudcr lric~ndrrs. sulfide>. buri<lc*l ~leclro\vinnins aluminum. phocwhen,ical prnxeires. 

chlorine production 
w ide ly  used in process 

cor ros ion .  wear. a n d  iniraitd radiator 
r t a n t .  Excel lent  exam-  

rg ical  refr;~ctories [JO]. cer.!in~c roui. sinlerrd S B V ,  cerlncl loul. c~rt i l ic~zl 

: e t k c t  o f  new develop-  
diamond. niriidr loo1 

: new d e m a n d s  of ;~d- 
guide. pressure rrnsor  uss sin^. 

lhi.;rc-rv.iii~aac macerials ISiC. I , O , .  SiS,) ccr.lmlc ensine. turhinc hladi.. I>F;II u~i.il;ingi.rs. 
v ~ . l d l n ~ - b u i n r r  nvrile. high-ircqcicncy cucnhurliun 

.ral  C e r a m i c s  CIIIS~~~C 

r t r u c l u r a l  Produc ts )  
:.-'I : ' ~ l l r l l % ~ o ~ . ~ l u # ~ ~ i n i !  c~.rilrni~> irnpi i lntuti~l l  :xr>ili<i:>l kwch ro t*I .  bone. :md ik>it!c 

of :~d\ ,anced s t ruc ru r -  
2 ~ ~ '  l c k '  L h!droyy;tp;Liicc hiog~rrs 

:I mater i ;~ l r  i n v o l v i ~ i g  

. ! :ex!  <,I '  1hc :\,,,cric&,, Cer:,n,ic S " ~ i ~ t ~ 1  
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silicott nitride 
p;irtially s1i~hilizi.d ~ ~ r c o n i ; ~  
tr:!nsli~r11loti~~!1-1~u~I~e11ed ;!lumin:t 
l it l l ium :tIurt~inosilic;ites 
crriimic-ceramic c<,mposites 
ceramic-co;itcd materials 

These n1ateri:ilh are widely used i n  diesel, tur- 
bocharger. ;itid gas-turbine engines: in high- 
lempcrilture I'trrnnces: and in the innchines and 
equipment needed for manupacturing. 

Although irltr~nirzo [1344-28-1] denotes pure 
AI,O,. the term is commonly applied to an" ce- - ~ . .. 
ramic whose major constituent is alumina. even 
i f  the ceramic contains other comoonents. Com- 
mercial alumina microelectronic substrates with 
strengths above 350 MPa are obtained by con- 
\'mtional sintering. Hot-pressing techniques re- 
sult i n  strengths o f  ca. 750 MPa. although parts 
are expensive with limited size and geometries. A 
recent development (411 involving a variation on  
convention;~l sintcring produces a glass-bonded 
alumina with strengths o f  ca. 700 MPa. Al -  
though the glassy phase limits applications to 
moderate temperatures. this new aluminaceram- 
ic should compete u.ith other more expensive. 
advanced ceramic items. 

Fibrous alumina is employed as a reinforcing 
agent in metal matrix composites and offers 
promise for filtration o f  hot gases and as 
high-temperature insulation. Alumina is used 
with SiO, in making such fibers 1421. Pure AI,O, 
fibers are made by a variety o f  solution 
processes to produce fibers with strength o f  
I400 MPa. 

Silicmn corhidc (-109-21-21, a synthetic prod- 
uct. has good \\.ear and erosion resistance and 
can k produced in either cubic o r  hexagonal 
crystal structure. Unfortunately. S i c  i s  inher- 
ently unstable in oxygen so that long life under 
oxidizin~condit ions requires a surfacecoatina o f  - - 
protective oxide. 

Silico,~ ,tirvidt. [12033-89-51. Si,N,, is likewise 
a synthetic product. existing i n  two phases. alpha 
and beta. each having hexagonal crystal struc- 
tures. Silicon nitride ceramics include hot- 
pressed. reaction-bonded. and sintered products. 
The SiAlON family is a solid solution o f  A1,0, 
and/or other metal oxides in the P-Si,N, struc- 
ture (431. Reaction-bonded Si,N, is made by ni- 
[riding cast or cold-pressed shapes o f  silicon 
powder. where:!$ hot-pressed Si,N, i s  made 
from silicon nitride powder ss :I sintered Si,N, 
powder product. Rc:~ction-bonded Si,N, retains 

its strenyth :it high tc~nper.~till-c i f  i t  i\ pn,tccted 
from oid:ttion [J-I]. I-lot-prchscd Si,N, lh;,r hip11 
short-tcroi strength and heucr i,,~id:~tion r~.si\- 
t:tnce. but nccds ;~dditivcs tc, i:icilit:ttc coin";ic- 
tion (451. 

The adv;tnccd cu t t~nc  tool industr\ 1s dorni- -. 
n;ttrd by cemented c:il-hidcs [ Jh ]  Ccr,tlnii. v;~por- 
deposited co;ttings lh:tve c\tr.ndrd tc,t,l IiSc. El'. 
forts are under \v;ty tu increase tool uhc h!. h:tring 
tools on  Si,N, ;tnd SiAlOX to rrducc drpen- 
dence on  str;~tegic W. Ta. and Co 1471. 

Silicon nitr idr possesses many tnicrcsting 
properties that suggest use i n  hearinys [48]. Tests 
showed an estimated life for Si,N, bearings of S 
times that OF stecl bearings. The economics o f  
machiningand linishing is the biggest obstaclc to 
widespread use o f  Si,N, bearings. 

Z i r c u ~ ~ i u  (1314-21-41. ZrO,. linds widespread 
use i n  a stabilized cubic form as an oygen  sensor 
in process industries and the automoblie indus- 
tries (491. The destructive transformation of 
ZrO, at 1100°C from monoclinic to cubic form 
has been overcome by keeping unstabilized par- 
ticle size o f  ZrOL grains below I pm diameter. 
Then an alumina matrix toughens the l i O ,  ce- 
ramic [SO]. Hot  pressing war initially used. but 
slip-cast forming and sintering has been found to 
be feasible 151). (52). 

Cordierire [12182-53-51. 2 MgO . ? AI,O, 
5 SiO,. has a thermal expansion o f  18-12) 
x 10.' over the range 20- 1000 'C  and i s  widely 
used as a catalyst support ior  automobile cmis- 
sion control units. Similar materials are used as 
heat exchangers i n  automotive  as-turbine pro- 
totypes and can be considered candidates for 
other heat-exchanger applications where good 
thermal shock resistance and moderate crushing 
strength are required 1531. Silicon carbide and 
silicon nitride also l ind npplicnrion in heat ex- 
changers 1541. 

Ceromic-cerotilic cotitposirc,.~ and rc,rumic- 
nierol ronrposires (- Ceramics. Ceramic-Metal 
Systems) are receiving increasing attention. Sili- 
con carbide fibers in glass-ceramic [matrices 
have shown toughness values up to 24 CIPa m a s  
at IOOO'C with cross-plied :I& unidirectional 
streneths o f  500 and 900 MPn 1551. The rcinforc- - . . 
ing action o f  60% alumina fibers in aluminum 
gave a tensile strength o f  690 MP;I up to i16 'C 
[56]  Use of as little as 3 %  o f  pure A1,0, parti- 
cles in aluminum incre:ised srrcneth and u,ear 
rrsisrdnce (571. 

A thickness o f  10-15 tnils (25-38 tnm) o f  
plasnla-sprayed porous c.cn,t,zi< < rrori,l,r such as 

Vo l .  A 6 

I.?.?. t:lrcr! 
I . ( ' c I . , , I I ~ , .  
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landidares for 
:r  where good 
ierate crushing 
n carbide and 
an i n  heat ex- 
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r. AI,O, p;trti- 
~ g t h  and we;ir 

I , , , .  ,.:,,I vcduuc the tcnipcraturc o f  the mctal 
under tlic c<~al ing hy 160 C [ j S ]  Such 

..<,,,,, ,,s, :trc used o r 1  :tircr.tVt burners ;ind ;iircr;~ft 
,,i.lzrhr~r~ir.rs. hut !nut in cr i t ic i l  parts ol.aircr;lfl 
,:,, !~~r.hli~es. I'orc-free cu;itings ;lpplied by chcm- 
,,,I L;t13c>r depc,sition. sputtering, or rractive 
. ,3!~,~s,,tic~~i ;ire 70- XO tinter as rcsist;int l o  weitr 
, - . \ I  :r,)\iwn :LS 1mrot1s ~oxt ings.  High-te~nper:~- 

- . ii~hric.lti<,li may ni;lke us? oS solid ceranliu 
,:i~r,c,,,,ts. 

I.?.?. Electronic Ceramics 
, .. ~ ' e ~ ~ m i c s .  Electronicl 

icr;imics are involved in electronics as 
.:,.,.!ct~ units: however. as component sizes be- 
... :,,,. smaller. they are increasingly 
e d  into o v e r ~ l l  electronic assemblies. 
I ISIII:K [j91 has classilicd discrete ceramic parts 
IIII,, threr categories: insulators. magnetic ce- 
r:llntcs. ;tnd transducers. 

I,io,lo~orr represent a complex category in- 
cluding integrated circuit packages. insulating 
.~,h~tr .~t rs .  and t i  variety o f  special tube circuits. 
I Icctrical insulation materials are. i n  a sense. 
 ended from traditional electrical porcelains. 

property requirements plus the complex na- 
iiilc ~)i integrared circuits make them a new fami- 
I! \ luminum oxide is the dominant advanced 
.cr:imic insulator [ I  I. pp. 426-4291, Tape-cast 
.~ l t t~n~n; i  ceramics dominate in uses requiring 
1 ~ ~ ~ 1 1  heat dissipation :ind hermeticity. Alumina 
L,:r;~mics also compete with polymers and coated 
111<1:1is ;ls supports for electronic chips. As excel- 
!:ill ;!% alumina is for  this purpose. alternative 
.::.~icrials are being studied i n  an effort to lower 

;I: iliclsctric constant. permit higher frequency 
,,;.cr:ition. and pros,ide ;I closer match to silicon 
llicrrnal enpansion. fvlultiphase ceramics in the 
\1:0,-Si0,-Mg0 l i ~m i l y  may be the second 

scncration o f  ceramics. with Si,N, as the third 
<corralion. 

Several trends ;trc appilrcnt i n  the develop- 
lliullr o f  later-gener;~tion ceramic substrates. One 
l!:lc i~fdevelopment seeks to use low-tiring, glass- 
",>nded aluminas that can be colired with cop- 
i?cr. silver. or gold electrodes. A second line o l  
~ ic~elnpment seeks to exploit the high thermal 
.~~lclductivity o f  A IN  [2JJlIJ-00-51. Another can- 
k1id:ire is BeO-doped Sic. A third line ofdevelop- 
tilent 1s concerned with lindina lower-loss mate- 
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Fcrroelcctric ceramic. p i r i  high di. 
clcctric constant DaTiO, [I?OJi-?;-;I :~nd  
rel:tted m:~terials. l ind use in c,~p:tcit<rl-s. whic l~ 
;Ire indispc~ts;~ble in clectro~iics. Tlte osc of 
chc~per  metals asclectrudes in:ly Ic)\rer itnit costs 
[ I t .  pp.415-4171. 

Piezoelectrics ;,re crystals wh<,sc cii;~rgc ten- 

ters :Ire offset: :I mech;inical stress ;titers the po- 
larization of thecrystal just as a11 electrical lield 
would. Piezoelectric crystals ;Ire widely used 
fbr voltage-pressure ~rm~~.r~Bcers. Piezoelectric 
ceramics. such ;IS lead zirconate titanate 
[12626-#I-?]. are used in a wide variety ofdevices 
to convert motion into electrical sign;ils and vice 
versa. Vibrators. oscillators. filters. loudspeak- 
ers. a11 using piezoelectric devices. are essential 
parts o f  many industrial and consunlor products 
119. DD. 55. 2871. . .. 

Certain ceramics are termed semiconductors. 
electrical conduction occurring only i f  external 
energy is applied to fill energy gaps between 
filled and empty electron bands. A n  incrcase in 
temperature can also provide the required ener- 
gy. Ceramic semiconductor tnaterials include 
titanates. Sic. ZnO. NiO. and FelO,. I n  some 
instances. they are used as thermistors for tem- 
perature control. They may be used as voltage- 
sensitive resistors (varistors) to protect ;lgainst 
voltage surges. as chemical sensors. or as mini- 
heaters (19. pp. 47-50]. 

Ion-conducting ceramics. such ;is /i-alumina 
and stabilized ZrO,. are employed as oxygen 
sensors i n  automobiles and as electrulytes i n  fuel 
cells 1601. 1611. 

Ceramic materials ha\,ing m;~gnetic proper- 
ties are commonly termed ferrites. :tlo,e,,eric ce- 
~nff i ics, such as ferrites o f  Fc,O, in combination 
with one or more o f  the oxides o f  Ba. Pb. Sr. 
bfn. Ni.  and Zn. can be made into either hard or 
soft magnets. These are xvidcly used i n  loud- 
spc;~kers. motors. tr;lnsformers. rrcording heilds. 
;~ndthel ike[ I  I . p p  417--1?I].(- >l:lgnctic M:i- 
terials). 

Thc optical propcrtirs o f  :I : t c i a  in- 
clude absorption. transparency. refr.~ctive index. 
cc>lor. ; ~nd  phosphorescence. 0ptic:il tr;insp;lrcn- 
cy ih  often iniport;~nt. Gl i~ss and v:irious ionic 
cc r :~~~ i i cs  itre transparent to \,isihlc light. :~nd  
tlicrc arc !n:ln!. applic;itions for uii1doa.s. lenses. 
prisnir. :tnd the like. Fiber optics oil'cr enormous 
p ~ t c n t i ; ~ l  Sor coniniunic;~tion: \~n:tll lihcr hundlcs 
tr:ttislnitting cuhercnt l:tsrr light c:tn c:trry Iniiti!. 

timus the inform;ltion cilrrieci hi. ivire c:thlcs. 

I 
- 

,joli,,,q such ;IS ri:lh for m ic row~ve ;~pplic;ttiuns. ;\.l:tgticsiu~n wide. r\liO,. ;lnd fuscd SiO, :lrc 
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transparent in the ultraviolet and ii portion oft l ie 
infrared and rddar wovclcngths. Magnesium 
Iluoride. ZnS. ZnSe. and CdTc ;*re trmsparent 
to infrared and radar wavelengths [IY. p. 591. 

Special porc-free AI,O, is widely used as (he 
inner envelope o f  high-pressure sodium vapor 
lights. Lead zirconate titan:tte ceramics are find- 
ing increasing use i n  light modulation and dis- 
plays. Translucent Y,O,-Tho, ceramics are 
:~lso useful optical materials. 

Ceramic sensors can use bulk grain phenom- 
cna (such as piezoelectric effects. oxygen-ion 
conductivity. or negative temperature coefficient 
o f  resistivity), grain boundary phenomena (such 
as positive temperature coefficient o f  resistivity. 
voltage-dependent resistivity, or gas absorp- 
tion). or controlled pore structure (moisture ab- 
sorption). Occasionally a11 three microstructural 
features come into play, with different levels o f  
importance. A broad class o f  sensors i s  based on 
optical fibers 1621. New types of optical sensors 
using optical fibers can measure temperature. 
pressure, sound. rotation. current. and voltage. 
A blood oxygen meter using optical fibers mea- 
sures light transmission at eight different wave- 
lengths, thus permitting blood oxygen deter- 
mination. 

1.2.3. Other Advanced Ceramics 

One o f  the oldest uses o f  ceramics is as a 
thermal insulator at high temperature. and this 
role is continued in modern form. e.8.. 3s super 
insulators such as the silica tile used on the U.S. 
space shuttle. Modern ceramics such as silicon 
carbide and silicon nitride are increasingly at- 
tractive as heat exchangers. its arc low-expansion 
ceramics such as cordierite. 

A potentially imporrant n~arke l  for new ce- 
ramics is as implants to replace tceth. bone. and 
joints. 

Ceramics have long been used in the nuclear 
lield as a fuel. cladding material. and shielding 
material. They are lead~ng candidates as matrices 
to contain radioactive wastes for lone-term stor- 
age. 

1.3. Charac te r iza t ion  o f  Ceramic  
M a t e r i a l s  

Thc technology o f  cct~it~ii ic 111:tnui:icturin~ 
rests on mrasorement o f  thc structur:aI and 
chemical properties o f  the raw mi~tcrials used in 

crrlrmic forming systems. The necd Cur ;iduqrl:tte 
lest procedures i s  being met by continuitig ad- 
v:tnces in materiitls scicncc. Many sopliislic;rtcd 
instruments and equally sophisti~.atcd tech- 
niques are available for c\.alualion ~)i fornirtl:~ 
ingredients and o f  formine systems ;it v;srious 
stages o f  manufacture [5. chap. I ] .  

Purity o f  ingredients has :I proiottnrl influ- 
ence on high-temperature propertics 01' :tcl- 
vanced ceramics. including strength. >tress rup- 
ture life. and oxidation resistirnce. Thc prcscllce 
o f  Ca" is known to sharply decrcasc thc crecp 
resistance of Si,N, hot pressed with k l gO  sinter- 
ing aid [631. but seems l o  have little erect on 
Si,N, hot pressed with Y,O, densifying aid [6J]. 
Electrical, magnetic. and optical properties must 
be carefully tailored by additions of :I dopant: 
slight variations /n distribution o r  conccntr;rtion 
can alter final properties significantly. Ceramic 
materials can occur i n  different eeometries. :\s 
an example I-Si,N, i s  preferred over 0-Si,N, for 
hot pressing or ordinary sintering. 

I n  recognition o f  the importance o f  con- 
sistent properties o f  raw materials and synthetic 
powders used for advanced ceramic items. an ad 
hoc committee appointed by the Materials Advi- 
sory Board o f  the National Research Council 
(United States) gave the term charocrr~ri.-uri~,r1 n 
special, restrictive meaning i n  the following deii- 
nition [65]: "Characterization describes those 
features o f  the composition and structure (in- 
cluding defects) o f  a material that are signilic;~n~ 
for a particular preparation. study o f  properties. 
and suffice for the reproduction o f  the m;ttcrial." 
True characterization involves a direct cnrrela- 
l ion between test results and properties. Thc 
mere rakingofdata is not characterir~t ion unlcss 
the test procedure serves a particular f~inct ion in 
predicting properties of the material und~.r tcst. 

Although this definition was desiyned ;is ;In 
:lid in establishing signilicant fcatirres for ad- 
vanced ceramic products and their uonstiti~en~s. 
the concept has been successfully applied in the 
lield o f  traditional ceramics. The Inan). prupcr- 
tics encountered in forming and firing :fire il,und 
10 hc consequences o f  the interaction <,f t!r.u or 
tniure o f  a limited list o f  fundamental ch;~r;tcter- 
k ing  ie;rtures [66]. Table 4 pro\.idrs ;I listing u t  
sig~i l iuant. interacting li.;ltures ior  tr . tdi~i~ln:~l 
cl:ry-hirsed ceramics. with :$ p;irri;il list i r l  t l ~ c  
Inl<lre inlportiint conscquelltial properlies en- 
uountcrcd i n  forming ;~nd liring. t\n el i l~:t~~sti \-c 
surscy o f  pertinent liter:tture. ~n ; ~ d d i t i ~ l ~ ~  to :I 
c,,nlini~ing review o f  pl;tnt and l:thc,r:~t<,ry rc- 

I 
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I 'he 11ecd for :~dcquate 1 ,htc d, c~~:~~,~~ccr iz i t~g  ic.~!ucc, :and cer:icnic pr~~pcrfic, Trb lc  5. Cl~:~r;tutcrirau~>~: o i  in , )  ~I.~!-h;~,~d lr,~dic. 
.IICI by colttinuing ad- 

CIli~r.ts~~.rizi~~g l i i l l ~ ~ c s  t'zopcrli~~ i : V i ~ r ~ , n , \  
c .  Many sophisticated \lit lC ~Ili l l:, 

sophisticated tech- chr.coic;st coinpu,i~ion 
:valuation o f  ii>rrnula nlincr;tl coc~lpor~lion Chc~nic:ll. st"; 

parli~cIe\ire di>cribuliun SiO, h i ( l  ' 
!IS systclns :it v.lrious 

C W b . 4 ~  
<pcci~ic suriucc ~ 1 ~ 0 ,  23.  I , t l ) . i  

:hap. 11. colloid n~odificri Fc,O, 11.14 ~ l . i t l I  

:,as ;I profnund influ- TiO: 11.2s 1 1 . 1 1 '  

:;. properties o f  ad- Ccr.tatic propertic, C:>O I J . ~ ?  I .: .> ~ 

i 1 
L lpo 

g strength. ,tress rup- 11. 1 3 0. I I 
: .:li.,l i~11111111" Firing:lirud K,O 2.68' 1 4 5 .  

