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,4 b,.~l l'u~'! 

,]u amlll'slS tS prt 'seulud o /  gralu ,t~lO111/i tllld 

th'll,~l~COtl/m o/  r t t r la-cr l lo  ,~_taluh:t'd tetlagOlla/ 
.llT'Ollltl Imlrcrrstal,~ ' ( ] ' , ( ' e  ' I 'ZPs)  u,~'lllg both 
i,~'/~thrrllla[ alld IlOll-I,~'otllerllla/ Icl']llllqllr,~ T/lu ch/Ir 
tl¢'lt'rlSlll'S O/  )', Ct'  'I~ZP.~ ' or'(' i'olup, lred 11/ thosr o/  )'. 
F Z f '  uud C~'. T'Z[' aud the 1'/-/('('t o/lul'r/'a,~lu,t~ i'~'l'lU 
~'OII~'('IIII'UIIOII Ill t 'OIISIUIII I'111'1/I ~'Oll l t ' I I l  I,~ t ' ld / l to l t 'd  
DIll ' l l I t~ IIOll l.~'/~l]l('I'lllU/ SIIIICI'IIIL~ / i i 'O I'('~llll('~' tl l 't ' d lS{ l l l  
,~.~ut~'llc,/ /,rio.'  qO0- II)l;(I C tile u/'l'~ ,u'e. ull'reu~'cs 
~lroug/I t,1' .s'ul/o('c dll]u.~i/m acl'mllp/uu('d 1,1' oulr 
I~'l r / l l lh '  ~h'llSl/~'/'Ull/,/ d l ld  ,t~t'at/I ,t~l'/m'l]l, Ill II11' 
It'ItI/&I'UIIII~' Itllt ' l ' l t tl  ( )O0- lo ( /o  (" III 1 2 0 0 ' C  lilt' 
I n o t o  lal, s' th'll.S'l[l' t/~ t )~. , ,  o/'lllt'  the / . ' t ' t t l 'a /  th'll.S'ltl i la 
tl ,L_?l'alll bOltl l thll ' l '  t / l [ j t l ,~lOII  Itlt'¢']l~ltll,~lll ~l l l t l  ,~l 't l l l l  
,L~l'OIr[]l tll '¢'t'/t't 'tlh',S /h'tIS~' I t l t l l t ' r l t I /S  I1'1{/I ,L~I'IIIII Sl-i',s 
o/ (i I ,~-(t?OII l l l  tr i l l  hu / ,epal 'ed hi' I,S/~/het'ltlo/ 
Mlllc'rl l l , t~ UI I I(1t)- I 1 ~(1 (" 

lit )', ('1' F / [ '  i l  t,s I ' l l l ' l l l l l t  I l tol ,~'c~;r1',t_tah',~ to l ] . '  
,~l'al'u t.mudarlt',~ ,It 11,~0-14110 C 'l-he I'lll'llllll 
I'tOIh'lll O/ Ill(' ,L,'I'U/II /~/fll//thll'tt'S i l l  )',C('-'FZP IS 

i I Idrpoldt ' / / I  /~/' It'/I/I~/'rUllll/' u / Id  t'P/'/u ('Ollt'P//lrol/Oll 
Illhh'r tht' i/irr,stigat('d t' ~l~rl'il//~'l/tct/ / 'o/ /dl t /ol /s .  O'rol/i 
gr/~lrth I// ~h'll,s'l' I 'ZP  I.~ ~'o//tr/dh'd /)r it solutr th'a,t~ 
/I/1'l']ld/I/~'l/I a t  t ' l / ' l . h ' d  I('lltprrt/tll/'t's ( , 1200  ( ') ,  
tln,~ drag i~' h/gh/',~'t /br )' T Z P ,  oil,wilt /or C~' F Z P  
aud lu/~h'l'atl' // . '  )', (.'1' T T P  

lul /i,lgt'mh'u II'll'// /hl,~' &ll l l ' l IHlal ' / l l~ ' l l l l l l  uud die 
I 't'rdlclltlllI,L~ /'Oil }'l lrlltlllO ~ rd Illld Zrl'llttll/~ ~ I'd 
~'lot~lli,~l('l't~'lll, tetl'/igouah'lu p/~lrkrlsld/hlletll Zl l  
~'.UUUIIO~ rd ( }', ('(' T Z P  ) dlskutlert,  dl1' roll Hill/' 
t ' l l l l  IW~l/l/'l'llltsl'ht'll /lilt/ tltt'/lll.~'ttlJltTltll.~'l'll('ll ~h'lhodrll 
uutcr,s'm'ht irul~h'lt l')lu Mcrktl lah,  I'Otl ) ' , ( ' t '  T Z P s  
u ~'mh'll Illlt dellt'tl I'Oll } ' - T Z P  ulld (~' 'l-'Z P t er,t_~ll/']lell 
I I l l d  Ih' l '  Ell/'kt elm',s gl l l lCJl l l l ( ' t l th ' l l  Z t ' t ' l l l l l l / l~  I'd,~(' 