.ist;~nce. The presence 
:. v.L,~,~!? \i~ritic:tL~,>#~ Na,O 1.41 ' 1 1 4 '  I; 

ply decrease the creep Ipitiun 1o.a 3 67 ,i.411 , ::.# L,, l~ l :~>~~ci ly  rhriokaer. 
.xed with MgO sinter- ... ~~ .~h t l#c !  pyroplrscicity ~ " l c  nu., 0.0766 ' 111161l1' I 

1 have little effect on .,::A.ssc ;!bsorplion Minerals. %I?<, I 
0,  densifying aid [MI. ..;;::ct~, strength 

Stnectitr 3.7 :.I) 
I 

. :. .!,.p"'t<"' cotor 
,ptical properties must Kaolin goup 2 . 7  

.. , ., , . . .. 
. ..: ; I -  rl>culug? l h e m a l  bchavior 

dditions o f  a dopant: rnicros~r~c~urc Mica 
..: : I 2  I . I I C  

8.8' is' 
Free qusr l i  23.7' .:q 6 ' 

.,lion or concentration Organic 0.46' o.!.l' 
\ignificnntly. Ceramic .,:i~., 11:~. shown noexceptions to the list ofchar- Auxili"y l'L'r 2.11 
i'erent geometries. As .. , . : . , i~ i /~~ ip  Ik~tures o f  Table 4. Particle size 
crred over 0-Si,N, for (.'h.\r:tcterization. itself rapidly developing as % < 20 Prn 76 3' 

~ntering. % < 5 ptn 47 15 ., ,i~.cipline. hassuggested ways whereby selected %, zpn, importance o f  con- . : . : 16 :.:-,,pr.rrtes o f  materials or a body can be used in % c t ~ r n  .. , i .  IS ' 
raterials and synthetic .!;~cluprnent and control ofclay bodies. Sanitary % c 0.3 pm 19 ?I 
1 ceramic items. an ad 

. A . , I C  :!nil \.itreous chinaware are typical clay- ~~~h~~ ,y the Materials Advi- 
.>.I.L.~ ~r ;~di t ional  ceramic products. The chemi- MBI. rneq IUO 3 . 3 '  1.1' 

la l  Research Council . : I  n,~nrr:~l. particulate. and surFdce data of T;I- . indic;,,orj, 
:rm charocrcri;orion a , . 

.:: iiuistitute contplete characterizing descrip- 
in the following defi- 

,:I. , ~ f  c\;~tnples o f  formulas used in tnaking 
,lion drscribes those 

;-<, prod~~cts.  improves the casting rare and the qu:~lity ofcast 
bn and structure (in- 

ti.., i r r m ,  rcqairc delioilion. I h c  ,tiole ~o l ' l b r .~  i s  the [69]. Theprcsence oiculloidal organic m;irrer can 
:a1 that are significant 

. .., ,I,< p"rcc"r;,ges ~ ~ 0 .  K,O. .,.d s,,:~ increase response to deflocculants and result in 
I. study ofproperties. .-.::,I ir! 113cir rcrpec~ive molecular masses. Thc ,1181 signillcant increases i n  dry bonding power [ i O ] .  
:lion of the material." . - ' : ~ ! t i ~>c  blue lnderl ir the rnilliequivalcnlr oimcthylenr The rheology of cla!.based fornling jyslelns 
tives ;I direct correla- . .  ..#IIO~I lihlvrinr j:tIll obrorbed per 1110 g uicl;,? .~nd ir 

.;.s.t~:c LII \uridcc area 1671. can bc altered adversely by apparenrl? minor 
and properties. The changes i n  subsieve particle-size distribution 
~aracterizi~t ion unless IR~~lvoducibil ity o i  desired forming. l i r~ng.  [71]: the percenlagc finer than I pin equ iv~ l rn t  
i ~ i ~ r l i cu l a r  l i lnction in . !ir<il  roperti ties is ensured by nlaint:ltning spherical diameter IS an excellent indicdtor o i  

m;~teriel under test. I.: i l~;~l-:~crerizing features a-ithin prescribed ;tny ch;~nge [721. The methylene blue indices 
: u;~s designed ;is an .... I \  !fshl. (MB I )  correlate u,ith plastic formins properties 
.tnt featores for ad- I \pcricnce 113s shown that when or all o f  and dry strength o f  unfired ware. both o f  which 
i d  their constituents. '!I: ~ngreilients of;t clay body must be replaced are functions ofspeciilc suriace [67]. 
.slully applied in the ' : t i .  'Il-t,dd characterizing values o fa  full descrip- 
. The m;lny proper- ':,n 1n .1~  he reduced to 8-10 key indicators. ,\ 
.ind tiring :(re found - :! it~il icator is 3 feature that i s  critical lo  con- 
' l ler~ lc t l~ l r l  o f  live or ':,,llillg:l par1icul:lr property. The superscript r ' s  2. R,, ~ ~ t ~ ~ i ~ l ~  for Traditional ILI;IIII~~I:II ch;ir;tcter- i:lhle i label the key indic:~rurs for the t i r r r  
pruaides :I listing o f  : ; : I ~ ~ C >  Ceramics 

:~lres for tr,tdi~iunaI ilr.cilllic1 tired body color is ntllch nl<,re ~ . r i l i -  
.I p;lrti:ll l i s t  u i  the I u t reot~s chinawxre th:irt l i l r  s : ~ ~ t ~ t : ~ r y  CI:ty-b;lsed ceramics are prcduminani :won$ 
i111:1l properties r n -  .: :%,.  l l tucolori~tg cffcct ofFu,O, ;tnd Ti(>: i i l ~ l s t  cer0111ic p rod~c ts ,  CI;ly i o r~ t~u l : ~s  (or hudics) ni;!y 
i r i~ tg .  )\n ~ x h ~ ~ ~ ~ s t i ~ , ~  "-' 1:lkcn into account uhen. for cx:~mplc. rill-c- coi~sist o f  :I single <lay or one or Ittort cI:iys 
,re. i n  :~c I~ l i t io~ t  to ;t ,):. i'Ili~l:la.are is reinrmul;~ted [bSI. The prcsurlcc inixcd i v i t l ~  m~ner;~ l  moditicrs such :L, pwvdered 

a n d  I ;~horalory re. ,: ~ l l i c : ~  in ianit :~r? w;~rc slip-casting s ig i~ i l ic :~~t t ly  qu:Irtz i ~ n d  icldsp:~r. The 5peci;tl pru[)~.rties ofthc 
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cl;ly !ninar:~ls 1h;~t permit prrpar;ttion o f  high- TIIL. ki~ol ini te pli~teI~.t.( I~:~vL. ~nc f i t t i v~  ch:trScs I n. : . t \ t  

solids l luid systems i ~ n d  pl;~stic forming inasses un their F.ices (or basal pl:,~>es) due l o  ;,!I ,,c- .. 

;Ire critic;il in the shaping ol'u;~re. c:lsional :\IJ* ion misbing lirw 1 1 1 ~  ~ c t : t I ~ ~ . d r : ~ l  
I n  developed countries. ceramic manutbc- (gihbsite) layer or an Si'. 11-0111 thc tctr:il~c<lr:tl 

lurcrs and raw inaterial suppliers usu~ l l y  work (silicx) k~~yer. 
together in establishing standards (21. The sup- D i x o r ~ I ~ ~ r e ~ l  kw,/i,,i~e ib :! ~ t r ~ t n t  o f  ki!c)li~~itc, 
iplieriissu~nrs responsibility forcontinuityofm;l- in which Fr" Iind big'. ;Ire tllought to replace 
terial qu;~lity and \varks closely with the manu- somc AI" i n  the oct;ihedr:)l 1:tyc.r 123. p. 5'11: 
hcturer in solving m3tcrial-related plant prob- 

~ I : ; C ; ~ ~ ; F I . ~ ; ( S ~ ~ O . ~ I O H ~ ~  . M I ;  

However, i n  less developed countries, manu- The M". \~su;!lly C:l'-. is ;I balancing r- 
i:lcturers may need to dcpend on suppliers who chanprablr cation. Hydrogen bonds between 
lack facilities and expertise for maintaining ma- gibbsite and the silica layers citn be weakened hy 
terial uniformity. A n  alternative is that the changes in the octahedral dimensions caused by 
manufiacturer nl;~y be forced to mine and refine replacement o f  the small .AIJ- (ionic r:~dius o f  
his own materii~ls. I n  either case. the potter must 0.051 nm) by the larger Fe2- (0.074 nm) and 
he preparad to cope u i t h  \,ariation in material M g z -  (0.066 nm) ions. This produces the smaller .#,!!,,.,c,: 1, 

properties. either by active supervision of sup- grain size o f  disordered kaolinire found i n  somc . , , < . t i  ...,,,<: 
plier mining or through in-plant beneficiation sedimentary kaolin and ball clay deposits. 
prior to use. Thr  characterization concept (Sec- Kaolinite crystals consist o f  a large number I: ,.:,c-. 
l ion 1.3) h;~spermitteddevelopmentofob~ective. o f  two-layer units held together by hydrogen l,%.,!!.,i t . , ~  
simple lest procedures for use i n  mining and bonds acting between O H  groups o f  the gibbsite \I' . I  .I. 

beneficiation control [17]. structural layer o f  one unit and oxygen5 o f  adja- I !  :.: 
cent silica structural layers. Uni t  layers are dis- 1, '  :..:,! .,, 
placed regularly with respect to one another 

2.1. The Structure of Clays , r \ , : ' :  .. .r: 

along then axis. I n  thecase oiho//o?.ci~e. the unit 
and Nonplastics layers are stacked along both n and h axes i n  . , .  . 

random fashion: because of less hydrogel1 bond- 
The atomic structures o f  the common clay 1 ;  :!.,...,!I,, 

ing. water can penetrate between successive 
rninerals are based on Pauling's generalizations , . , .. . . i  

layers. thereby forming 3 hydrated variety o f  
for the structure of the micas and related miner- kaolinite, . , :, 
als [73]. Two structural units are involved in 
most cl;iy mineral lattices. One is the silica slteet. "l:cOHl.(Si:O,) 2 H,O . ,  .,.,:,\ : 
formed o f  tetrahedra consistins o f  a Si" sur- . 

According to KELLER 17.11. halloysite can ex- . . I .  :<..c:: 
rounded by four oxygen ions. These tetrahedra ist :IS spheres, tubular elon~ates. or polygonal '.I :::L! 

are arranged to form a hexagonal network re- kaolin occurs in a number of mar- ... , ...... :I!< 

prated to make a sheet of composition Si,O:-. phologies ranging from worms through stacks, 
The tetrahcdr:ll :~pex ovgens all point in the irregular platelets, lo euhedral kaolinire crystals, :::I.: . . , ,  I:j 
s;~me direction with pyramid bases in the same Particle morphology can have significant effects 

on cer;tmic forming systems [17]. 
The other srructur:il unit is the aluminun~ h y  The montmorillonites result from isomor- '. .: . h 

dro.~ic/<,, or sihhsilr, .S/IP~I, consisting o f  octahe- . . .  , . , . . . . . . 
phous replacements of portions o f  AI" or , ,  .'. 

dra i n  which o n  Al" ion is surrounded by six 
Sir. in three.layer pJr,,phl.llile : .,:>lc , 

hydroxyl groups. These octahedra make up a [1226Y 21, which is formed by of two ;,,,.:::,.,,, , 
sheet. owing to shzlring of edges: two layers o f  

SlliU., With one gibbsite ,751: I :  

hydroxyls have cntions rmbeddrd i n  octahedral ..... . . . . I ! s  

coordination. er1uidist;int from siy hydroxyls. .\I:IOHI. - 2 [Silo,)' -. hl:tOHl? 2 ts[,o.i - 4 C ~ H  ,, . . 
These oct;ihedr:~l sheets condense with silica Wl,el, ' replaces so,ne of . in llle 
sheets to form in ipor t i~nl  clay minerals. uct:thcdral layer. the result is ,,~o,,lrrrori//o,liic 

h'nolit~ilc [ I ~ I ~ Y - i 4 - 7 ]  i s  the milin minerall o f  (/.<18-93-0] (smectite). 
kaolins. with usually tabular particles made up 
from units resulting frunl the inrer:lction o f ~ i b h .  ,\I,..-"'E.. ,.lOH)~-!lSi:O.l . .~t, ; , , '  ,.\ ! ~ r :  

site ;ind.silic:i sheet>: bl ' lying between two adjacent three-layer units 
: \ I~ I I . J~~ I~  - (si:o~,: . .\t:<(itt~.tsi?o,~ + ?OH ns un exchangeable cation. offsetting the excess 



,~il lelels h;lvc 11e~:ltivc cIl:~rges 
6as:lI pl;$ncs) due to ;I,) oc- 
missing fro111 ll ic oct;$hedral 
:in Si'. l i o m  t l ~ c  ~~ l r i i l i ed ra l  

:~,tiiv is :I v: ir ix~~t o f  k;toIi~iite 
\lg' - are l h o u ~ h l  10 repl:tce 
.:!ahedr:~l layer 123. b. 591: 

' 8 .  . 11;; 

ii? F a 2 * .  is :I balancing en- 
Hydrogen bonds between 

:;I layers can be weakened by 
isedral dimensions caused by 
'mall A13* (ionic radius of 

:;trger Fez+ (0.074 nm) and 
: I r .  This produces the smaller 
,:rrd kaolinite found in sorne 
and ball clay deposits. 

consist o f  ;I large number 
:~eld together by hydrogen 

:;I O H  groups of the gibbsite 
:re unit and oxygens ofadja- 

layers. Un i l  layers are dis- 
i l h  respect t o  one another 
!le case ofhrrllo~sirc. the unit 
:long both o and h axes in 
>use o f  less hydrogen bond- . 
:.:rrare between successive 
l i n g  a hydrated variety o f  

-Len [74]. halloysite can en- 
Ilr elongates, or polygonal 
:curs in a number of mor. 
'm worms through stacks. 
2uhedr;ll kaolinite crystals. 
:an have significant effects 
i slems [ I  71. 
nltes result from isomor. 
o f  portions o f  A]'' or 
r mineral pyn,p/z~Nirc 

formed by fusion 01' two 
sibbsire shret 1751: 

.ume 01. the A l '  . in the 
result is ~ i ~ o ~ i ~ , , t , , r i / I , ~ , t i r ' ,  
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1 .,lllr n. I.., !a I . , , I ,  cc 1111111.r.llh -- 
\1.::~.,1 C<~o~~w\i l ion 

~ , , ~ , ~ l - ~ ~ i n n c  !negative charge. Because the SiOl o f  
:; ,;cnl i i l i ~ r  layers are held together only hy 

!I. :.!I, dcr W ~ i ~ l s  attraction. montmoril lonitc 
:::,;lc- :,re thin and small. 

I ~ ,~ r~c -qua r te r  o f  the Sid+ ions o f  the tetra- 
:,II.SI 1:iyerc o f  pyrophyllite are replaced hy 

\ I '  . :t cli:irgc o f  sufficient magnitude is pro- 
! 1 7  bind univalenl cations i n  regular 
!:-I',)ILI coordina~ion. If the cation is K '. the 
: i . - ~$ l~  i) ,I~IO(.OV~I~ III~CU [13/8-94-11 (23. p. 231: 

:I:,. ~,:ttiun i s  Na '. the result ispamugot~rirr trrico 
',, :!,..<.;.,Sj: 

charge. forming an clectr ic~l double layer. I f  the 
water contains cati<rns o f  :i different kind and 
charge. an exchangc ofsolution cations for cia!.- 
held cations m;ty occur. Some cations are at- 
tracted more strongly to the clay than others. 
Cations can be arranged in ;I lyotropic (Hol' 
meister) series (22. p. 241; hydrogen is held most 
strongly and lithium le;~st: 

H Al  Ba Sr Ca Mg NH. K Sr Li 

The capz~city o f  3 clay for absorbed cations i s  
termed itscation exchange capacity (c.e.c.) and is 
;I function o f  clay specilic surface (761. The usual 
measure o f  the cation exchange capacity is the 
M B l  (see p. 9). 

The stability of ;I suspension o f  cl;~y particles 
in water deoends on the ileeree ol'~lr.lloc,ccularir,,r I .. .. , 

\l:$n! naturalclayscontainamicaceous rnin- 
,,f the partjcles, ~ ~ n ~ ~ ~ ~ l ~ ~ i ~ ~  depends on 

.>.(I. rcscmhling muscovite but containing less ,.haracter of ;ln electrical double layer made up 
\ I  :(rid lniore combined water than normal of [he hllowing parts (I?. pp, 92-,10~: 
;~ l> . i< ) i i re .  This illiie[IZ173-60.31 occurs in sedi- 

1 1  Ncgr1iverurf~ccch~rgi:cunrirliny oilhr. inhcrenl n q a -  
.:L,II!:,I! cli~ys sometimes associated with mont- l i v e  plnnar rurl;\ce charge plus absorbed OH on oorrnal- 
. ~ ~ ~ : ~ l l ~ ~ n i r c  and kaolinite. Analyses o f  illites l y  porit~vcly chnrgcd cdgc$ 

! I  :nrious localities show K,O contents o f  2 )  Absorbed iilycr uiwiion< r l  the nreali\c surface. ,he 
. SiOi o f  38 -53%:  and AI,O, 01' 

-, :1",,. Knowledge o f  illite is as yet incomplctc . . .. .. pp. 2-1 -251. 
'T:thlc 6 shows the names and chemical com- 

I?II\IIII~I\J o f  pk~stic clay minerals and nonphztic 
:.#!crc.d ;tluminum and alkaline-earth silicate 
: I s  commonly encountered i n  ceramic 
.!.I!\ 

2 . 2 .  Clay-Water System 

\\'hen a clay is dispersed i n  w.lter. its hslanc- 
!#IS 1'.u,ho,8geohlc, corh,,t.s retreat to a distance 
!rt'rii the clay determined by their size and 

Stem layer 
!I i>iffurecloud oicdlioni lhd crLrndr to a diivilnce from 

the chargcd prrriclc that i$ dctermincd by ihc 
III con~enlrillion ol'iunt in ,he hulk rolulion away irom 

dilluse cnlion cloud 
b) sire and chnrgc or the c~c ion~ 

The thickness of the electrical double layer i s  
;I tna imum when tlic concentri~tion o f  hydrmx- 
ides or hydrolyz:~hle s;!lts o f  the monovalent 
c:~tions of thr: Hoftneis~er series is the minimum 
needed to fully charge the clay surt:.~ce. Excess 
dellocculant reduces the extent o f  the diffuse 
Izlver. 

I n  the absence o i n  douhlc layer. the bringing 
together o f  two clay p:~rticles by Brownian mo- 
t ion results in k)rrn;ttion of;! douhlet. At t r i~ct ion 



12 C e r a m i c s .  G e n e r a l  S u r v e y  

Ihc t tv i~~ i  ~ ~ l . i l ~ I c t ~  15 CIIIICT hy ed;c-I;icc i t t t r i~c-  
ti<,!> ~ r r  I,). van ~ C I .  W;t:tl\ t'orce. or hotli. Where 
tlic n<,rni:ill! ~p>\itivt. ctlgi. l h ; ~  heen neutr:~li/ed 
o r  rn;ldc tleg:tli\u. ~IICTC is 0111y \.;LII der W;fitli 
: t t t r c t i i .  I'itrticlcs provided \vith dilt.use. ex. 
tu~idvd counrcri~?n cl,,ods cannot ;approach one 
;~notllcr closely ctwuglt to allow the inherent vun 
der W;t:ils force\ to f'uncito~t fully [?I. pp. 183- 
2121. < I  <lclloccul;~ti~r~i ur rcduccd Il<,cculation i s  
t l ic  result. 

The w r y  poI:lr II.<,ICI I I I U / C , C I I / ( , . ~  :,re itttracted 
strt,n~ly to ncs;$tivc ktces or positive 'dges of 
cl:~y p:~rticles. The ildsorbed w t e r  molecules. i n  
turn. itltr:tct other ivitter n~olecules. i ind these. in 
turn. attract ycl other water molecule5. Thus. a 
water structure is built on the surfaces o f  clay 
platelcls ur r o d .  The rrtcnsion o f  the watrr en- 
velope f iom the p;irticlc rurl'ace is thought 177) to 
depend on the stze ;i?d xtlence o f  the cations 
present i n  the x;itrr. Exch:tngeable cations can 
adsorb iv;tter ntolccules and build up a structure 
wliose extension I'ro~n the clay surface depends 
on the amount otid kind o f  cations present. 
Where l i~rsc singly charged csrions are present. a 
loose. wide sxtensiori occurs: for small niultiply 
charged c;~tions. the counterion cloud iscompact 
and less extended [77j. Water o f  plasticity and 
plastic qualities ;ire functions o f  surface nrea. 
particle geometry. and rchangeable cations. 

However. ifiicl;ty i s  allowed to absorb urgnn- 
ic col/oLk, such :ls t ~ ~ n n i c  acid or humic acid col- 
loids derived from soil organic matter or lignites. 
thc attraction betwccn clay particles 1s greatly 
reduced. u;tter o f  plasticity drops significantly. 
response to dello~.culants is enhanced. and dry 
strength rises [701. Apparently the absorbed or- 
ganic particles \\,it11 their absorbed water layers 
neut~i l ize positi\,e edges and provide a measure o f  
steric hindrance totheclose:~pproach ofparticles. 

Ddloccul;ttion is. thus. :i neutralization reac- 
tion between acidic groups o f  absorbed organic 
colloids and the ~nonov;tlent carionsand hydrox- 
yl groups prt,vided hy the detlocculating com- 
pound. rather than a reaction between clay and 
the defloccul:iut. Some functional groups are 
more responsive thxn others: ;IS a consequence. 
organic-bearins ball clays v:iry in their forming 
properties. 

The hydroxyl ion is ihecessory in thedefloccu- 
tion o f  clays [iOj. The presence oC any soluble 
sulfiate or chloride s;~lts i n  the cl;~y -w;irer system 
reduces the form:ttion o f  OH-  :ind lessens the 
defloccul:tting t.lTect o f  ;I given quantity o f  d r -  
I ~ o c c u ~ ~ , ~ .  

2.3. Commercial Ceramic Clays 

In l l t r  Uniletl St;ttes :#rid the Ullit~.d Kins- 
dotn. the n i i~ jo r  cl:isses of ccr:unic chys are 
termed i;;~olin (or chin:, c1;t)) :itid b;ill cl:ly. KO,,. 
/;I! may occur ;I[ its point OS origin i n  primary 
deposits or i n  scdititent;try deposits co~iiposed o i  
cl;ry p:trticles !v:lshetl f'rottt the point of I'orm:~. 
ti011 by stream itction and laid down i n  quirt  
water. Kaolin deposits ere widely distributed in 
the temperate zone. Ho\r,ever. in the iropics ;tl- 

reration may be rapid. resulti~ig in bauxite (781. 
The term hull I /< , ! .  has no technological sig- 

nificance: i t  is derived from older mining practice 
i n  England. whercby cubes o f  moist, plastic clay 
were cut from the working Ctce with ;I special 
tool. rolled down the clay face. assuming :i 

vaguely sphc r i ~ t l  shape. and loaded onto 
wagons by women workers (ball n1:hidens). A 
general definition of ball clay would be sedimen- 
tary clay o f  fine to very line grain size. consisting 
mainly o f  ordered and disordered kaolinire with 
varying percentages o f  illite. mica. montmoril- 
lonite. free quartz, and organic matter. 

Clays classified its ball clays ;Ire widely used 
in North and South America. England. and roan 
increasing e.~tent. in Asia. Ball clay is Pdr less 
used in Europe. The use o f  ball clays in clay- 
based forming systems is designed to improve 
plasticity, reduce water ot'plasticity. increase uns 
fired strength. improvc casting slip properties. 
and in some cases. improve l i r ing and fired prop- 
rrries. The unfired functions o f  ;I ball clay can 
sometimes be matched by treating line-grained 
kaolins with colloidal organic rubsratices 170). 

Table 7 characterizes represent:ttive china 
and ball clays from major producing areas in 
England and the United States. The china and 
ball clays from Thailand provide csnmples o f  
ceramicclaysavailable i n  less-de\.eloped nittions. 
The mineral constituents of the clays o f  Table 7 
were calculated from the chemical an;~lyses with 
a procedure suggested by Hoi.ontoc;e [?9]. 

The primary kaolins o f  the china clay depos- 
its o f  England and Thailand contain niore rnicii 
than the sediment;iry k;~ol i~is orGeorgi:~ (United 
States). ns denionstrated hy thcir Ihighcr K,O 
contents (661. English ball clityi are ~ihitch higlier 
in niiat t1i:ln their U.S. onnlogues 179). b1ic;t 11:ts 
Carorable eifects i n  slip c:isting and provides n 
lncssttrr o f  I l u~ ing .  

The flow di:tgr;tms ol' Figure I :Ire represeti- 
tative of inlining and relining prnctices in ball 
clay producing ore;is of Dursctshirc atid Devon- 
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. : t t t~ ic  clziys i t r e  

! lhilll cl:,y. K',,,. 
45.7 4h.7 5115 110.4 1h.b 47.2 485  59.4 4V.o i X j  
iX.3 34.2 18.7 27.0 38.1 17.6 12.3 16.4 34.6 14.4 
0.41 Il.6ll l l Y l  0 9 ?  11.69 0.511 11'111 1.110 0.71 1.10 
1.55 1.42 1.88 1.62 11.07 0.05 I l h  l1i) 0.01 11.v: 
0.lIX 11.12 010 0.1s l l l 9  0.20 0.IS It20 11.35 IIII5 

! d i s t r i b u t e d  in 0.Oh 11.211 (1.30 0.2b 11.20 UOX 0.11 11.51 t l 3J  i.115 
0.116 0. l5 0.89 1.70 1.47 1.15 1.8'1 1.41 2.51 1.315 
I l l 4  lllli I l l 8  0.50 llUX 11.07 0.19 l l3S 1 . 4  11.1: 

13.61 3 . 7  16.58 7.59 11.66 11.62 14.78 7SS tll.htl S l J  

\l;,,~.,.,l>. >SI' ! ,# 

~ , i l n i t  ni l  

:r. assurnin_e a tnlcc I 
trilcc trace B (race lrafr 5 l o a d e d  o n t o  

ill maidens) .  A 
u l d  br sedimen- 100 88 

matter. 

.(re tv tde ly  used \IIII. 111tq 1 0 0 ~  1.6 10.5 12.1 5.6 5 1  X i  3.7 11.3 3.4 16.5 

:land. a n d  t o  an - h . ~  i l l  dc>ign~lion,: 
c l a y  is  far less ;I c'n;rr$c kaolin. o d i m m u r y .  Washington County. Georgia. Unircd Sraler 

i i .  11111. kaulit?. odimenlary. Wilkinron County. Gcorsia. United Svnlrr 
I l . ~ r k  line ball. Gr;i\cr Cuuniy. Kentucky. United Srater 

I i j  i'u.tr*c i iphi hall. Wcaklcy County. Tennesrec. U n i t ~ d  Statrr 
I , 1:ltii. chin;, cloy. Cornwall. England. Unircd Kinpdum 
i 8 I',,:#ric chin;, clay. Cornwall. England. United Kinsdom 
I , I  l l . ~ rk  halt. 1)evonshire. Eng1;tnd. United Kingdom 
I I i 1.iphl hitll. Doriet. Ensland. Unilcd Kingdom 
1 1  ('11in;i clay, primary. Thaiiand 
h 8 I~;LII i.l:iy. Tkt i land 

c i l t a t i v e  c h i n a  

T h e  c h i n a  a n d  

ii. examp les  o f  
:loped nat ions.  

lays o f  T a b l e  7 
8 1  :tn:tlyses w i t h  

.lii:crtz. a n d  sm;tll ;amounts of ;tccessory m i n e r -  C'n''r. 
English hall clays are riured in :tccord;~ncc with lylrcr 

.'I.. O v e r  the past  40 years. the c l a y  p roducers  o l  dctr.r,,,inrd by cl,aracteririnp icat,3rv tvr,r. CI :,!, ;,,c rlicr.,l 
I i l $ l : t ~ ~ d  h a v e  r i l ise l l  niinillg illid r e l i n i n g  of t h e i r  i\hrcddedt ihumh-,ire picucr ;toil o l i c ~ l  hlc~ldcd ~vich .:li~l lnlore mic:i 
:~ l .~ lcr i ; t ls  t o  a s,ery Iligh Icvcl of[echnology, As ;, OIIC o r  tnorc utht r  >slcclic>or III pn,ridu c~r~~l ro/ l r . t l .  y ~ c ~ i -  

r m r ~ i a  ( U n i l c d  
., ,,,, equcnce oralrcady deirahlc propcrlics. lid propr.rtici. Such hlcncls 11my hr.cx!rt#dcd ill !he IUIIII 

pdie!, for bulk rhipmentordricd and rahir.cccd : ~ i # ~ d i # ~ s  
. , , ~ i ' l c ~ l  w i t h  c lose c o n r m l  i ~ n d  technica l  com- ,<, :, ,.cli,,cd pt,N dcr i,, t%n t,ir.cl ,,,, ~iL,,i <,,, pri,,cli,,s ,,,ill, 

-..~lce. ;I l a ree  e x p o r t  tr:ide hits been  dcvelopud.  :\~,.IIU:,LC~ GILL? i\ U ~ C I ~ , I I ~  bdpscd ,II~,,,,,c,I~. 
l:i~gli,lr chin;, clay is rcco\crcd h! \~~hjr.ctiog ihu p.!ir.nl 

Ihv chin O \ C T ~ U T ~ C I I  i u ~ d  ,hick d ~ p ~ s i ~ ~ ~ i E n g l i , l ~  hill1 orc to . . h y d r ~ ~ l i c k i ~ ~ < ~  rh ish-prc\ r~~r< <*I' ni i \cr l .  1 . h ~  
. .I! r cm l i l  bathopn-p i t  iminingit~,tl ~ l t ~ d c r g r o ~ ~ n d  ~lini,~:. c l . ~  :mtd fine O U S O ~ L , ~  t!~ic:t ;,re ~ ~ ~ . ~ ~ ~ ~ t c d  i r ~ n  IIIC \,r< 
"l'i'!l.pil opcracionr arc n i  1 t w  t y p o  1 1  I c.qcd\.;ltillp itlld IT : I I> \~UT~L.~  hy the rr.r~$lli$t: r l r ~ ; u ? ~  l o  i t  ~ . l i l l ~ t l i < r  l i u  

:tctices i n  hit]] ."";'rill warns u i l h  bachbwr ;sod 111 \clcc,ivr ininins 11,. rr.i~~~>\.;tl the ru;trrer ~ n ~ i ~ . i t  :~nd qtlarl,. I;IIIII\L.T II~I~IcI:~! 
.,,lnc r.l.l!r aich sp;%dcc.~ryitls rur%ion o i ~ h c  pncttn~;~tic i m p u r ~ l i r . ~  :~rc rucnovcd \ \ i ~ h  ;I lhydrocyclotlc. I 'hc I k % % t -  

rc : ~ n d  D c v o n -  :cl!>.llnll~cr. Air-.ipadal cl.z> i\ liliucl thl tn the pi! with ;I .<,lid* .lip i, ~ h l c k ~ n ~ d .  i .hi~ri !c~~ri~ed. :t81d *totcd it. B 
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,~.i,,l. .lurt!. i'uo uc inori. -1urrkcd chia;, clvy \~.lccciun\ [1225l - - IJ - . ( /  (Kr\lSi,,O,) is ineiloclirliu, 
.:.,,,! bc hlcn,jci1 gi,c derired. cua!n,llcd pn>pcrcic\ he- cline sycailc i s  :, type ~ , r '  rock c u f ~ s i \ t i ~ ~ ~  < t i  
. , I  i t t i .  rhc t l r i~d clii) ~lii,! hr. 

, , , I  , ,  , I I ~ i ,  "cl'llelino ['22ji--'i..fl ( K  10 . 3 xit10 4 Al:O.i 
:..: .i>lppr.d in lh:i~>. 'I SiO,) ~n ixcd  u i t l i  in~icroclinc ;~od iilhito. 

A n  old s:~yitig. :~ttributed 1 ~ 1  tile C(1i111eso [ I  I. 
p. '111. says i n  efiect that ,<ilic.ci [i631-,Yh-Vl is the 
skcleton :tnd cl;~! tho llesh :I cur:tii~ic h<,dy. 

; ,i.,li~~>ent:jry k:lolin deposits ofCeoryi:~ il l id There i s  ;I lundelicy to rcg:ti-cl hilic:~ :I\ :tr i  iwn 
.,.i:[~~ c':trolili:~ itlid in bill1 cl:ly deposits o f  Ten- 

subsranor in the bud!. Houewr .  Ihis i l i ~ r  ircrni 
-:..,,,.c : L I I ~  Kc!~tl!cli!.. Overburden is usui~ll? rtrr 

tlic case: the silic:! c;ln h:~\c profc,und L.~~~L. Is  :,,,,,, th:~n Y - ID  111 thick. i<either bill1 cl;ly itor 
,.,,,li~i deposits O C C C ~  : 15 m. A l l  ~ n i n i ~ ~ g  is both in (arming :ind firing. 

Table 8 provides exarnplr o f  fluxing k l d -  
spathoids and silicas used in cl:ty-hased cer,tmic 

\,.le~ti,e miniog harcd on drd! hole and *orkine Face rorrnulations. The [nit~eral constitucllts of tllc 
:. :,,,.tclir;lciol~ ti.scr ir dutlc with dr.lglinc or pvwer shur- 

1 I . l l ~ . ~ ~ l ~ r ~  t'rl)~il pi1 10 proc~.s j in~ and s l ~ r i i g c  siler is h) feldspars and silic;ts o f  Table Y \\,ere ciilculiited 

, I , , I .  s S  i , from the chemical analyses \kith 3 method by 
.:.;:,id~d cky. KOENIC [SO]. Feldspar A is a froth-floated feld- 
~..:..!i;i, arc hlcrldcd lo rprc~ficiltion ;and either dry- spar recovered fronl North Carolin;r alaskile 

.:.! t;,r hulk or bagged rhipmenl or iubjeetcd lo wci 
,ng. High-sulidi rlurrics l i0%1 are preparcd lor 

granite. Material C i s  d r ~ p r o u n d .  selecti\,el? 
..izer 

::; .:.,, .hiPlllC"l I" CUril,niC ~ l i ~ < ~ , t  mined nepheline syenite from Ontario. Gtnada. 

..ger :.i,l,lllg. !.~,~.~olids slurries are iubjrcccd to cmrriiug;bl Material E is wet-ground feldspar from Th.ti- 
~ : . , ; i ~ , ~ ~ ~ . ~ i o n  with suhsequenl lhiclening. filcralion. itnd land. A l l  are used in cl;ly.based ce. 

:?or1 rhr  dried litter cake ma! be shipped in hull. air- 
:.. .,led .lnd jent in hopper cars ~r bulk. or pulverized lor ramic formulations. 

~i Drvonihirc a l ~ ~  In addition to the feldspathics and silic;~. 

.l.l,i. orcli,ys for use in cer;lmics is or dolomite as ;tuxiliary flux: talc for special 

. ,  . i~r . r ihcd under -Clays. heatshock bodies and wall tile: chlorite to lower 
the maturing temperature oTslip-cast porcelains: 
or wollastonite. a wall-tile body constituent. 

1.4. Commercial Konplastics The principal sources o f  pottery and glass 
grade feldspar in the United Stares are deposits 
in Connecticut. North Carolina. South Carolina. 

\ large proportion o f  ceramic ware is lnade Oklahoma. and California 1811. Nephelinr sy- 
; ;  t .111 i.l:iy-based forniul;~s whose majorconstitu- enite. also widely used i n  ceramic formulations 

;;-.irr. ci;~y minerals. powdered silica. and pow- and i n  glass batches. is produced from deposits 
:;,::! kldspnr or a related feldspathoid. Such i n  Methuen Township. Ontario. Canada [82]. 
..!':.:ire turtiied tri:txial [ I  I. pp. 178-1831. The Prior to 1940all feldspar ~nined in the United 
.,i::s ieldsp;~thoids and silica minerals are States was selectively quarried. crushed. and 

'::~llcd nonplastics. The term ./7;,11 is properly hand-cobbed on picking belts before being 
:~;il o11Iy with reference to powdered flint peb- ground. Just after World War I1 a froth flo:~ring 

procedure began to be applied to mixed-mineral 
Tho /2lr/zpor gruup o f  minerals is the most rocks containing ieldspar. .At the present time 

:illl)"rt:!nt source ot' fluxing oxides for clay over 80% of the feldspar produced in the United 
' " ' ~ i i c > .  A l l  itre fr:~mework aluminosilic;~tes States is recovered by froth flotation from a w r i -  
' :-ad dn an S i02  structure. Replacement ofSi4 '  cry o f  ores. including alaskite granite. pegmatito. 

\ I 3 -  results in ch;trge deficits that are h.11- graphic granite. beech sand. and we;ithercd 
' ~ ~ 1  by K - .  N;I -. or C a 2 -  lying i n  framework granite. The remaining feldspar. [mainly liigh 

The sniallcr N;I ' and Cit" ions confer ;I K,O feldspar, is block mined. hand-cobbcd. and 
:iil'~~tlll c r y s t ~ l  structure than the larger K - ion. processed dry. Nepheline syenitc is:!lso selcclivc- 
\Ihi[c ~ ~ ~ ~ - 1 J - l O - O I  INaAISi,O,) and anorthite I!. [mined and subjected to dry processins. 

'-"'-'-~.I-lI ( C ; I A I ~ S ~ ~ O ~ )  itre isotnorphous and Figure 3 provides a generalized flow diagr:tn> 
[he plagioclasc solid-solution series, Albitc ih r  f roth flotation recovery o f  fcldspdr from 

-""1  northir ire :Ire triclitiic. nhereas riiicrocli~ic co:~rse gr,initcs. 

! 

! 





3dar:z bin Feldrpar silos 

1 iz*8rr 3. Flowdi;~pr;xrn shoring lypicdl lroth flotation re- Fieurc 4. Flow diagrim ,houing ;I iypic~l ~ohhing (h;tnd 
:I? ,,I muscovire mic;~. Vcldrp;tr. i~nd quartz from -~.lcelit,nl melhud lor  rnlnzny ;and prur.er>iltg ;I i,cgi~l;~tctr 

. :l>,ittitu found in western North Cqrolina icldrp;nr iir %outhnclirrn Suurh D,lh,i;l 

M y .  X i .  Si. Th. Ti. and 21. !\Is0 :ivailoblu ;trc 
c:trhicles o l  Si. Ti. xnd \V and the nitride> of ,\I. 
H. I l l ' .  Si. :ind Zr .  Houever. ~ lcc t l r  exist i b r  spu- 
c ~ ; ~ l i / c d  powders for somu :~d\,;tllvcd ccr:tmicb. 

;. Raw Materials for Advanced :~n r i  ;I \.:lricty of C~~IXILC~II rotttes e.in he used tn  
.yn~hcsi%~. ~IIOSC po~vdcrs. Ch~.tnic:~l n>tllc:. st1~l i  

8r piisscd through it jllx 
, I S  -2'1 processing. can h?p:l$s l l lc  pi>wdcr .I mury dryer into;, >uree 

I PIISSFI ihn,ugh a cone .Although tr;tdilional crralnics arc c<rmpused - ~ : ~ y c .  
wrcen. with m y  orerqi,c ~'fnorl!r; l l  r;tw rn:~teri;tls 1h:fit :,re physically srp;t- Kcqoirc~ncnl, for high htrcl~gt l t  :lltd >111<10111 

u~g. ':lied ;IIILI i -c~ lucc~ l  i t1  *kc. :,dv;tnced c u ~ t m i c s  rc- l i ~ i t ~ l t c s .  p :~r ! ic t~ l ; t r l~  of hnt:~ll l~,trts, ~ ~ e c ~ ~ s ~ l ~ ~ ! c  
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line-$';lined powders. Thus. one line of ad- 3.2. Borides, Carbides, and Nitrides 
v:rnced ccriililic rcsci~rcll :~ims ;it producing very 
fine. esscnti;~lly sphcric;~l. monosize particle Boron and c:lrhon csn he m:de i ~ i t u  BB,C 
powders. These :Ire typic;!lly made by colloidal [I2lMY-J.'-8] by heating BiO, and c:lrhon i l l  ;In 
chemistry for <)sides. Nitrides and carbidcs in- electric Furnace. ~~r~~~ ,litride [~oo.J~-I~-.T] i s  
\,nlvc co~ltrol lcd nuclei~lion and growth in gxs- (wade by heating R,O, and r r ic ; t lc i~~l~ l  pI!~spI~:ite 
ph;tsc rc:lotions. However. most high-technology in an anlmollia ; ~ t m ~ s p l ~ r r ~  ill all i.~rn;~ce 
ccraoiiciarc still insde from powders with broad ( -  Boron Carbides. B o r o l ~  Nitride. :!nd \Ieral 
size distributions in the submicrometer (undcr [iorides). 
I pm) r:$nge. Boron. carbon. and nitrogen c:ln be inade 

into other synthetic compounds witl i refractory 

3.1. Metal Oxides and Carbonates 

cryslalline Al,O,-based ceramics. Antimony 
(744046-111 is derived from Sb,S, (stibnite) by 
reduction wit l i  iron scrap. and antimony trioxide 4. processing Ceramic ware 
[1314411-91 is formed by burning antimony in air. 