.Imu I/a/o/  thr Eulop~'uu ¢'Cl'mmr ,";ocwt r ()9'~'~ 2219/'~-;4,/$71)() ,~ 
Great B n l a m  

/la/M l~cl l(OIl,~'lOlll/'/ll )'llrllilll/~ rdg/'ha/l he,~luuult 
II 'ahreud des lu<'hllheruusclieu S/uterus /asseu s.'ll 
:lr~'i Bel'eirllc uuter.~'clleldell Illllt'lllolb /,oil 
00(1 -1000  'C IIlttlllIi ih'l" t l , l lsherelch au/grumt  rim 
( )ht'l'/JO/'/lt'llt/I/]ll,~'/OII ,~'lor]~ :It, b t 'g l t ' / l t ' l  ro l l  ,~,<'r/ll,q,t,r 

I 'ur{h~'/llll/it_~ l l l ld Korllll'tl(']l,~'/lllll, i r6 / i r eud  ill/ 
Trlllperulurtll/crl'o// rim 0()0-11)I)0 'C his 1200' (" ~hl.~" 
,I[/IIIt'IIUI ('/lit' Dl~'/lle r/,l O~"o ~h'l Ihet,'eliscliull 
Dichh'  el'~el~'/l/. Dle.~ iru'd /turch Korllgrell:ell- 
dlfflt,~'totl I/lid t~u.~('Jlleuliigles I~'/~l'tlWtIJlSllllll l Pr.  
I/l'S~l~']l/ Dl~'hles ]hl ler lol  Illll ~'lllt,r Korll.~r/~/a'e roll 
(I 13~t 20lUll hi/It .~'l('/i dlu'/'h /.w~lllerllli.~'~'/le.~ ._~Ullerll 
ht't 1100- I I ~0 (" her.~lelh'll 

lu )', ('(' 1-'Z[' ,w,eregier/ &l.~' )'ttrullu hel 
I 1~0 -  1400 C t i l t  th ' l l  KOt ' l lg l ' t ' l l : t ' l l .  Bt ' l  ~h'll 6'ltl 
grstcll teu e~l,el'lllleutelleu Bediugullgeu Ist del 
)'llrllllll,tlt'h/lll ~h'l' Korl lgreu:eu iu )', Ce. T Z P  

ItlIUI)huII~I~,~ to l l  ,h'r Ft'ttlpt'l'Ullll' IIIItt //t'r l t ' l l l l l l l .  
0 ~ I'//i~' OIl: t ' l l l t ' t t l lOlh Bt'l t'l'ho]ll¢'ll T~'tllpt'l'tl/ltl't'll 
( , 121111 '( ')  .'u'd&l,v K/lrllWttl'hsllllii Ill dlctlteul FZ[ '  
dill'I'll t ' l t l t ' t l  Lo,~'ltll,~,~'~'llllrOglll~'/'/Idlll,~'lIlll,~" h t 'S l l l l l l l l l ,  
dlc,~t'r Elutrag is/ a/it star~steu /iTr }" 1-ZP, inch/ 
i/~l'hallth'u /ill" Ce.'I-'ZP uud uld/hg /iu' |', ( 'e - ' I 'ZP 