Barium oxide [1304-3-51 is obtained by de- Traditional and adnnced ceramic industries ,..-. . \, .: 
composition o f  UaCO, :it high temperature: the use many techniques for processing [heir prod. 
carbonate itself is made by reaction of Na,CO, ucls, ~h~ process is governed by [he nature 
with Bas. Beryllium oxide lfJ04-56-91 is pre- of the forming the size and geometry ,,f .,II.,~.I,.~. A >  

pared by heating Be(N01)2 or Be(OH)z. Bis- the piece. product specification. and practices in \I..,# <!a,, ,. 
muth oxide (13jZ-64-jl is obuined by hctt ing various areas of [he cerarnjc industry, \\ 1 ~ ~ 3 ,  ~.-t.. 

Ui(NO,), i n  :iir. Most ceramic manufacturing processes start :c!, ,!  :.. -.Tab . 

Cobalt co~npounds are derived from orecon- ,,.ith formulas orone or more particu- .. * A : c t  .:,*:. 
centrates by roasting and leaching with acid o r  lare ~h~~~ formulas are used for shap- f * ' t > , : ! . : , ; ~ , , ~  

ammoni;~: the oxide [IjlJ7-96-61 is forined by cal- ins products ,hat are rurlher processed by firing \, ,:<,,: s 1 1  us.. 

cination o f  the carbon;~tc or sul f~~te.  .\lngnesium and by finishing of the fired items. >:,.! :!,? :m,:u. 

oxide [IJDY-48-41 is readily ;~v:~ilable as the I n  many cases products have complcs shapes I * . A L ~ -  'h I. 
99.5% pure grade powder. but greater purity - made by use ofone or of such roraning ,!A>, , I .  ?"., . 
m;iy require c;llcining o f  high-purity salt solu- as dry or isojlatiC pl:lstic :., ::, .?,," ,,.. 
lions. ~Uvlang:~nesc oxide [Ij44-43-o] can be pre- errtrusion. slip r.isting, injection mold. .,.$At:ts. .,- 
pared by c;~lcin:ttion cf  manganous nitratc. ,.:;:~,r pi*-. s 

ing. tape casting. and green l in ish in~ .  These 
Nickel ores are either sullidic o r  oxidic. Sul- sh;,ping techniques based on old - [he , I , > ,  9 , .  F,...: 

lides ;ire Ilotation-separated and roasted to sin- potter.s wheel, for example - and new 
t.l~,,.. i...~,"~ 

tered oxide. Orides :Ire trcated by hydrometal- procedures developed rrom rcce,lt research find. 
irn, , r . > 9 . 1 .  

lurgical leaching with ammonia. Nickel oxide ings, 
m I I Il>r i,nm .- 

[I j lJ-99-11 is then prepared hy gentle heating I . c a r ,  : d 
Forming systems enlployed in m;~hin,u tr;idi- :x.,.-. A n ?  ,~-.,,.. 

of Ni(N0,) :b H,O. Strolltiutn carhonate is ,ional :,,,,j adv;lncccl c.r:llnic ,v,lre ( 1 )  liquid :!; ,..... . , ...* i , , t r .  lormed by boiling cclestite. SrSO,. ill a solution suspensions, ( 2 )  p,.dstic i,r (3) ,L,r or 
'5 ." ' : .  Z"..' 

oS(NH,),CO,: S r O [ l ~ l 4 - 1 l - l J ~  is ror~l led by do- less dr!, gr;!nul;~ted or pot'dcrcd i c ~ r ~ i i u l ; ~ t ~ a ~ s .  
composition o r  [lie resulting SrCO, 

I&. .a- ,Id 
Vanadium pentoxide [ l j l4-62-1]  is prepared 

by ignition 01' ;tlkali solutions i).<>m v;~nadium 1.1. Preparation of Clay-based Forming ;.i-: m.. I _ .  

minerals. Zinc ~~rh t> l r : l I c  [JqHh-35-91 is prepared SpteIIIs 
,<.<rnu.c .*, r 

hy action o f  sodiutt~ hic:trhon;~te ,,ti a zinc salt. 
I l . - r x n  Ol r I 

s t~ch :is LIIIC chIc1ri<lc. %irc<~ni:! [/.~14-?.?-4l. The el:!? bodies o i  traditiunal cer;unics are d . a , , , l , u . .  ! 
.I,> i cl:~!, ~nliiier;ils or else i1:itur:tl rn i~turcs ir f  clay I 

! 

I 
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~ r ~ d  Nitrides 

, c  tiiade i t ~ t r ,  B,C 
and carbon i n  an 

d r  [/0114.1-11-jI i s  
.:;llcium phosph;tte 
dn electric furnace 
i t r ide.  and Metal 

,;en can he made 
i j b  with refractory 
.:\ are silicon car- Oust p r e s s :  0.2% rnorrlure 

i,). tungsten car- 
TIC). titanium ni- 
!m boride (WB,). I sos ta t ic :  0.15% moisture 
'veloped that is 5 
as AI,O, ceram- 

Forming pressure. r P a  

:,:ramie industries I iCllrr 5. hloiqiure cunietu and prcqrure ranges required for shaping clay-brrcd forming systemq 
. x i ng  their prod- 
:led by the nature 
and geometry o f  .,li,.i:~i,ces and nonsl;t). particuli~te materials. provide uniformity o f  shaping properties from 

\~.>.t i.la\.s occur as aggregates o f  clay particles. lot to lot. and (3) to maintain uniformity o f  firing 
'.\ lii.t, ~.ontacted with water. such aggregates and fired properties from lot to lot. 
.ii,i ; c >  hre;~k apart or sl;~ke. The development o f  Preparation processes for these forming sys- 
. ,.,.lti.r structure on the surhces o f  the particles tems can be divided into two general classes: ( 1 )  
-:.1111s 111 plasticity (sec Sccrion 2 .2 .  Clay- Water wet processing and (2 )  dry processing. 
\:.-lcm). I f  sufficient a; l ter is added l o  t l l r  clay 

:iis. .::I,( the inixture is agitated. a dispersion forms. Wet Procercing. Wet processing is usually 
l icc:~~j>c the powdered nunplastics. i.e.. the non- employed whenever one o r  more o f  the itlgredi- 
. i.,!.. do not develop :in? ?reat degree of plas- ents needs initial or supplemenlar) benr~cia i ion.  
-,at! u.hen moistened \vith \rater. the various General practice i n  (he United Slales and the 

:nishing. These 
.ome old - the :; : i < >  provide ( I  I the t~orkahili~!. required i n  ing l o  ensure adequate dispersion ol'clay constit- 

2nd some new ,-::I. l i ) rn~inp or dl-! piessilig. (1) the defloccu- uents. permit sieving for removal oioversize. and 

i research find- ::!; ii,>polise ol'lluid ;>;tcnis in slip c;!sting. and ollow magnetic treatment to remove iron parti- 
:I lllr :reen and dry strength o f  uniired ware, cks. Such ;I process uses relatively unrefined 

l igure i shows th~. moisture-content varia- shredded o r  lump ball clays and filter cake or 
' . I , , l \  :%lld f o r m i n g - p r e u r  r:inges for soft plastic co;~rscly pulverized china clay. 
.il.l!'ing. catrusion. dry prcssiny. dust pressing. Third-world ceramic manuf:~ctururs liiay 
.,'\t:itic pressing. :ind slip ~ t s t i l i g  of clay-based have ;iccess to producer-beneliciated ini;iteri;~ls 

hut oiten must depend upon their o i v l ~  l i~incs lor  
llccause the ingredients used hy any given :11 Icast a portion oftheir raw mmali:ils. I n  .<)me 

.:It lna? range irolri llighly purified to as- instiinces heneficiation o f  1oc;ll iii;tteriuls he- 
".:i! lump rnalrriiils, rlic hod? prep;~r;~tion pro- corlles :In integral part o f  body prepar;$tioll. I n  

- .... Illus1 \,ary wi ih  thc p:trticul;~rcircumst;lnces. the People's Republic o f  China and Thail;ind. 
! cer;imics arc i i,,\ii.vcr. the ninin oh;vc~ivcs ,,I' ;,re lo r  cs:in~ple. the silica and fluxing icldsp:~rs tilay 
~invdererl non- ? I J t a r e  t I i i i t  t r of IW received i n  block form and ground during the 

;'.I! : ~nd  nonpl;lstic pill-ticlc :I; pcrssihle. ( 2 )  to hcrdy preparation process. 
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B~C~ILI\L. grindin: i s  rez~d~ly ;~cu~~mplislied hy coarse no~lplaslics by crushing thc~n ill ;i wet l~,iil 
,.\ .,= ..:*:I. , 

dry crushln:. hl lawed by wet hall niilling. one IIle:~\,y rollers revolving ill :I pan) :111<1 ;~ddt i i r  . . -. I..._: .. 
;~ppro;~ch i s  to wet-grind the nonpl:lstics ;ilong iv:~tcr plus other ~nto~lil iers. l3y i,: jri;~ti<~~i o f  [lie 
with ;I sm;lll. lixcd pcrccntage o isuspr~id ing line moihture. the mulled tnixcs c;tn he 11l:~Jc i l l to 
clay. Thc nonplz~stic slop (suspension) is then pressing dusts by gr;~~iul;ition or into l>lastic sys- 

: ::.. . . , .: L.1. 

, . . ,-> 
sieved. de~roned hy magnets. and stclred in ilgita- tenis hy :I d e i ~ ~ r ~ n s  operati<,n. . i _ ; - . C .  

tors Clays are we[-dispersed ss suspensions. 
sieved and deironed. i lnd then blcndcd hy for- Casting Slip. Although filter-cuke clay bc,dy 
mula with nonpl;tstic slvp in agitator tanks. i s  someti~iirs (made into casting s l ~ p  hy :idditton 

A mydif icat~on o f  this method i\ to simply afdellocculatingi~gctits. by far i n o s t ~ a r t i n ~ s i ~ p s '  
..:.,..,7:.,.::. . ,: 

weigh all formula inyedients as a unit. transfer itre made by direct uet methods. 
the batch to a h a l l  ~nill with the required water, ,!?. ;:..!,.::zy 

Clay-based casting slips must he iii;ldr to u:lst 
I..,,. k *r: $,I! 

and mill to a specified sieve residue percentage. to a f i rmly plastic state within a prescr~bcd time 
,.:,r,<l,"i .im,. 

For plastic or dry-press forming systems, wet range. Ci~sting properties. such as rate. amount 
:.. .,,,,:: >,;I 

processing i s  done in the flocculated state. In -  ofretained water, and plasticquality oicasts. are :ic,r, ',. ., ;..I: 
deed. flocculation is often enhanced in prepara- each i n  some way related t o  freshly stirred con- 
tion o f  high-tension electrical porcelain bodies sistency o f  the slip and its tendency to thicken on  ..:::,,!:::: >:a*! 
by addition oTAICI, or MgSO,. Sufficient water standing. Common practice i n  industry is to con- .,:,,! <:::.:;>,. : 
must be used to allow sieving and passage l ro l  casting properties by maintaining a constant I{,,:: :::.i!\ t 
through a magnetic separator. solids ccor~cenirafiorr by measuring slip speoilic 

! t . r r : , ~ x !  :::-*I! 
Consistency o f  plastic masses is controlled gravity and adjusting slip r lreolog~ to kirgered ., , ,. I>T>.!<. T.,> 

by four major Factors: 0 )  specific surface o f  the freshly stirred viscosity and thixotropic gelling. ,.,,,,~!;!?< ...I 3 , .  

hody.(2) modifying inorganic ions such as Ca", Unfortunately. the Inere meeting o f  ;I targeted 
, . , , I , , ! , Z : ~  ::r.t,. 

Mg". AI' .. SO:-. and C I .  (3) the amount and rheology is no guarantee ofconstant castins per- !,.,r\l *... , <  $ 
kinds o f  organic colloid present. and (4) the pro- tbrmance. I>& ~ . , : c : J :  a11 

portion and temperature o f  water present. Variation i n  .rlip ~e,!zperntr,re can alter slip - 1  r. 3, 
The water content o f  plastic forming systems viscosity and casting rate significantly 1831. Thus. 11i,.~~:-r rr 

is reduced to a working level by filter-pressing it is possible for two slip batches at different tem- . ~-Y.,~~,~.  .-dtcrj 
and. when necessary, by further drying o f  the peratures to have identical viscosities and thi- .A:: >n:,v.';<-~ !.. 
filter cake. A i r  i s  removed from the filter cake by xolropies. yet to cast in decidedly different ways. .A,,x ,., : "..: .Lz%;. 

passage through a vacuum pug mdl. RYAN and WORRALL [84] found that the nature :::.,, *.. .:zxt*; 

Pressing dust can be made from filtercake by o f  exchangeable cations i n  casting slip governs !h,3;vb ' ,: := t ,  

drying the cake and passing the dried cake the rate o f  cast under constant temperature and \ ,. ,- .-r , 
through a sranulating hammer mill. Otherwise, rheological conditions. The custom in sanitary 
sieved and deironed slip can be diverted to a ware slip control is to buffer the effect o f  ..: :.* , 

<:,;.< , : ,  I,& 

:.t<-,1: !..2. :>' ,I,, 

or sulfates to control the rate and structure of the . t w r: 8 : k *. 
Dry Processing. The flow diagrams o f  cast [85]. r<!rs! :.. \ >%s t>  

Figures 1-4 (Chap. ?I indicate that finely The rheology and casting properties o i  cast- ...., :.-. i u : : * ~ .  
ground, deironed clays and nonplastics can be ing slips are strongly influenced by apparcntly : i . . ! r  .A- t h a 

obtained i n  both Nor th  America and the United minor changes i n  thedistribution o f p o r r i ~ l ~ ~ s i ; ~ ~  
Kingdom. Such mnter i~ ls  make i t  possible to in the subsieve region. BRO~INER and BAILEY (861 I . . -<. . ,.& 
prepare both plastic forming systems and press- have shown that the coarse kaolin component of . x ; > > x J ; r  ~ e t . . ~  

ing dust without a slip stage. D ry  pressing dusts a casting slip can be made variably liner as the I 'XC a!,,,7 

are prcpared by dry blending the ingredients input oienergy imparted i n  blunging ar hall iniill- 
with ribbon blrndersor rotatingconemixers;~nd ing is varied: the mixing or milling operi~tion 
then incorporating the required moisture with must be very carefully controlled. i ~ n d  h ixh  'IC.,!~, :.. N.. 
muller mixer. if suficient water is !nulled into equipment and time of inisins should he kept J . r v ! r l :  L C . . .  

the mix and the resulting plastic mass is  passed constant. . r . !  . ! L  Olr. 

through a vacuum pug mill. the resulting form- I:.-"mN. ,. ,,. 
Ing system can be used for plastic forming. In dmcl  prcparauon ul casling *tip>. o r )  c>cc~\iuo a t p ~ n r ,  r t d  gw* 

,tanJilrd sequence and lirnineol.~ddil#vc.t~>d ?a* ~nii~~crral !r .bk 7 
Refractories and heilvy clay products :Ire in~roduc~iontnro ihemircr ikout loiloucd. li. Tor ex;lorpfe. 

usually m;idc from combin;~tions of clay and ;I lhghl billl clay Is added l i i s l  with ihr N:t,CO,. kllioued n u m k  d -- 
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.: r hcn~  in:, ~ r c t  p;ln 
(>;!,I1 :1,,<1 :i<l*ing 

.<y v i ~ r i : l ~ t o l~  or the 
.r;,n he I I I ; ~ ~  into 
t,r i l l lo  plasllc sys- 

:~cr-c;~hc cl:~! lhody 
: l y  slip lhy iiddttion 
: most c:i>tingslips 
~ds .  
~ 1 s t  he m:de to cast 
I a prescribed time 
'h as rate. ;mount 
quality ofcnsts. are 
~'reshly st~rred con- 
iency to thicken on 
I industry is to con- 
:itaining a constant 
,uring slip specilic 
v o l o g ~  to targeted 
hixotropic gelling. 
 ling of ;! Parseled 
8nstant casting per- 

lure can alter slip 
licantly [83] Thus, 
es at different tem- 
iscosities and thi- 

d l y  different ways. 
: ~ d  that the nature 
w i n g  slip governs 
t temperature and 
ustom i n  sanitary 
I'er the effcct o f  
~c colloid by addi- 
,-metal carbonates 
nd  strucrurc o f  the 

properties o f  cast- 
:ed by apparently 
dn ofpor-r icl~ sizes 
!in and BAILEY 1x61 
$din component o f  
riably finer :IS the 
lnging or hall m ~ l l -  
tnilling oper;~tion 
rolled. n ~ i d  both 
g shoc~ld hc kcpt 

~8 4 6  . - 
,,:.::, ,...I \C.~,,~,~ lh,~ll cl;~y. $ 1 ~  ;L#I>L>u#>I d c~d ju>~~ng 

:,. r~~lc l , ,md $ >  .~g~~lic;#t~t ly grc,~ler [tv.in i( thc 

..... , , , L  I<., - \<re ,,\c<I. .,,,<I ,l,c rc>,,ll~"g slip rcq,,ircs :L 

, ., , ,g ,> ,e  p ~ 8 1 , , d  I? ~ I ~ l l ~ ~ c ~ ~ ~ l : ~ ~ ~ ~ ~ ~ ~  ts ~o>I~I\Lc~I wch x -  . 
. .,!,..,, p2 . ~ ~ ~ C I  111c S;t:C'i>) ib added lalcr. Lhc :tgi#lg 1iIne 

. , Ir:,,li\ c,,clltli.d. \ \ ' l i ~ n  slip1 ~pri.pitr~d hy LI~~IIE dit- 
: ..h,t,:l :<<\ ,,I ; ~ ~ l d i ~ ~ ~ ~ ~ ~  :,re :idju>Ied I t >  c h ~  s d n ~ c  w>- 
,:,%! ! t ~ : ~ L ~ l r ~ ~ ~ ~ ! .  t k ~ r  < J 5 L l l l ~  r.LlC5 .l#ld C d \ I  \lrL8C- 

. .,,,, i i~~,)! 1,s ~ i i l i ~ r  <i$nificanliy 

I ~l , l ip l l lc~~~.  TIIOSC pI:~nts that grind rllcir uwn 
,:,,.;I;: ~ is i .  h i i l l  ,,,illi~~s, either continuous 

~ ~ . .  . 
., . , i , , , ~ , r ~ :  In ;an ;II~-swept conical ball mil l  or 

. .., .;:, i , ~ r  grutding i n  a cylindricitl ball mill. Dry  
...,,, liilg clem:tnds that the feed nialerial be dry . . , 

. , .  ,,,,>id p.~ck~ng and to allow air sweeping o f  

. , .. .. , 1,. .I c~>llector. Wet grinding is claimed to 

. , . i ! l , :  I<\. power than dry grinding. but dry 
.. . : ; , I <  .. pl-~xiuces less wear on the mil l  l ining 

l:,i:i~ll~g incd~;~  188. sect. 6. pp. 20-251. 
;;.,I ,i!iIls belong to ;I classofgrinding devices 

;!,.,I : i~~nhl in_r mills. The rotating container is 
. .;In,lcr rnountcd with its axis lhorizontal. The 
:,,,,iing :tition is due to the tumbling o f  the 
.:,,,,i,ng media. which arecast iron orsteel balls. 
.:.,;,I r,,ck (eg.. (l int pebbles), or some nonmetal- 
.:, ,\,.itcri;tl such as high-alumina porcelain [Xx.  

I 1,. lpp. 20-251. 
/:/it,i:.i,i: refers to the agitation or blending of 
: ! I I J ;  n~:ircrials in a ,nixing tankequipped with 
::!'..li;r 10 stir the suspension and baffles to 

: h ~  ,uspension to the impeller. impellers 
. c ~ n i p l e  paddles or specially designed 

..ipc' l o r  i~~crensrd efficiency o f  dispersion 1x91. 
.\ t  c<c,, i , l~ (or sieving) o f  fluid dispersions is 

. ;  IUIL,LI (tct screening. Two general types are em- 
:.;.,!:<I in the sieving of blunged or ball-milled 
.i,:~.. I I I :in inclined rectangular panel o f  wire 

l i : ~ i  iny thc propcr openings and (2) circular 
1 -  The i,lrli,icil rectangulrrr [lnn~is ;Ire sub- 

. ; , % .  ihration th;~t agitates and sepafiires the 

..: n.irticles during transit o f  the slip. Vibra- 
. ..la1 he by shaking or electromagnetic pulse 

.. . C C l  7.  pp. 34-37], 
( 'iriiil(ir ~.ibraror!. .sl.reerrs can [90] cffectivcl!, 

..'?:!r:ite p;lrticles ;IS fine as 44 wm in diameter. 
i i:c 1>.1\ic arrangement consists of a motor plus 
!:.'rch.~ngeable fralnss that hold screening wirc 

. , : ! I  :lnd discharge ports. The frame is held 
:,'.!I!. lo ;I main screen assembly. The motor hit* 

::;ir;:I upward and downw;!rd cxtendcd shali 
.".i $1 ill1 eccentric weights. The main screen 

,,cinhl! i s  inounted on a circul:~r base hy 
.:"In:> that permit thc assembly to vibr;tte llec- 
' ahlle prevcntina vibration o f  thc fluor. t\ 
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pension on the screen can be developed by vary- 
ing the anglc between top and hnttom weilhts. 
This type o f  screen is widely used in the United 
Statcs and the United Kingdom. 

Screens used for prcssinp-dust sizing are rcl;!. 
lively coarsely meshed (2.0-3.0 mm). n,hcre:!r 
those used for plclstic body systems and c:cstlng 
slips arc much liner (0.20-0.05 mm). 

T o  remove magnetic particles. granular non- 
cli lyball-millfeed can he subjected to a nrr,g,rcric 
.repor~rrnr, passage either through a magnetic 
field or over a magnetic pulley prior to the grind- 
ing operation. Suspensions o f  clays or nonclay 
powders can be passed through the grid o f  an 
electromagnetic purifier prior to [he dry or 
pugging operations. High-gradient magnetism is 
capable of removing such colorants as TiOi 
from kaolin slurries; this can transform the hieh- 
TiO, Georgia and South Carolina kaolins into 
very white-firing fine-china constituents 1911. 

Demter ing of slips for preparation of plastic 
forming systems or pressing dusts is usually by 
l i l r r r  prrssing. The basic concept o f  filter presses 
involves feeding the slurry under pressure into 
the space between square, round. or rectangular 
plates. This space i s  created by frames that alter- 
nate with the plates. Plates are hollow and nor- 
mally covered with filter cloth. As the space fills 
with suspension under pressure, the liquid is 
forced through the cloth and drains away as the 
solids form a cake 1921. 

Pugsing is the process o f  blending clays and 
water by manual or mechanical means. A pug 
mi l l  is an open trough with a lengthwise shaft on  
which are mounted blades that blend the clay 
?nd water to a plastic forming sysrem o f  the 
desired consistency. Filter-cake bodies are sub- 
jected to ;! combination o f  pugging i n  an auger 
trough. coupled with passage through a vacuum 
chamber. iollowed by extrusion. Vacuum puy 
inil l ing (or deairing) makes the plastic mass more 
workable and cohesive by elimination o f  the air 
from the system 113. p. 2671. 

A l luid suspension of particulate material can 
he dried and formed into pressing dusts or %ran- 
illcs by .rpr<i!. ~ I r ~ i n y .  A spray drycr consists i's- 
henti;~lly  of;^ drying chamber. A dounw:~rd 11~>\\ 
of hrateil :~ir 1s introduced ;I! the top of thib 
chamber. A l low o f  suspension is transformed 
into :In upward l l o w i n ~  cloud of droplets by ;I 

n(,/rle :itarnirer. The droplets are dewntered and 
<:ill l o  ;I product outlet at the bottom ~~ l ' the 'd ry -  
inx chemher. An attached exh:~ust removes L'Y- 

I l c  N.12(.0,. ti>~iowcd :lflllhrrofthree-dimrnsional p;lttrms ol.thc <us- cessivcly line particles to ;I cyclone collector. I 
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Relatively un i fo r~n  spheres are formed. :~nd t;tnt for controlling properties o f  ;tdv:lnced ce- 
 moisture content is :dso uniform 193). ramie products. the manufacturer must often ,,,i,,,,~ i:,*i:3i: 

When fully purified clays :tnd nonclay further refine an already relinrd as-received mil- 
powders are ;tv:~ilable. dr!, hlr.1111it\e atzrl rc,,?,lJer- terial to meet his specifications. /\ v;triety o f  
i~reare employed. PI shell or ribbon mixer may be techniques are used for modifying pitrticle size 1.'1;,,,1 ,w<,r:: 
used as an initit11 step. followed by addition o f  :tnd distribution: ..~.l.., ,%CII,C I,,. 
ir.;lter i n  a mixing rnuller. Olherwise. dry blend- .,,,,,ing .... r ~ ,~ !  
ing and tempering may be done i n  stages in a .#ir cluwiation . ,. , 

hdll milling ' , < ,  .s)r. n 
lnixing muller. Mixing mullers normally have 

dlritiun milling .:: ;8~~~.Li nllll 
heavy u,heels. under which the moistened body ,ihr;,,urv milling /',,., 3,1::,,,,, 

rotates. First. a smearing action occurs. and sec- nuid L.nergy .:,;. ,.\,,Ic I,:,, 
ond. a rotating plow scrapes the compressed lhqucd elutriillcon 

precipilarion :~ , , , l ,~~ lc  \l/L, 
body up and turns i t  under the mullers for addi- 

freezc drying > I . ( .  t,k.~w I~I:I<I~ 
tional mulling 1941. The tempered body then I,,,r ,!, <It, tr,>r,, \,>I 
goes to dust mill/sieving operation for lower- .; A1 ~.r><l:,l>. 
moisture-dust processing or dry pressing or to a calcining 

rui-gel 
.Y~.,,,I, k . \ I ~ , , < l ~  

deairing pug mil l  for plastic systems. I , .  . :I ,/r,,! 

Dry  screeniftg is used for sizing particles : t l , . l l .  ,XI r l i  

down to 44 vm. whereas wet. slurry screening is . . . . .  ......>,nc \ \ , I~L '  

4.2. Preparation of Advanced Ceramic often employed for subsieve sizes. Ai r  eldrrriurion .::,: ..,IIIIIIIIL. I 

Systems (or classilication) is used to separate coarse and . . . . .  . , l~, lcl  ll,r [ ~ T C  

fine fractions. Special air classifiers are available :~~.:\lil:, 1111. ;1,,\ 

Traditional ceramic forming systems are for separating minus-20-vm particles. but care , i s k t ~ ) ~ ,  11, . ] K t  

nearly always polydisperse. with particle size must be exercised to avoid contamination. Liq- !,.,,,,I>,.! \\I,L.,\ 
ranging more o r  less continuously from an upper "ill el~irriurion can be used t o  separate a single \ 1 1 1 1 . 1 , 1  ICII\III 

to a lower limit. As a distribution ranging be. specific material into fractions or l o  separate ma- ...!:,, Ill<,\,. ,I:, 
tween definite limits approaches linearity on an terials having different specific gravities. : . x .  ; I(I,II 
arithmetic plot. optimum packing results in min- B r ~ l l  milling (16. pp.410-438) consists i n  \I>:>.,.c%; ,,<I 

imum voids (951. The more extended the range pkdcing either a dry o r  a suspension charge i n  a .,~.:IM,. .L  :. ,1111 L 

between upper and lower limitingsizes. the lower closed container with appropriate grinding me- , . , : v t , w l : x  ;>.,& 
the void volume for a given distribution 196). d ia  and rotating the container to create a cascad- . . .  '~I:~nl>n;: .<,, 
However. the more extended the distribution is, ins action o f  the media. Media selection is im- .,. .. . : ~ ~ . t t c ~ ~ . ~ i  1, 

the more sensitive i t  is. with respectto void vol- portant. Higher density pebbles or cylinders will %.. . . .  . . .  I:. . I : . ~ : , t . .  

ume. to deficits o r  excesses of intermediate parti- grind more quickly than lower density media. , : .  I :::,II- 

cle sizes. This tinding has been related to differ. Wsarofmediacreatescontamination that can be , , , .  1 8 : :  ::: ,I,. . , . . . .  
cnces i n  calcined alumina slip occasioned by controlled by careful selection o f  wear-resistant , ~ , I ~ ) ~ , !  ;\I,:,. 

altering particle-size distribution size l imits and mi l l  l ining and hard grinding media. Wet ball , !  :A . , C J L .  

intermediate size distribution [97]. milling requires removal o f  water from the . , , .  , I , . : y  , L l , ,  

Although a controlled optimum p;lrticlr size pow~ler. Dry  ball mill ing requires :~dditional ,:::,;,,, * .. ,,,, 
distribution i s  needed for maimurn, reproduc- grinding ;lids such as a lubricating stc:~rate, A ' : : , , I , : :L. : : :  I" 

ible strength. sometimes ;I mono-size distribu. Yer! ~m; l l l  amount of moisture has been found to '$ : , : : : : : !YI  , ,  
, . 

t ion must be approached to avoid growth o f  prevent packing of high-alumina prrre;tcted' .:!,,,I,,:,.:, I> 
larger particlesat the expense ofthe smaller: very bod? during dry grinding. .,'L , , > . t , ! ~ %  ,,! ... 
fine particles are much more relrctive than larger .Arrririon nlilling is similar to hall milling. but ,:,... ~ , : ,  i :  , 

. . . .  
particles. and quite por,~us initi;il ~ o m p ; , ~ t ~  can the cont:~iner i s  held i n  a fixed verlical position . . . . . (  ::,: I>, .......... 
he sintered at high temperature to nearly theorel. :lnd thc grinding media agitated hy :Irms at- : .. :. ! I <  . . .  
ical density. Transparent polycrystalline AI,O, t:~cl~ecl to a rotating shaft. The attrit ion ~nill can > ( : \  I...... I. 

is an example. The liner the powder. the more bc tlsed for dry prinding or (vet grinding with .: !i!:::. ;IN 
rapid the sintering ;~nd the lower the den+ ~ l c r l ~ t n i  or various controlled atlnosphercs (16, : .::: :t.:, 

lication temperature. thereby reducing grain ~ ~ - - 1 1 ~ - J 4 3 l .  i.:,,, >. .,:. :L. , 

growth and increasing fired strength. I.iIrl,,r,rr,,:l. ,rrilli,zg uses fixed cont:tiners typi- .I.,::- \:., ,, 
c:11ly lined with polyureth;~nr or ruhhcr. Suit;tble ' . . " I  I ! . ,  , : .  . . . . . . . . . . . .  . . . . .  Sizing of Advanccd Ceramic Maturials. Be- srinding medi;t are placed in the container with : . .<! , . I  

cause particle size and distribution itre so impor- thu tt1:ileri:il l o  be ground. and :I vibration i s  : .  .!::,: .,I,:: 
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body from the moist piece with the ;\id <,Cu sproy 
o f  water. Automation rcquircs cnrctully v<,n- 
trolled. dci~ired ibrli i ing messes [106]. 

The roll'~r-Aeod ~ ~ r r r h o d  lo r  soft p1:istic lbrm- 
ing i s  an ;ilrernative to the jigger. especially ic,r 
less plastic fnrmul:~tions such ;IS bone chin:, ;tnd 
hard porcrl;rin. lnstrnd o f  :t scraping tCmplatc 
blade. a polished (and sometimes heated) con- 
toured metal roller i s  hrought down and rolls out 
the plastic body onto the pl;ister form. I n  this 
case. the form retii:~ins stationary [107]. 

Hur-phelyi~rz or,j,Il~;ny of plastic body arti- 
cles involves the placing o f  ;I measured slug o f  
body i n  a plaster ~ n o l d  2nd having a heated. 
revolving polished metal tool press down and 
form hollow objects. such ;is pin insulators or 
cups. The term /,or / ~ n , . ~ s b r ~  i s  sometimes applied 
to the hot-plunging operation. but hot pressing is 
more generally used for special. advanced ceram- 
ics processed by ;~pplic;~tion of high pressure to 
line-grained oxides in refractory molds held at 
high temperature [108]. 

The n r n ~  procc,.~.r involves pressing a lump o f  
soft plastic body between two hard plaster molds 
and squeezing them together to form a plate. ash 
tray, o r  similor object. I n  the pressing stage. wa- 
ter i s  squeezed out o f  the piece and a vacuum 
pulls [moisture into the molds. I n  the removal 
step. the vacuum is imnintained on the upper 
niold and pressure isapplied to the lower mold to 
release the piece. The upper mold then lifts the 
piece free. and pressure is applied to free the 
object from the upper mold. Pressure is also ap- 
plied to b lon  rnoisulre from the mold halves 
before another cycle stitrts [109]. 

StifT Plastic Furn~ing. Stiff plastic systems are 
extruded through ;I die. either by auger extrusion 
or piston extrusion. Auger r t r u s i o n  is a contin- 
uous oper;ition. wherras pkton extrusion is nec- 
essarily intermittent. Pi.sro,s c.rrrrr.sio,~ is used ibr  
extruding line-gr;tincd refr;~ctorics. cermets. and 
electronic bodies, A prehrmed. deaired slug is 
placed in the c!li~idcr ;tnd ibrced through a die at 
pressures up to 35 MP;i. Pieces ;IS smnll ;IS I m m  
in  di;tmeter a i t l i  ;I 1i:tli-dozen 0.1 -mm-di;~meter 
lioles c:ln be tnindc. L;~rgc sewer pipe5 are piston- 
extruded with ;I rertiu:tl piston extruder [ I  I. 
p. 1471. 

.-It,~cr o.~r~.t,\io,~ Iinds use in cxtrudine bricks - 
and hollow tile on ;I continuous basis. Short sec- 
tions :ire cut utl' :I! desired lengths. The Auger 
device conrists :I pu::ing trough that feeds a 
sercu.. wllicll ill tl lrn 1)111I1~5 the elily throtlgh ;I 

skiredder into a v;~cuum ch;tniher The deitired I 
shred.; ;ire rccolnpactcd with :! screw il l id lpushecl i 
through the die. High-tension insul:btor hl:inksor : 

up  to I m iin di:ttncter (12. pp. I I I - 1121 ;Ire ex- 
truded with auger deoiring pug inills :in<\ are 
used in lathe-turning scgnienls o f  w r y  I:!rgc clcc- 

. 

tric:iI insulillors. 

Dust Pressing. Thc term spplicd lirrtning 
o f  damp. granulated body batclics cont:tining 
5-15% moisture that are k)rmed at liigh pres- 
sure i n  a steel die is dust pressing, A l l  wall tile. 
floor tile. some quarry tile. and inost low-tension 
electrical porcelain is formed by dust pressing. 

pressing. Hydraulic presses and hydraulic toggle 5 
presses are used [ I  I. pp. 149-1511. 

0 
Dry Pressing. D ry  pressing is similar to dust 

pressing. but the inoisture content is < 2.0%. so 
that a binder and internal lubricant m u s ~  be em- 
ployed. Dry  pressing is employed for advanced 
ceramic products i n  two w.~ys [ I  I. pp. 149- 1511. 
Small shapes are pressed by reri<niol cottlpacriun 
[ I  1,  pp. 151 -152). wherein the pressure is ap- 

I 
More than 85% o f  all l irrclay brick and nuir ly 

' 
al l  silica brick and basic brick are formed by dust 

plied (usually) i n  a downw;~rd. vertical direction, 
thereby producing pressure v;lri:itions due to f 
wall friction and particle-particle friction. This i 
results in nonunirorm density. i.sos!rrfic co,?,pctc- 
l ion involves application o f  pressure equally to 
all sides of the charge. A n  !sostatic press consists i 
o f  a thick-walled pressure vessel. Powder i s  en- 
closed i n  a liquid-proof rubber inold that is im- ' 
mersed i n  a noncompressible fluid. The fluid is 
pressurized and transmits pressure equ;tlly to a11 
sides o f  the mold: pressures can range from 
35 MPa to as much as 1400 MPa. but usu;~lly ca. 
210 MRI  [ I IO]. 

Slip Casting. Dellocculated liquid systems 
stre madc into ware by slip casting 117. chap. 101. 
Fortnation is i~ccomplishrd by consolid;~tion o f  
the particles into ;I semirigid st;ite through 
rcrnov:il ot :I por t io~ i  o f  the liquid phase by ;tn ; 
;~hsorhent. porous mold. The most common 
mold m:ttcri;~l i s  the hcmihydratc o i  gypsum. 
C;iS0,.0.5H20 [IOO~J-76-11, which when 
mixed with water rehydr;ites i l l id for~i is needles 

p l x u r n  cryst;~ls as :tn interlocked mass 
[ I  11). thus formins conti~iuous c:~pill;~ry pores 
( -  C':llcium Sulfate. vol. A 4. p. 555). The size 
:~nd  liquid-c;trrying c;~p.tcity o f  pl:~ster rnolds i s  
i.ontrollcd by varying the pl:~stcr:w;~ter r;~tio. 

\\'.\l,KER [ I  1 .  
: : I , , , ,  lilt st~) ieI~ i  

60 - 10' . . 
:!< .,,,<I ore sour 
.:,,l,.I).5 H:O 
--i.l,ilii~~~ii and 

!.,l,~,. 8 ~ ~ h  11 
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,\:,1er. 

\Ithough th 
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.:i.:I>es. :I iareer 
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., , , ,, ; t.1,~). the r:tre oic:isting incrcilses ti, 
: :,,,d then decr~.i$;es ~ ' i t h  grc:lter W;I- T<, this point discussion 11:)s iocuscd i,n the 

. . 1 j ~ > t 1 1  the ipecitic sr;l\'ily and the corn- sllaping metho,js originally rClr rl,e less. 
. .ir;,lgt~l decrease with t'ktrtller incre:ises de,l,;,nding Slay.based for,nul;ls. hul ,vlliull I,;,,,~ 

heen relined for use in making s~n:ill. tnore- 

: -:,I:. ,. i\eiup. 
<:,'ling takes rtvo pencral forms. I n  the ing consists primarily in of  ,,,,latile 

. :  . I I ~  i> poured into the mold where water is which leaves a thin flexible 
-.... :I>L.L~. Ie;fiving a semiripid layer o f  particles A n  interesting and useful modilicntion ofsl ip 
. . . :,. thi. ,mold ual l .  .After ;I sufficiently thick casting also involves an a~aptation invest. 

: :,.,. deicloped. the excess slip is poured out. ~ i ~ ~ ~ ,  a water.soluble is injec. 
,.: ,.t;fili continues to pass moisture into the tion to make a pa[[ern. T,,~ is 

. .;,!I. reducing the moisture gradient from [hen coated with a water.insoluble wax, ;lnd [he 
, ..x;tll. and a l l ~ n i n p  the cast to assume the ,ater.soluble part is dissolved aui,y, ~h~ wai 
?l:!\ric state needed for cast removal. This mold is f;lstened to an absorbent.p~;lsler block 

, .:,i . , i<; i , r<, which i s  used io r  holiow items. I n  and is til led wi th slip. once is completed, 
. -:,t,nd. :I slip 21 ;I someu,hat,hiyher solids the water.insoluble war: is dissolved from [he 
. . ;~~tr : i t i~>n ( 5 5  vol";, against 50 vol% for the With anorganic solvenr, and thec:lst isdried, 

: I ,  <:is[ solid. T h ~ s  is termed solid casriny. 
.L.l.~m.n. solid c:Istlnp and drain ciisting are .iqUes for moldins combs ;,,,d [he like, 

:. :i!c came piece. The character of the c;lst thedifference being [hat [he polymer, either [her. 
:.sic al'buildup nrecuntrolled by rnanipu- ,l,osettinp or to dis. 

, ; \hi. particle size [:?I and colloid modili- perse [he ceramic powder to lubricil. 
t ion [ I  141. A sized powder is [milled dry with 
organic binders and made plastic b!. preheating. 

51r.r.ial Systems for .Advanced Ceramics. Ad- mass :,.; 24'x, ,,r 
.::.cd icr:!micscan beconsulidated ;tnd formed 50% binder b) rolulne,depr,ldingon 
- . . .  ,;,lloaing method;: 

particle size and p;trticle-sire distribution, Corn- 
plex sh:~pes can be !made 119. pp. ?OO 2031. 

i common 

4.4. Drying and Finishing 
... ? ::.:,ng 
... l,,nle-:"old c~,:::.~ 

Drying o l  ccr;~mic producis i. crnc c r i  1I1c 
.:~.:W.:LJI? Inore critic;ll processing opcraliulls. Tllc illuis. 

i l lre ~niust he renioved i i s  r:~pidly i ~ s  ~ ~ ) ~ ~ i h l e  ivitl i- 
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out ~ r n e r . ~ t i ~ i g  stressus gre:it enough to causc 
crscking o r  distortion. 

A pl;lstic ceramic piece cont;~inh liquid i n  
thrce forms: ( I )  ;~dsorbed liquid on  the colloidal 
p;trticles: ( 2 )  liquid lilms on  particles o f  noncol- 
loi0:tl rlimensions: and (3) free liquid held in 
pores brtween the particles. Liquid must leave 
the system it1 three distinct suges [?O. pp. 
82-84]: 

solutions of known relative humidity. SAMUI>IO 
[ I  101 was able to assign ~noistllre stress (pF) val- 
ues to casts made from slips containing small 
percentages of various inorganic salts by using a 
prcssure-membrane method. 

Moisture stress ranges r r o t i ~  nearly O for di- 
lute suspensions to ca. 10" J.ke for oven-dried 
clay bodies. Soft plastic bodies have moisture 
stresses in the region o f  40-50 Jlkg. Le;~ther- 

I )  By evaporation from the surface of the piece. hardness occurs at moisture stress o f  in the re- 

bringing the particles closer together.decreas- gion o f  5 x 10' J/kg. whereas air-dried clay 

ing the volume o f  the piece proportionately. bodies have moisture stresses ofca. 1OSJ/kg. 

and eventually allowing the particles to come 
into conpact, at which time shrinkage ceases Rate of Drying. The moisture stress concept 

2 )  By removitl o f  the remaining free moisture implies that for a body o f  a given particle-size 

3 )  By removal o f  the adsorbed moisture distribution. the rate o f  drying depends on a 
structure imvarted bv the interaction o f  manu , ~ ~ ~~ ~ ~ 

As tnoislure leaves the piece. a gradient is factors. A simple example is the control o f  per- 
established between the surface and interior o f  meability and waterholding i n  slipsast pieces by 
the ware. Because o f  the shrinkage Factor. this interaction of organic matter. deflocculants. and 
gradient must not be too great; otherwise. excess flocculating salts [120]. Organic colloids are 
shrinkage at the surface will cause crecking. known to reduce the water o f  plasticity of finc- 

hloistureStress. Many mechanis~nsaffect the 
behavior o f  clay-based ceramic forming systems, 
during dewatering processes such as slip casting. 
filtration. and drying. Some o f  the mechanisms 
involved are capillarity. adsorption. osmotic 
pressure. the electrical double-layer. and pore 
water structure [ I  151. The moisture changes in 
unfired ceramic bodiescan be stydied by medsur- 
ing the specific energy of the water as the fundn- 
mental parameter. This energy concept is termed 
moisture stress [I 161. (1 171. 

Moisture stress is defined as the work done 
per unit mass ofu.ater when a small amount of 
the water is moved from the clay-water system 
to it free water surface at the same temperature. 
The S I  unit is J/kg. Expressed i n  simpler terms. 
moisture stress is ;i measure o f  the affinity o f  a 
porous system. such as a moist clay body or liq- 
uid slip. for its moisture. 

A number of methods have been proposed 
for measuring moisture stress. PACKAK~) [ I  17) 
employed a direct suction device i n  which moist 
cl;~y was placed on a water-saturated. I'ritred 
gl;~ss plate that was i n  conti~ct with w:~tcr. A tube 
connected t o  the water vessel ~.ould he raised and 
lowered to increase o r  decrease suction. thus ;,I- 
tcring the moisture content oftheclay. CoI.~stas 
and MARS[[ [I 18) used a pressure-mrmhr;~na :tp- 
p;tr;itus for very high moisture stress. I 'ncrr~nu 
[ I  171 proposed use o i a  series o f  cwcu:~ted closed 
conlitiners where moist clay was suspended <wcr 

grained clays (17. p. 451. yet that same organic 
matter has astrong affinity for water and can 
retard moisture loss[121). Similarly. the presence 
o f  fine-grained muscovite mica i n  plastic clay 
bodies o r  moist cast appears to slow drying (691. 

If a granular solid is involved. moisture loss 
proceeds at about the same rate as from a pan o f  
water under the same conditions [ I  I. p. 161). 
However, from a plastic mass o f  fine clay. the 
rate o f  moisture loss may be less than that o f  the 
coarser system [122]. Ceramic clay bodies would 
be expected to show loss rates between those for 
granular masses and clay masses. I n  any one of 
these circumstances. the dryins mte is constant 
unti l  particles touch and shrinkage stops. At  this 
point thecontinuum ofthe pore waterceases and 
l low o f  water from the interior o f  the pirce can- 
not maintain the surface f i lm needed for rapid 
e\,apor;~tion. The rate o f  drying then Falls. 

The shrinkage properties o f  clay bodies are 
useful in setting up an eflicient drying schedule. 
Watural clays give shrinkage traces rh;it vary 
with clay fineness and packing characteristics of 
the ~io:~uol loidal particles [ I??). Con1r;ir) tooth- 
cr <,pinion 14. p. 5541. N O K T O ~ ~  stilted t l i :~t the 
rate c,fw;iter remov;ll from the surfilcc ol'a plas- 
~iccl;ty piece is approxim;~tely one halfth;~r from 
:I free \v;lter surface under the same conditions. 
,\ccordinsly. evaporation r;lle from a moist 
~r;~nul: tr  solid is [much grec~ter than that from a 
pl:~sti~.line-gr;~inedclay [I?.I]. The r;lteoftlow o f  
liquid ('nun the interior ~:III he incrr;tsed by Je- 

IC 

VOI. A 6 
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\1111)10 .,::,sillg the viscosity o f  the liquid and this i s  move the iv;ltcr cconomic;!lly with respect to 
i.') \,:tl- ,;,.,,, nplished by raising its remper;!ture. hoth time ;lnd fuel consuniption. 

s111:111 jpeed of drying is also governed hy the mois- The principle o f  humidity drying i i i~~, lves ( I  t 
( \ ins a .,,,, ,.:,p;lcity of the air surrounding the piece. hc:tting grrenware ;tl l  the w;!y througli i n  ;I s;~to- 

, ,  
rel;~tive humidity. and the volume of air r:tted ;~tmosphere. ( 2 )  reducing the humidity ;as 

i'(>r di- . uver the wart. Because the moist piece i b  l i t s t  as possihle without stressing the a;trc. i l l id 
<-dried . . ,,,,,,,s system. ;I balance must be struck be- (3)  once shrinkage ceases. r.tising the tc~iipcr:t- 
listure .,,, loss o f  !moisture at the surFace and move- lure and reducing the humidity to zero re la ti\^. 
::,thcr- ;,e,,l ujrnoisture through the particles from the liutnidity (20. pp. 82-84]. 
tlie re- ..,terior .,. to the surface. If liquid loss at o r  near the 
I clay .,,rlbce eceeds liquid movement from interior Drying Methods. Drying methods till into 

kg. differential shrinkage can result i n  crack- two classes: ( I )  convection and (?)  radiation 
:.:< or w;trping. [124]. [IZS]. Cu~tveclion n~crlroclr circu1;itc war111 

.~ncept air around the ware being dried. the w;~rni :~ i r  
Ic-size ~ ~ f ~ c t . 5 .  Dry ing defects can originate wher- serving the dual purpose o f  heatine the pieces 

on a there are discontinuities i n  the formed piece. ; ~nd  removing moisture by convection eircula- 
many . : , , . ks  c:~n develop at these points during lion. 

1 1  per- :.:rlnl;;i<e associated with drying. Clay particles r\ ~i,np/c rur~nel,Ir?r.r requires passxgu ofcars 
:ves by to orient with their long dimension normal loaded with ware through the dryer. while lieat is 
5 .  and :<) [llc direction o f  pressure. Because shrinkage is supplied by steam coils underneath. hot it ir from 
IS are ;;:lit in thc direction parallel to particle orien- a heater. or waste heat from kilns. Drxing i s  like- 
I line- :.,l,on and greatest i n  the norm;tl direction, solid- ly to be uneven from top to bottom ol'the lo:id in 
rganic ;:,,I test bars made i n  an open mold tend to a,arp tunnel dryers. but cross-circulation o f  heated air 
~d can ,,,, the sxp?sed face away from the oriented by Fans or jets inlproves uniformit! in such 
:sence :?,,Id-face layer. Similarly. frictional forces in ex- dryers. 
c clay u.ion force moisture into the interior andcause Controlled humidity can also be attained i n  a 
s 1691. ,:!entation o f  clay particles parallel t o  the direc- tunnel dryer by introducing the moist ware at 
-e loss . . > , I  ofextrusion. Differential shrinkage and e i -  one end into hot moist air sent in origin;tlly as 
:wn o f  :-.ive moisture gradient are leading causes for n,;~rm dry air ;I( the exit end. the <~~l i r r rer / lo~~.  

161). :::tcl\ing and warping. , r , ~ , i / ~ r t i l .  The dry air picks up moisture ill its pas- 
?. the Even though a moist object has a uniform sage over the loaded cars. thus becoming satu- 
of the .ii.<triburion o f  moisture. i t  warps unless i t  i s  rated with moisture. Sonietimes en auxiliary 
ivould ~ e n l y  dried. A wall tile. for example. placed on ha t i ng  unit is located ;tt the a-are entrance elid. 
'sc Ibr  .I plate so that one Face is protected from air flow In thi\ way the moist ware i s  hc:ltcd unif~~rnll!. 
tne of :nd  evaporation warps. Duringinit ial  drying. an i r i t l i  III, initial loss o f  moisture or s h r i n k i ~ ~ r .  ,\r 
 sta ant ,~:sin;~l ly uniformly moist piece can develop ;I the u:~rc !moves tow~trd the exit elid. 111~. sur- 
\I this -.,isturi. gr,,dient througli ( I  ) loss o f  moisture .I[ nlurlding air becotncs prugrci,lvel~ cuulcr :~nd 
21 and : >urhce or (2) uneven heating o f  the porL. drier. The exterior pxrts uf the pieces itre reduced 
: can. ... tier. which lowers its viscosity a1 the warmer in tu1iper;lturc. ousing tu e\:ipor:ttivv coul i~iy. 
rapid .~~r fdcc but not i n  the cool interior. ivliile the interior re~nairis t~ t r rner :  in :I cl:~? tii;t>s 

Some oper;ttions subsequent tu slip casting with :i temper:lture grndie~it moisture muves to- 
cs :ire ::cii c:ruse livering (dilntant consolidation) in one \v:tril ~ l i u  cooler part [1?61. 
cdule. : x r t  of the cast and not in ;idjacent areas. result- \ rclinc~ncnt o f  LIie counterllou~ ~ i i e t l i ~ d  11~1s 

u r y  :I< i n  o lower moisture-release rate and lower 11w ~ ~ , ~ , ~ ~ ~ ~ / ~ / i r i , / ~ ~ ~ / i t , r o . ~ ~ ~ ~ ~ r i o ~ ~ . ~ .  exch with it> cnv11 

i c ~  0 1  .iirink:~pe i n  the livered ;ireit th;tn i n  the ;ldjoln- i~ldcl~ct idcnt hu:tt :)nil liutnidit! c ~ ) t i ~ r ~ ~ I h .  .fhc 
l o t  h- portion. $v:trc cntcrh :t l ~ o t .  ~,ttur;tted ZOIX :\lid i> u:trri~ccl 
11 [lie Eveti ;lftcr defect sources uripinatin; i l l the u i t h < ~ r t  ~ n ~ < ~ i ~ t ~ l r c  Io>h. The c.1~ lhccl I~:IVC> 

pl:fis- .'!!ning oper;~tion h;~ve k e n  eli~nin;~ted. the thrc,usIi ~ p r < > ~ r c ~ ~ i v e l ~  drier ~ ~ ~ i e s .  e.tcli llclcl :II 
f r u n ~  ;':dhlem o f  removing the moisture without ritp- C O O ~ I : ~ I ~ I  1x11 l~igl icr t e r ~ l p e r ~ ~ t ~ ~ r e .  

tic)ns. :ilrinp or warping the w:tre re~n:)ilts. This ohjcc. \ , / ~ , ~ O , / I , ~ ~  /t,,,t,idi~!, ~ / ! ~ ~ . c v  ~,pcr:~tc> h! :t;igc> 
1110ist i i \e  is;~cliieved througli the t e c l i ~ i i q u e s i l f l r t i ~ r ~ i ~ i -  .I -i:lil,,n:tr! lh~:!tl. 1101. s ~ i i ~ r . ~ t c d  : ~ i r  !Y:IIIII> 

'111t1it ill i/r?.illy l l iat ( I )  lower the vt,c<rsity 01' the 111c ~ L I I C .  \\'IIco tl,c c l~ i i~ l lher  b :)I :! ~ 1 1 1 1 l ~ ~ r 1 i i l ~  
,,w '.Gllcr. ( 2 )  uniforlnly u;trln t l ~ c  pore w:tter a.ith- Ihi~t, lc~~~pcl-,ituru. drier ;~nd  ~I~sI l t I )  cir<,ler :lir ih 
IV dc- ; "111 c:lusing dilli.renti:tl slirittk:t~c. :tnd ( 3 )  re- lp:t>.c,l III~OII~II the l c x ~ l  ;tncl e ~ : ~ p ' ~ r ~ i t i ~ ~ t l  \~c'cllm>. 

: 
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Ware c:rn be dried more qulckly i fa i r  is directed' used in referrins to processes th:lt iissulnc no 
;it right angles than i f  i t  i s  blown parallel to a l iquid is formed during heat treirtment. 
surface[1?7]. For stnall. simple shapes. a method Herr the term ~/c!~.~!li~.aiio,t (14. ch:~p. 71 i s  i 

termedjel dryif18 is sotnetimes used: air i s  hlown itpplied to processes wherc rc~ll<,v;rl o f  pores 
i n  a definite pattern at right angles to the surPdce from a ceramic product hy he;rt treatment can 
o f  the piece, therehy saving fuel. space. and time txke place either hy formation  of;^ giasy phase 
[ I  I. p. 1671. or by solid-state material transport. or both. 

Xoi/iulrorio~z ~lrclror/~o~lc involve transkr ui'heat to Howcver. traditional ceramlcs :!nd :tdv:lnced ce- 
the moist ware ;IS infr;~rcd or high-frequency ra- ramics are described separately heu;~usu clay- 
dio waves. The princtple of h a t  transfer by based products invariz~hly involve development ... ::,a radiation methods is being employed increasing- o f  some glass. whereas advanced ceramic prod- != 

ly in the drying o f  ceramic ware. Over 40 years ucts nearly always involve solid-st;~te reactions. 
.. ago, infrared lamps were used to dry large slip- 

cast units in open settings while ordinary air 
movement was used to remove the moisture. 4.5.1. Fir ing Traditional Ceramics 

\:;?..I,\> ,,.. 7. &,m 
Drying times were reduced from 14 days t o  12 h 

The main reactions occurring in the course of .! . * n s ~ s , !  :.: :% F 

11281. Hotel china from automatic jiggers can be 
heating a clay-based product to [naturity are dried sufficiently for removal from the hat in 
summarized i n  Table 9 [ I  1.  p. 2671. .As shown by ...!IC, <a!, h -. 

10- 15 min [125]. The infrared dryingis followed 
the expansion curves in Figure 6 [131]. in the '...:: ..! J U * I ! ~ ~ O  

by hot-air jet drying [127]. 
initial stages of firing clay-based bodies, there is I ,.I 
an expansion to a peak at ca. 600'C with a sinall -:2:::sr ..! t h  ~3." 

Finishing. Nearly all ceramic ware. however inflection (the quartz inversion) :it 573 'C. fol- ,.* !!I< l - , r , .~ae- 

formed. must be subjected to finishing opera- lowed by a grddual drop up  to ca. 775'C. After . > : K C  l ~ a r  !.d. ,.. 

lions. These may be as simple as removal of cast- remaining level to ca. 850 "C. a rise in expansion :~v!:,c,I !,.!- P I P  

ing spares, mold seams. and fins. However. the follows to a peak at ca. 900°C. Shortly there- 
operation may involve the turning o fa  foot on a after. the bodies &gin a decided contraction. 
leather-hard cup or an elaborate turning o f  a Above 1300 'C (not shown i n  Figure 6) irrevers- 4 . 2  Ikm&Ir&b 

high-tension insulator fro111 a 1-m-diameter ex- ible thermal expansion occurs i n  all types o f  clay- 
truded blank. The term rr i~~in l i~rg.  means the based bodies [1321. and this expansion must be : '>< .L,ou!...r 
shaving away o f  seams from ;I cast piece or cut- tdken into account in devising firin8 schedules 

. .'i>>.% ,. p-..P 
tins off the casting spare. Feiilirrp refers to [ I311 Theexpansion on hearup o f  bod? A. which 
rcmoval o f  fins. rnold seams. and rough edges contains pyrophyl l i t~c South American clays. is 

;-.!rto ..! !k lr* 
from dry. or nearly dry. ware. much greater than that of body B. a U S .  clay  ha^ , :.- 

body conterning no  pyrophyllite. :4.r:,lA., ."t l l" 
Shrinkage and porosity changes with increas- 

LX~,l.,..tt d l : 8 m  
ing temperature vary. depending on the body ;., .."...,, au"+W t 

4.5. Firing Ceramic  Products composition and the porosity at maturity. . ..ut n- .t* DL 

:!u prima*, .M 

The ternis used to describe the densifying ;ur!s ir w<.C r 
processes that occur during heat treatment of : . s . . l u q  e a r ,  *. 
ceramic items can he confusing. The expression 
.xi,r~er-iny i s  used 113. p. 2321 to describe a process *C.hrll 
by which :I subst:~noe i~ handed together. stahi- re r e *  
lized. or agglomerated h) heing hei~ted to a ,.....A u. 

; X ~ , , ~ U  - 1 - d  

2.d h.p ** zb Virirr~/icr,rion is defined ;IS a progressive reduction 
,""I... t-• 

ofthe pores o f a  ceramic picce as a rcsult ol'heat 
pa-mw 1- d 
:k &...a * 

300 1000 
the dictionary dclinitions [I?')] de:~lins with the 

hrd. pm.LUk.4 
Temperature. O C  - 

terms vitreous. vitrify. \~trltic.ltion. irlrd vilri- 
b'igurc 6. l ~ r c b c r ~ t h l e  he.ttczp lherc~>:~l-esp;~r>~t~~o tr.~ceh for 

li;!blc a11 center un somc :IspCCt of glass. Bl:KKI' ,,,,,,,,,, .,,,,;,,,,! ,,,,, hodltr roll~sinlng p!rupilYlll~e 
[I301 notes tI1:11 thc \rord .inlering i s  generally ~ c ~ ~ ~ ~ x c  ,!\I :md no pyroph!ll~~c ; ~ t d  IhtcIc ~nic; !  tB1 
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thi3r :~ssulne no I 9, I<~,~CU,W. , ! c r ~ w u t ~ ~  UI 1.88ing clcty hodics 

' ~:~ltll1ellt. , , ,  C' KC:~CIIOII, t i ?  l l l c  C<IUIIC <,I. lirillg 
t i  119. chap. 71 is 
'~1110\'31 o f  pores ! W l  

trcc immscuri. r e # n ~ \ c d  ~ ) O I I I  i l l c  picm 
;, ii I !Ill1 1 , ~  ,,I' ;%dwrhed lnh,i5lurc 

:;ct tre:,t(nent can 
.,,I 11111 grsdu.11 I<,*? of l t 1 0  *om 1h;llloy~icr. im~tl I ~ I o ~ ~ ~ z ~ I ~ ~ c ~ ~ ~ o ~ I ~ L c .  I)?Io~II!II~Ic i ~ l l c l  . i .oLi~lc olii:, h~~~~~ 

c,! ;I gl;tssy phase dccided e~p;tnric>n 
. , , I  -XI urgtili~tc ol;tlrer cni i l~ icd.  hrrakup olcl;~! >i~incr.ll .il-oc~ulc>. pyr,x~~llyll~~c r t . t l ~ r  % l ~ , ~ r ~ ~  i . \ p . ~ ~ ~ . ~ , ~ ~ ~  . ~~bpo r t .  or both. t . . i j i r a l r ~  in~cr>ioo 1 

.jnd ;tdvanccd ce- 1 
, , ,  .ti0 pyropl~yllitc ;~ll;ti~lr itlaxirnuln cxpdn~~011. ,pinu1 li)rm, III clay\ I 

:iy because clay- i , I ~mti,cnr.itu rtruuturc drstroycd. :-AI20, ov nlullitu i t w a s  

f.)ive development j , , I  I I ~~uI I ILc.  ? AI /J ,?SIO~. I U T ~ I S  lrum clay 

:cd ceramic prod- , ! Veldspar$ meli, cl.q and ciislohalite dirwlv~.. porosity ducre;l~cb. sl l r lol ;~gc incrc.t\c. i;lplrll! 
0-state reactions. :,,o ~ 1 ; t ~ s  iili.rs;lrcs. ~ , i i r e  expands. .tbrorp!ion increaser. rtrenglll decrc;~ies i - 

amics 
5 i !liticntion;sl~rinki~gz curves can be shifted or grain boundary through the bud!.. Only g r a ~ ~ l  

:...., , , tr  ard i n  the maturing range while theircon- boundary o r  body diffusion resuits in sintering. 
lg in thecourse of C 

;,iric,it and the forming properties o f  the The driving force is diffc'rrential free energy or 
l o  lnaturity are 

. .:::,.;in bc inaintained by the judicious selec- chemical potential between ire? surkiczs and 
')7] As shown by 

i ,  , , t  .~uxili;tr) fluxing constituents [133]. A n  contact points o f  adjacent part~cles. Finer parti- 
.J 6 [131]. in the 
d bodies, there is 

.!::.i-l,t:inding o f  those factors affecting the cles sinter more rap~dly and at lower tempera- 
1 . ,.!:,uri. o f the gl;,ssy phasc permits ready control lures than coarser particles. Uniformity o l  parti-' 

111 -C with a small 
I 1  at 573 "C. fol- i . , I  tile pyropl;~stic deformi~tion characteristic o f  cle shape. size, and distribur~on governs the 

ca. 775°C. Alter ' i . , ~ - c  cloy body units 11341 without altering the uniformity o f  the final product. 

t' . : :~~i rc i i  forming properties o f  the body. rise in expansion , 
Liquid-Phase Sintering. The main densi- 

. Shortly there- i 
fication mechanism for most sillrate systems i s  ded contraction. q 

1.::. Densification of .Advanced Ceramic liquid-phase sintering. The sinterine occurs best Igure 6) irrevers- ; 
,sr,:!l,,cts 

:a l l  types ofclay- .f, 
where the liquid phase thoroughly \vets the solid 
grains at sintering heat. Capillary pressure in r,itnsion must be i 

i l lu  Jcnsitication o f  formed advanced ceram- narrow pores between @~rrlcies ,nay hc 
( i r ing schedules ' ., . ! . ,,01z i s  ~eocral ly referred to as sintering. Sin- > 7 MPa. Because small p:lrticlci hnve hisher '!body A. which ~, 

! a l l l g  is. in simple terms. removal o f  voids surktce energy and form smaller pores. there i s  : t ter ic~n clays. is : 
: ~ p , , i i ' l  o f  [he fortncd piece. accompanied by more densification driving energ! rh;tn for com- : 13. a U S ,  clay : 

. . 
~ i~ : i l l hn~c .  Criteria to be (net beforesinteringcan pacts o f  larger particles. Temperature strongly 

:;< plxce :ire (I 1 ;in av:lilable means for material affects sintering: generally. small increases in Frs with increas- ; 
:.:.!lnrr :ind i21 :in energy source to initiate and temperature cause significant increases i n  thc :1g on the body ., 

:,,,I< ttt:ttcri;ll tri~nsport. Diffusion and vis- amount of liqutd. I n  some cases. this is desiri~ble. 
ill lll i l l l lr ity. , 

i !~? \ \  .\re ir:rnsporr mechanisms. Heat is but i n  others excessive graln grouth and lire 
,,., , .I.I.II) . source o f  cncrgy. functioning with distort~on occur. The amount o i l iqu ld at n givcn 

. ~ l ~ ~ - i ~ a r t i c l c  contact and surface tension to temperature can be predicted iroln phase equl- 
8 o a y  A 'dilci. snrryy g a d i e n t  [19. pp. 217-2231. i ibr ium diilgrams. 

5 3 o y  B 7 \apor-Pressare Sintering. Difference i n  va- Hot Pressing. Hot pressing resembles sinter- 
',I iwessure :is ;I i ~ ~ n c t ~ o n  of surpace curvature ing except that temperature and pressure :!re ap- 
: ' : :  d e i  lhc driving energy. Matertill goes from plied at thc same time [ l i j ] .  Prcs?orcrpceds den- 
' ~ ' ~ . t ~ l c  \urf;iccs is'ith i t  positive curvature radius s i f ic i~t ion hy incrc;tsing p:~rticle p:~clling ;)lid by 

iliglt bapor pressure 10 contact regions with htrcssing polnts o r  contact. The densificiltion 
: . - c  alrvatur t  radius and much lower vapor energy can hc ~ncreilsed 20-fold b) kipplying prcs- 

I 
... ti. The sm;tller the p:trticles. the gre;tter sure. Hor i.so.riaiic pr.c,.rsi,y can he J i ~ n r  with spc- 

? O C  1000 , . .!niing force. While vi~por-phase sintering ci;~l lic3t-treating equipment [ I?h]  and provides - "..!l iL pilrticlcs. it docs not eliminate pores. rcsults superior to those attained with conL.cn. 

I , ) tiun;ll hot pressing. Hot presblng injection- 
':' p>ropl~~llh~c ,J,I~ I)iffllsien Sintcring. Difl'usion can he the ritolded items gives results superior to those oh- 
'lc lnlici~ i ~ o  ::1~'ii'nl~.lit ol ' : t t~?~ns <,r i;tcancics  long ;I surfitce t;~incd with simple isopressin sintcri~ig. slip- 

: 
j 
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in the molten state. Glaze adheres itrongly :111d 
\cr:,r.~tc furn:~cus tii :~?. hc needed toeliminate uniformly to the ware. App l i cn t io~~ o f  p1;17c 

:ll.r,L.:,ilt~ :~nd  vol:~tile binders. However. deluh- suspension to ware is by spraying or dipping. 
.:, ..,, ,l he done 31 IOU. temperature. along with Glazes can be made fur maturing from c:,. 

uids and gases. Semiconducting gl;~zes c;ln he 

~.~, . . r .  K i ln  Atmnsphere prepared for electrical porcrl:~in.;. 

:~:fimhcrs. sutne- ['IIC ;~tmosphere has a profound influence on 
.+,. o i  cliiy-based ceramics. I f  5' .  The Nature of 
. i : i . ~ . ~  is etiough 0, to permit the piece to absorb 
.,,:,ti., l l iu ;ttmosphcre is regarded as oxidizing. 

that form glasses by themselves are termed ,rrr- 

,:;;L. rc~luces multivlllelll ion.; to [heir lowest ",ork/ormers: by Zachariasen's ru lcs l l  I. p. 1301. 
.I rone. where i t  SiO,. B,O,, and P,O, should. and do. fort11 

glasses. The holes in the network ore lilled by 
network ntorli/iers, which weaken thr honds. 

:~.,r ,nl i~l  10 body itnd especially to glazes o f  clay- Such modiliers are usually Na,O. K,O. CaO. 

I ,.cr:,mics. 7 h e  ware must by and MgO.  Generally speaking. the more moditi- 

.,,ggcrs (rejractors boxes) or by keeping ,he er present. the lower the glass viscosity a ~ i d  

,,,,,, hu>tion gases away from [he work with a chemical resistance. Oxides such as AI10,. Pb0. 

...(i:lct,,r!. (muffles). throush heat is Z"O. ZrO,. and CdO can enter the network by 

; hours." Some replacing some Sid* or B". These are the hr,',r- 

!!lc~.tric kilns o f  all types [ I  I. pp. 305-3061. 
. : i t ~ i l i  :!void contamination from burned fuels. Oxide elasses [I401 

.:: i~.i.,I \\.idely i n  Europe. I n  the United States. Osidalion Cdor- 
..I:II kilns ;arc mainly used fordecurating.special rtnte dinacion .clcz~glil. 
.cr;!~~lic products. and -,all tile. The heating ele- nunlher rct;lci\c 

:,lent> ;ire nichrome. kanthal. or silicon carbide. s~~~~~~ formerr 
\ ~ c l ! r o ~ ~ i c  (:I nickel-iron-chromium alloy) ele- 
: !~c t i t>  .,re used for decorative materials tiring. 
:..IIIIII:II (iron) for intermediate-temperature i n ~ ~ ~ ~ ~ d i ~ ~ ~ $  

~li:.. :I~IJ silicon carbide for high-fire kilns. 

4 . 1 b . i .  Fired Ware Finishing 

ces 

Icclinic:~l ceramics inust he examined for flitws. 

(;l;lzcs are applied in clay-htsed ceclmiu 
I'rc,ducti to provide a shiny. petitrally smooth 
'Urf:lcc that seals the body. The surPace t l ~ y  be 
cilller 11l:llt or brir l i t .  GI:!7cs resc~iihle el;~ss it1 
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r~ lc f l io r~~ ylnss . l " u ~ ~ e r s .  The rel;ttive single-bond Rrrt~. leorl g/r~.-<,.r 11431 arc used only on . .. :,. , , , strengths o f  the oxides correl;lte with glxss artware. never on commercial \rare. owins to 
form;ltion: network formers' have high bond health hazards from soluble lead. A typical 
strengths, modifiers have low bond strengths. bright glaze maturing at c;~. cone 05 (1031 .'C) 
and intermediates fall i n  hetween. has roughly the following composition: 

The conventional representation o f  glaze fi,r- * p ~ i a l  (;Inm. 1 ,. 
mulas 1s the Seger convention. by which [Ile fijr. " 5 5  i'2i 1.55Si0: .:,:::L.*! !-\ !\T.,~,., .\,:, 

il 26 C;t0 
mul;~ i s  expressed with the fluxing oxides R,O ,,,,, Nd,l, 
and RO. including PbO and ZnO. adding up to ~ , ' : !  ~, ! , .c I . , , ! ;  :" :! 
unity on ;I molar basis. The AI,O, and S i02  plus Leul--Ji.rr g/c~zc,s, or leadless slazes. are de- '.',- I J J U ~  . x ~ p , s .  

U,O, tire listed as separate items. also on :I mo l i ~ r  signed to provide lower maturity th;~n true por- :.,,.::,,3,1 

basis. i n  the following manner: celain glazes without the use o f  lead oxide. A ,, ' ., - ,: 
I.OIR,O+ ROI-.YAI,O,-)IS~O, A B,o,) typical glaze has the following composition 

[144]: \""'~~111$111,:,n~ ~i 
Glazes can be classilied as raw glazes and ::.s:;'c\ ~ e , w  L:;!:*C 

fritted glazes. I n  thecaseofrowgl~,:~~~, the oxides O 2  K:O 1J3A110, josio: 
0.3 SrO are introduced in the form ofcompoundsor min- 
0,1 CaO 

erals. such as feldspar, which melt readily and act o 4 B*O 
as solvents for the other ingredients. A f r i ~  i s  a 
prereacted glass containing ingredients. such as Glazes built around this composition have an 
Na,CO,, which .are soluble in water. Fsitting excellent maturing range as low as cone 03 and 1 illlllllll ,1\1,k .,L! 
lixes the desired oxide in a relatively insoluble up to cone 9 (1086- 1260°C). bur lack the cover- : ..I ~ . v n n ~ r , ~ t  
form. Fritted glazes are used for whitewares, ing power and brightness of lead glazes. 
Frits may form only a part o f  the whiteware S1ipgla:es [I451 are natural clays having the :!.t:r~ pl.u l r t ~  ,,,.: 
glaze formula. o r  the glaze may be composed following approximate composition: .,..,,I 113~  ,:IA,c b -,,. 
entirely o f  frit [II. p. 1901. : \ \ t . t h  Ell., ,  -hrn ,,, 0.3lK,O O.MAI,O, J.lX)SiO, 

0.45 COO 0.08 Fc,Ol ; : : . ! . v \ \ ! . ~ l  pI-.lh&. . 
Raw Glazes. Raw glazes include ( 1 )  porcelain 0.35 ~~0 :.:..~vI ,,.I,II.SI .d ibr - 

glazes. (2)  Bristol glazes. (3) raw lead glazes. (4) .':<. ~!C.MI I?  <*I 1st- .,I 
raw leadless glazes. and (5)slip glazes. According Such clays are used for artware ?lazing and often \ . a ! :  ~ l ~ ~ a t a c  , ,  .a 

to the Seger convention the basic porce/~,br p/o:e for high-tension electrical porcelnin insulators. ' . . : l , -$t .* ,r  11" CLU 

is expressed as follows 11411: Slip clay glazes have ;I maturine range from ca. : . I : : , ; .  .,.l,ll ,,,,n -8 ., 
1200 'C to 1300 "C. : : :~ . : , $ i r  s t 4 =  ..! t-' 

0.3 K,O 0.4 AI,O. 4 0 SiO, 
0.7 CdO !,.,,,> \ > : I 1  .,,J 8 1 ,  

Frits. Because B,O, and inort borates are % : ! I  :!w 41:11, *"d ,. 
I t  !natures as a bright glaze in the regioti of 

in water, B>O, )nust be in a : : :  I .  .u. 
Orton pyrometric cones 8- 10 (1236- 1285 C ) .  

Frit, A typical lead.free frit 
When AI,O, is raised to 0.5 and S i02  to 5.0. ;I 

inx composition: . . : : : : , C > ~ L ~ I I >  p - a  L 

hright glaze is obtained at cone I ?  (1306 C). i \ t  . . . . ,  , 4,. 1 1 : -  

SiO, 7.0 and AI,O, 0.5. the maturity of a bright t>.hvc:~o 0?7~t :o ,  ?.~isio: 
glaze rises to cone I 4  (1388;C). whrreas st SiO, ".IV s":o t.lhB,O. 

8.0 and AI,O, 1.0. maturity occurs at cone 16 '"'":" <.I. I'rrpnmtb d I 
(1455°C). Increasing the AI,O, and SiO, con- 

Although lead bisilicate [ll120-22-21 (PbO, 
tent produces semimatt and matt low-gloss sur- 2 S i 0 2  or PbSi,O,l i s  relati\,ely insoluble in wa- l*,<,"ld flu #W. 
faces. . ... 8: r . !  ,n !h( It* a) 

Icr.  lexd is normally introduced into commercial 
Bri.srolglores are raw glazes cont;~ining Zn0.  ::.. . :$I ,  - 2 t m  1- 

cI:$zcs in fri l led ibrtn. A liiorecomplex frit ,night 
which are used on terra-cotta cl;~yw;ire :~nd  - :. : : ! , a ~ w h  I- 

I,;IVC :I coznposilion such as the follou,ing: 
sonletimes on stoneware items [142], A typic:~l 

: -41 & r ..Ca l3ristol glirze falls nc:lr the following mol:~r co111- 1 8  i l l  ~ h o  I .  I ,  1it1sio: ...- -b. r u w  
position: ,I :o S;%:CI ... *;.li-.clr .II rn 

11.111 h:il 
I 1 4 0  K:O I I  i .45,0,  
I l l 5  C 3 0  Ruric o s ~ d r  :~nd lead oside ofren appear together 
11.25 ZnO 

in Iwv-ten~per;~turc gl;~ze. A lypical cotnposition 
M:~turity occurs ;I[ cones 4 - 8  ( 1  IhY - 1236 C'l. i s  the tbllouing: . . "..,' . . . . 
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~ 3 0 ~  5ll '%,, dcpendins on Lhe ~m:#~cr~:~I h c , ~ , ~  pr,~cc,,~~I. Xtgll 
\l>cr.d i;$ric> t ~ i l l l  inill ncc: t lw  uorllcl !hc mill. 8hc 1:1\>ci 
l l lc  llllilli,~,,. 

Thc pr:lcticc ol 'gr indi~lp to ;I sr:lred pcrcctll- 

special claZes. ~ o w - e x p a n ~ i ~ n  g~;,zes ;,re rc. :IF O S  residue renl:~ining on ;I lest cicvu doc; m,t 

,,lirud hy zircon, cordierilc, ;lnd 1 a,v. cp;lnsi,,n t:~kc into ;~ccoullt diflerences in P;I~IIL.Ic-\~~c dis- 

.!,il,nl siliciltes [146], ~rcolll,llell~ed ?lazes for tributioll brouglil ;tbout bycll:lnges in nlrdi;~ size 
!,. L,,,t in [he r:lngc co,les 10-1, 2nd size distribution and litlc:~r wear. I't~tit.~ss 

enccs in gl;lzc ;~nd  cllalncl slip particle-s~zv distri- 
bution a 1 1  C~IUSL. nlarkcd diilercnces in slip 

Whilc fine grinding improves glare hright- 
Semiconducting gl;lzus ;ire used to relnove ness. hardncss, ;ln,j chemical stability, pr,nding 

;it:trgcs from surfaces of c1cctric:ll insul;ltors. too line can in crawling of llle 
!iiis property can be produced \r,i[h high con- ?laze. lellves hare spou) or peel,np (flak. 
::~rr;ltion o f  Fc,O., i n  the glaze. cr!.stals of ills of [he gl;lze. ~ h ; ~ ~ ~ ~ ~  in the soluble 
,:,C1O,. or activated SnO> [ I  I. p. 1971. materials content o f  the w;~tcr can lead to diffi- 

CI:tzr opacity is obtained by mill additions of culties in collsistency and fineness of :lazes. 
nave an jal-conium-type opacifiers [ I J l ] .  

I.ithium oxide additions incre~tse the hard- 
I~C;S of  commercial glazes [148]. High-com- 5.3, claze Application 

The prepared glaze slip is xdjusted with addi- 
~ n g  o f  the glaze. NORTON [Idy l  demonstrated that tives designed to control consistency and adhe. 
:r!;tals grow when temperatures of nucleation sion. Hand dipping o f  prefired (bisque) ware in 

IJ crystal growth do not overlllp. For example. slip was [he general prior to y20, 
:.,'per control of the heating schedule allowed However, spraying then became common, 
:: growth of large uillemite crystals. rn;~tic spraying on ;I conveyor line i s  now used. 

Salt glazing is a? old method for glazing Tiles are glazed by spraying or by passing 
.;,*nc\\-ltre. The glaze is tbrnird by throwing untcr a fdlling or glaze slip. 

':om ca. \I:t:11p common salt into thc ki ln during the Aside from grinding-induced differences. the 
.inrering stage o f  firing. The NoCI decomposes nature o f  the materials can result i n  g Iue  set- 
{*, corm Na,O and HCI. 1he Na,O combining tling. s ~ ~ ~ ~ ~ ~ , ~ ~  such as or 

IICS arc :$ilh [he AI20, and o f  [he bod? to form organic [hen used. ~ l ~ ~ ~ ~ l ~ ~ ~ ~ ,  such 
:c.i~~plcx silicates. BARR~SGI~R [I501 found the 

:IS >1;SO, or C;lCI2. can bc used. 
.;?i~s o f  the AI,O,:SiO, r ~ i i o  within which i t  i s  
,111nercia1ly possible to producc good salt gl;lze 
:k I :4.6- I :  12.5. 

6. Glass ( -  Gl;lcs) 

5.1. Preparation of Glazes Glass has been delined in simple terms as 11 

fusion product o f  an inorganic material [hilt has 
I'repared frit. clay. and m;~rcrials nor illcor- heell L.ooled to a reasonably noncr~,st:llline 

:'"i;lted in the frit are :round senerally i n  hall stntc 11. objects made ofgl;lss s,mplY 
:‘ills with \vater. Grinding i fi>lloa.ed by sievins Elass, ;llrhough specilic kinds of 
'.! ~n;~gnetic treatment. q l~;~ l i l ivd by types. such ;IS flint. b;lriom. Icad. 

1 hv hall mills arc large ,ICL.I ~ILIIII. tir>ctl itiih qu:~rl~itc cont;t~l~er. o r  window g1;tss. 

.c;-.unit hlock~. Flint pahhlc* 1 3 i  \:~riou- .#LC yr;xdu* i\; shotr,n hy Tth le Ill (seep. 31 1 gl;lsse;cc>n- 
; I'rcqucn~ly uscd ~cccntl!. higb-dcn,it? lo.u;!lly lliph- hist o i l l l c  ib l lo~vins typcs o f  osidcs: ( I  1 network 
i h ~ i r i c ~  d l i h i  fi,r,llers ,f,,rlll fli,sces by thelllsc~,.Cs): ( 2 ,  IICt. 

't'cr.tliun. The higher-dcn\icy ~ntr.di:t 8cdur.c ~rlndiny tilner 
" 1 ~ 1  Itsen cunr&tmcn;ilion inlln ychhlc wc;tr. 'The mudi;~. work cl~<ldiiiers (alk;tli-~nctal ions and ;~lk;~linc- 
. ,  , , .  , , ,i,,,ilt , , i c :~ r t l~ - r~~et ;~ I  ions): (3) interrnedi;~tc slz~ss f~irmcrs 
I i I 3 I I :  1 I , r l l~.tr t i ;~i  s ~ ~ h s t i t ~ ~ t c s  for nctwork fo'ornlersl. 
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A fairly high I'hO ccrlttcnt (10--li'!l;,) isch:~r- ing ch;t~nber. ;ind 1il;ltneni :Ire p ~ ~ l l e d  t l~ iuugh 
c t i s t i c  f i , / . .  I , I W - I I I ~ ~ I ,  e l -  p l : i t i ~ i t ~~ t l  spittlterets. D iscor~ t i l tu~ ,~ ,~  lihels itre 
c;~lly st;~hlc gI;~ssvs c<)ttt;lin signilio.~n~ luvcls r l l  hluwn hy striking a ~nol tcn strc;lln ofgl:tss with G . \- 
H ? 0 ,  (6-  ~?'YO). Optic:~l gl;~sses cont ; t i~~ \,;tri:ihlc :I Ihigll-velocity stealn jet. Suclt gl:tss gc~~;r;~lly 
percent;~ges o f  lead and h,triutn oxidcs. Ihi~s ;I lower viscosity than textile tihergl:~ss. Fi- h n d  n 

.T~~l<t- / i f i~c- .~ i i ic~,  ~ k c r s  represents the major hrrgl;\ss. with its high surf;~ce arc:!. :tlkc> i n l l s t  he a ' r rur r .  b (. 
pr~~po r t i on  ofcommerci;!l gl;tss (12. chap. 131. I t  chcn~ic;llly sti~ble. 
is ~ttitde by melting more u r  less pure sil iai s;tnd Cert:~in gl;tsses (I531 and gl:tr.-hc,,lded ce- ~d \ 
hy lluning with  sod;^ (N;I,O) i111d sti~hilizing with i-a~nics [I541 have applicittion 3 5  rclr:ict<,ry u b -  ** \*  .A!-- 

CaO or GtO - LlgO. st;lncrs. Included are vitreous silic;~. higll-silica ~!unun. & 
C'o~iloi~~er- y/<rs.r is ;I typical soda-lime-silica glasses. alurninosiliatte glasses. :tlun~iit:~tc glass- 

gltlss containing stnaller percenl;~ges of materials es. mullite glass. and harium kldspal- glass ce- u" r,J-o , 
having special functions. alum in;^ (from feld- r.~mics. . * u t n l  .k.- 

spar or nepheline syenite) helps clicmical stabil- 
ity, sodium nitrate func t io~~s  as n ~ t  oxidiz~ng 
;Igcnt. and arsenic i s  3 l ining agent (for elimi- 0. ('m . 
nation uf  bubbles and undissolved gases). Clear 
gl;lss requires lo,v F ~ , ~ ,  content, whereas high 7. Refractories ( -  Refractory Cer:t~nics) 

Fe,O, materials are used i n  colored glasses [ I  521. a c m r :  . 
Manganese blanks out the green color o f  iron. Refractory materials are essential to the 

rnanufi~cture of all forms o f  ceramic products, 
Contiliner $la i r  prnduction i* uruall). I;#rgr scale. -:.',! ..: L mu. 

U;,lcher arc oma,ically, blr,,dcd, ;,,,* conveyed including refractories themsel\,es. Table I I 11. 
..US . . .. .- 

lo glass mehing lank, ( re l ract~ry  cun~ainerr ior melting). PP. 13- 151 gives classes and types o f  refractory 
->.,x: I,.. ,,-, 
:hl. ..r h - 

~r lilycrr 15-20 cm thick 2nd n,clted by hcu from side gressively more groups where 
hurncrs lired u~!h oil or gas. Exhaust heat parses into "..Ylr , I  .-. 
checker chvmbrrr below the burncr ports: flow is reveried shrinkages are not more than 2 %  ;it testing tem- ..-m-r. .(., .. 
3 - 4  limes per hour. cornburtion air parser ,he peratures o f  845°C (group 16). 1065 -C (group 
lhcutcd checkerwork 20). 1230°C (group 23). 1400'C (group 26). I's..r- ~n 

Largc refractor! blaks inade of fusion-cast At+, or 1510DC (group 28). 1620 'C (group 30). 1730 'C ?,?..: ,.'I I# 
r\I10,-Zr0,-Si0: mililuru funccion nr ridc walls and 
end wixllr. while the hottoo, i s  ZrSiO, ;and rhc roof is  

(group 32). and 1790'C (group 33) [ I .  p. 104). .kusn! .rm* 
SiO,. A comriner plv,i vank may h.tvr met<ine areas ~i Special refractories include zircon (ZrSiO,), ...& . .I :s. M 
90-150m' with $lair depthr of I -1.5 m. A campaign zirconi;~ (ZrO,). silicon carbide (Sic). chromic .... a<.l.: I.. - 

. i.".,. -4 " 
Sheet glarr tank., holding 1?tl11-15l10t. ;,re much cialties include nonformed products such as c . 7 . ~ -  . w e  

I ; , ~ ~ ~ ~  ,I,~,, conldini.r gl,,rr lir,,kr. such ;, rank can  nort tars. cuastables. plastics. and ramming mixes. 
IXII-1751 cvr'ry?ih. Basic refractories include the chronte brick, ,..:*. I*r  - 

0ptic;tl gl:#hi ~.lnh> ore liluch r~n:~llcr. with ootpuls of  chrome-magnesite brick, and m;lgnesite brick 8 . . < q ~ m  .. *.%. 
perhilp* 10 LO0 kg t i c r y  24 h. used in basic oxygen steelmaking [ISSI. !b t- 

f..!. !..a b d  
120rming i s  by pressing. v;!cuum. or blowing 

. r r r n l  u r.- 
(using air pressure to tr;~nsform the gob. ie.. 

'Table I I. Cl.t>>er and i y p i  o i  rrivacturio I-! +,-& - 
m;tssofmolten glass. into :I lhollow piece). Other- 
wise. ;, sheet i s  formed by pulling (drawing) a Cb.t>> PCE' htOR". 
continuous sheet o f  molten glass from the tank 
:!nd passing i t  through ;I Ilnttener or roller. Float virecl;,) 
gl:~ss i~ivolves ;t process in which the sheet floats H~gh duty 31.5 3.45 

o n  ;I both ofmol tc~t  tin with heaters above and in bledium duty 2') 

the bath; the glass settlcs to ;in even ribbon and 1 nul. (I) 
.:rroFb - 
:Mu- *  

wherras float glass does not. iM-C 

Fihcr,ylitss rakes two forms: (a) continuous prd-w-.. 

thre;id for textile, or (b )  discontinuous liber for 99%'. hI,O, r*n- 

insulation. filtering. or reillforced liberglass. PCE p!n,rl,ccnc equirr~m~. 
-**do 

Gl;tss in~;~rhles :)re fed continuously into a melt- " hl[)l< ~m~rtulur of rupture. .-- 
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K. :\l)rnsives ~ n a l  c.sp;~nsio~i. 11e:lt insuliltion. cr,rrosin~i :111d 
!~riuous lihcr5 are 2 . \ h r  I .  I .  p I 10) \vc:~thering resistii~~ce, :\lid elec1ric:tl pr~pert ics. 
,.rc:\cu o f  gl;~ss with Tahle 12 shows mecll;~liical properties ol' ;I 
:ch gl:l\s gcl~cr:tlly .;c,l.,..,~ n:it~~l-;il rnincr;tls :~ rc  cnlplnyc<l ;,\ numhcl of rcprcse t~ t ;~ t~~c  ceramic prodocts. 111 
~,I,IC lihersl;~s$. I.-;- 8~,r,,,,~cs lh r  cutliiig. pritidinp. and polishing. "11 casts. lh t rc  is a char;lctcristic direct transitioti 
,ire:i, IIIU~I he :..,.. illcludc ~111:trtz. y;~rnct. CO~IIII~LIIII. CII~L~~?. from a snlitll cl;tstic dcformat i~~n.  with 11,) or 

. .~:;,I,~LIII~~. b l : ~ ~ i ~ ~ f i ~ e t t ~ r e d  ahri~sives include stnall plastic del'or~natioti. l o  fracture. Irreversi- 
c l i ~ s s - I ~ o ~ ~ d c ~ I  cc- ..: i:trl>idv. hctrcrn nitride. disniond. iu\cd hlc def~lrmations from  hove t l ic  el;lstic regit,ti 

ds refr:tctory huh- , :liI1:I. silic011 cilrhidc. tit;tniltln nfirhidc. UP to fr:lclure inlay he duc to viscous processes 
. silic;t. Ihip11-silica . r h i l  d i c o n i t ~  s i l i e ;  1 ; -  within the particle structure. .. ;~luniiti:~te 2l;tss- . i>rk~ducts include loose grains. u.licels. Important eer:!mic inides have high tnelting 
fcldspilr sI :~ss ce- ..,7.~i-il :~hr;tsive. :tnd yrilidinp pehhlcs. points ( 'C) :  

I ,  ~11511 Fc.,03 1 hi10 
blgO ?noo FCO 131~11 

V Cement ( - Cclne~u iit ld Concrete. Ca O LhOO MgO. .Al,O, 2115 
SiO, 17x0 2 MgOSiO, IliVO 

\',!I. : \5 .  pp. 48'1- 537) ZrO, 17lM ZAI,O,ISiO, lSlll 
;tory Ccr:tmics) Cr,O, . 2265 zrO,.sio, 177.i 

L c m r . ~ i ~  i s  a synthetic n i i~ i r ra l  mixture 
essentii~l to the .::ll~kr.r~ t l i i ~ l  when ground to a powdrr and 

.:cr:lmic products. i l l l~il ty i t l i  water lorms a stonelike mass. ;tnd is Table 12. Mech;a~>ic~l propcr~icr of ceranlic matrriatr 
ives. Tahlc I I [ I .  :ill$. .i ceramic product [156]. A primary require- 

Cumprcr- Flexurn1 5lodulus 
yprs o f  re1'r:tctory 111~111 Il,r cemcnt manulhcture is a source o f  CaO: i i ve  slrenglh. of 
rated i n  eight pro- . illl. c,111 be limestone. oyster shell, slag, etc. Also ilrmeth. MPa rlarticity. 
,ups where reheat ;,cii.ss;try is ;I source of AI,O, and SiO,. most M Pa GPr 
:%at  testing tem- j ~~~minoo l : ,  clay :~nd. where needed. a quartz rock sol,* brick I c-to 5-20 
, I .  1065 'C (group ? 71. .and. Roof t i le  10-23 8 - 1 5  5-20 
ID'C (group 26). * I'n~ccssing involves ( I )  srinding o f  rock ma- S'e"'i'e n50-1000 140-160 I-: 

roup 30). 1730°C Silica refraccorie.i. ::.:I. 11) hiending o f  sround materi:tls to a 96.97% SiOj l i  10 i n  80 3 I J  
p 33) [ I .  p. IOJ]. :.ira! ~.lletnicsl composition o r  slurry blend- Fireclay rcfractoricr. 
: zircon (ZrSiO,). .; the powders. (3) burning ih r  hlendrd 10.44% AI,O, 10-SO 5 - 1 5  20.45 
it (Sic). chromic :tt;iicr~al lo  Fr,rnm ;t clinker. (4) blending the corundum retiaurorie>. 

1. Refr:tctor? spe- ' 75-90% AI,O, 10-:oc 10-150 10-1:0 .'lillkcr ;tnd gypsum. and ( 5 )  grinding the Forr,eri rrdct,,iicr 10.4) 5.111 25.:tl 
,roducts such as . - \ I ~ L I I I ~  -cli[lkcr. Grinding can ht. accomplished ~,~,,,i, rclracturicr 10. 1110 8-200 J O - : ~  . . 
1 ramming mixes. 1 I d i g  hall milling. rod milling. Zircon rr.fractorie.; ill hO 411 200 3 5 - 4 0  
L. chronic hrick. i ?.illi.r, race. tube inill with air cl;tssilic;~tion. Wh"'w"" 311.40 ?n-25 111 -111 

' r r i ze  i s  recycled. Stoncw;~re ~nagnesifc brick : 411- IIJO 211-10 31) - 7 0  
Eli'ctrical poicclaio 1 1 1 - 5 1 1  90- I45 35 -1tlil 

ng [155). '['Iii. -\tneric.tti Society for Testing ;~nd Matc- ~ a p a c > t u r  ceralnicr 3011- ~(UIO L ~ ~ ) - ~ h ~  
.:!- !\:IS listed specifications For eight typcs o f  

-:::iczit i l l ;~ccol-d:fitice with chemicalcomposi~iun 
:uric> a:?<! pbysic;ll reqllirements [157]. 

l'nblr 13. Thermul esp~~~r ion coet~licicnti. l t l -"  ); ' ,. 01 
PCE. hlOR". ' 

curnpuncnlr olcrrzrnic m;ilcrUlr 

All?, Cumpununt Tenlwr;tlurc ranges. C 
13 d.11 10. Properties of Ceramic Materials 111 -300 20-900 20- 1400 
:I.! 3.45 and Products 
14 ?.45 Silic;, i6.5 15.5 lt1,Il 

t i  1 IJ hldfn~.\il~. I0 12.7 14.1 
Cer:lmic products have rel;~tivcly liigh Chmrne in;~g~,c~ilc b.1 ,1.4 tt1.5 

:J .::-'!13th nssoci;~ted with brittle fr;~cture. high C'hrumi~e X i  V I  L) < 
: h , t. . . , ,~ r lna l  stability. and low c1ectric;ll conductivit!.. C"rL"'dun' 7.3 7.1 
:h .. Corunduol 'XI 4.3 i ' 
:7 1 I~cxe proprrtics are related to strucluru ;tnd de- z,rcu,, 

. .. h 5 
1.7 3 Y + . i 1 ' 4  on the size and arrangement o f  t~utltiph;isc s i~ , , ~~ , , i , ~  

i 
1 1  . .. 11 4,s 

~~~?cr?s t i l l ~ inecons t i tuen ls  and thegl;lssy ph;lse. Silicvn c;trhide t.1, 1.5 1.1 

Size. type. and distribution ol. pores must he . ?.,, ,,,,,,he ?ll.l.'l,ll C, 
i'"llhidrred hcct~use pores al lrct strmgtb. thcr- .- 1 . 5  <,tcr the c:,nge 211 12ttt1 c-. 
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2 jllCtivity c0~iliciet11s for :1 tiumher of refractory 'l'blc 18. Libling o i  ,\ST21 hooL <,~',~;~nd,lrJs ttC18i l  t;,r 
- products (4, p, 0~11, :,nd ~ ; ~ b i ~  15 prr,vides " "m~-rc ' l .~ l *~ l  Icrl Co!t~pilitliom 

i~lermaI conducti~,ity ranges for ;I number o f  vvtume sohjcrt llrel 

,lectric;~l porcel:~in types (19. p. 471. idcmi- 
Tablr 16 gives resistivities for ;I number o f  

;,ramie products thitt scrvc as electrical insuln- o m 5  c~c,,,~c:,I :,,,:,~~~i~ ,,,c ,:,I, :,,,'I lt,l. 
;  heir rcsistivitics ilrc OF tl ir order o f  hearing corer 

.,,:: . 101' R cnl sever;ll of ,nagni[udc 0 vmisrion rpectruxop,. \url:,c~ illlillyli, 
04.06 ihrm>:!l insul.$liun 

- -l -8 

,raking advanced cer:~mics articles. The temper- halting and eleciricnt ieur 
for which ~hese values are valid is room 1u.04 c~cc~ronics (11 

[~~npera tu reor  somewhat above. unless specified ltl.05 clec~ronicr 111) 

t,ther\vise. l l O 1  wale< ( 1 )  
, ", ! Clto,ticrr/ sruhilil!. of  nonporous ceramic (I1) 

:ri,,dt~cts in the presence o f  acids or alkalies is 1 1  03 ;~lmosphcric znal:-ir: u~cup;~ti<,n;li ht;llth 
and s;dcly 

.:.!equate although i t  (1ecre:lsrs as the ternperzl- 12,01 ,,uc.lear 
.:;c i s  increased. Nonporous ceramics can with- ,LO: nuclear m e r ~ y  1111, roli3r fr.othcrm;tl z ;; - P, 

! 
.!:,,id atmospheric rll'ects up to their melting tJ .Ot  analytical methods - -  rpeclrorcllpy: c~~o,,,;,. 
;~,~il lts. tugraphy: temprrarurc: cnrnpulenzed - 11.02 ' gcncral lest mcrhodr - -  rnoi~mctul: tab appa- - 

0 mtur: mr~iriiool ~ilclhods: duriihilily 
e t50l rclrnc~orics, carbun .and graphile *. I S  02 *loss: ceramic whilcwsres, porcelain enamel, 

. - f I I .  Testing Ceramic Raw Materials 
i 2 .; and Products 11.2. Simplified Testing of Clay Body 23 . 
j-, 4 Materials 

62.c 1 :\ distinction is made between rests made to 
-?- - I 

i:h:rmine the suiwbility o f  raw materials o r  ce- The tests listed i n  Table 19 weir derived from 
-.:itlie products ibr particular applications and the characterization concept to serve as control 

? = - -, i i t t ~ l i ~y  control tesi prucudures. Tests for suit- tests by miners and refiners ofcl:~? body materi- 
~& * - .~hility can be very involved. u'hereas acceptance 31s and by manuPdcturers i n  acceptance testins 

!<,Is agreed upon bet\recn the raw materials SUP- ;lnd for plant Table 19 l ias 
5 7 .- m 

~'licr and the user or employed by the supplier i n  control tests for clays and nonplnstics. Thcsc 
.%, ?, 

:iiiiiing and relining and the manufiacturer in tests are designed as surrogate pmcedures for ihc 
- 7 -: "? 

:>I~wr ls lng can be simple. The characterization methods that require eypcnslve equip. 
.iicept i s  considered the b.tsis for detrrnmining tnrnt and highly trained personnel. Chemic:~l 

.:rli!nbility o f r a u  ninteri;~ls and products (21. an:ilysis. particle.size distribution. ;,"d nl;,ler:l~ 
;.!>. 195-2.191. (651, - - constituents eovern fired properties and gl;lze l i t  

" =. - - o f  clay-based bodies. A simple test. osing twu - - 
< 3 - - . - - + 

clc:ir  lazes (one fitted to a stand;trd kaolin and 
G s, > 

s .- the other to s svandard hall cl:~y) ni:ike possible 
; 5 %  - -  ., 11.1. Raw Material and Product Tests dc~rc t ion  uf  variation i n  free silica. The presence 

olspccking impurities is shown l l l o r t  stron_ely hy 
\'arious cer:lmic iii:inul;~cturcn :and sup- c l w r  gi:fizes than by bisque clay. Uel10ccol;ttion 

:'l!trsofraw materi31s t'<>rccr;!lllic products hare tests indic:~re changes in parriclc size :itid soluhlc 
z ,ilied toeether i n ' t h e  deve I~p~~ ien t  o f  standards \:III\, Tile solublcs test also rel;itcs l a  dclloccula- , :z 

% .; ., .'it:lractrristics iind pcrlbrnmnce of  m;fiteri;~ls. !Ion ; ~ n d  the rate ofc;~st. Yonpliistics i ho t~ l d  he 
.; ?? - .':!UCIS. syste~ns. and cervices: :ind the prontw cx11u;lted in ;I standard hod? l i l r  ~ l c l l ~ ~ c c ~ ~ l : ~ t i o n .  

.< Y 
z C -, ' ' f l  of related knowledge" I?. p, iiil. rlic<~I<~g)., and Iircd properties. ,\ ft~siotl lest. 
z E :  
< ? -  Table 18 lists [lie volutrle idcntilications ;tnd c<,ml>:lrcd :12ninst standi~rd specitnens [15'1]. i s  
= c . .  , s .: J a rea  t t  1 I e l  r e  iliclic:~ti\,c ~fcl l :~t iges in iniitier:~I c(,tlipo\ition and 

c 
i - - . :- 

n - .  ~ ' ~ r a m i c  endeavor [?. pp, vi .tiil. ~~. t r t ic lc  si7.e. 
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