Oil pI't",wule ,"lu/h' /h' /a crm.~'.s'auce de grams , ' l /h '  lu 
d('II.~_'I/7('~111¢/II / lc [~011'tTISIUII~ dr'  : i r t ' t / l l / '  ¢'t"l'It"t' c l  
1'HrI~"e ( }'. ('e FZPs ) par des Irllllt'lll('llLS I._~'o111~'i lllt,.~ 
t ' l  l l t / l l  ISl l {ht ' r l l l t 'S.  011 Ullcl / l 'st '  h 's ( 'dl 'U(' l~'TISllqllt ' ,~ dt '  
}'. ~'~' TZP.s' ell h'.~ CoIlIpaI'OIll d culh's th' }" 'FZP r/  
(~t' FZP, alu.s'I qm' /'tu[htencu d'une , lugulenlul i /m dc 
I l l  t ' /Ol¢'~' l l {r ( l{ lOl l  dr'  ('~',i"Iiiiii ti COl l t ' t ' l l lFa l l t i l l  d ' l , l l t ' h l l l l  
/7~"c. Dau.s' h' cu.s' //u /l ' iNuge llOU /Sill/ferUle Oil 
distingue deu~ N'gulle,~" en de,~'s/ms du qO0-1000 (" 
1'/IiI'~' ,Ill r'O/ de /rlll<lge ¢l I lg l l l t ' l l l t '  IICll('III~'Ill, pill' 
,h//u,won de slu /ace accoulpugu("e ,t'uu(' deusl/fi 'atiou 
t ' l  d ' l l l l t '  l'l'Ol.~'SUllC(' d~' ,~I'UIIIS lrt".s' I '("dl?ll('s, ~'I111"(' 
~()~l-- Ill/l() I(~ (It 1200 'C h's ulalbrluu~ se /h'llSl/iellI 
I l tSql l ' l ' l  q ~ o,, /h '  /It del tSI I t ;  lht ;or l¢i l I~ '  p~II" d i / ] us I / l l l  ctu ~ 

~) 
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ii,ints ~h' grains, hmdi.~ que lu cri,.~'SallCe ~h,s graillS esl 
dc'c('h"rt"d (.)It peti t  pr~;parer ~h's mul~"riatt ~ ~h'H,~'¢,~' oz'ec 
des  lailh's  ~tt' grdlltS lh' 0 I~.-0 2011111 pill' ,/l'llttlg~' 
tsotllertttU ti I I00-  1150"( '  

Dall.S }', ( 'e  ? 'ZP  c'e.s'l I'.l,ltt'ittttt qtn s'('gl'~;ge Lllt~ 

IOIItl,S ' ~h' grdlllS ~1 I 13(1-1400' (" L,a h ' l l e t l r  ~.'tl I'llrlltlll 
lh'3' /OILILY th' grUtll,S ~hlll,S' }', ('~' T Z P  usI IIl(h"pt'llthllll~' 
th' Ill It'ltlpt"r~lltlt ~' t'l dr' hi le,tl~'ltr f i t  ('t"rJttm pottr  h',s' ('rl,S' 
~;tltdi~;s La Cl'OlS,~'dtl~'e <h's ,~I'OIIIS <htllX 'TZ P ~h'll,~e est 
~'ontl'tih"c pttr till tlt~"('dlllSltte d 'et t lrahtett le.I  dtt ,~O]ttlt" 
<i hattie tettlp('ratm'e ( .  12(111' C); ct' ph~;Imm('nc 
d'etttr<lu)telltellt ,s'e tttdmf'e.~'te ,~'urtottt dallS }'. T Z  P, p<t,~' 
~ht tOltt thins Ce 'TZP t't IllO~h;rt"ltletlt ~hUlS )', ( 'e  
T Z  P. 

I Inlroduelion 

Pcflycrystalltne letragonal zlrc()nla ceramics repre- 
sent a class of structural ceramics possessing high 
strength and toughness I 'Their excellent mechantc:ll 
pruperttes are derived from the stress-~nduced 
rnartensttlC transl'ormatton of the melastable tetra- 
g~ real to t he m~ )rrt)cllmc phase. ' I n order to retain the 
telragonal phase at room temperature the grain size 
must be kept below a critical value. T'tus value 
depends, arntmg other I'actt)rs, on the concentrallon 
arid type t)l" oxide (e.g Y,(.)~, (?e(.),, Mg(.), CaC), etc ) 
used It.)stabihze the letrayt.)nal phase, b u t  IS typically 
less than 1-31lm. 'T'he tin,st intensively studwd 
systems are ZrO: -Y, ( )~  and Zr(.):-CeO,, 

Yttraa dt~ped lelraL.,~mal zlrconta ptflyt.'rystals (Y 
'T'ZPs) possess a maximum bending, strength equal It) 
1501) MPa at approximately t nr~l'~..'i, Y,O~ (3Y 
TZP) and a maxunum in fracture toughness equal to 
%12 MPa m I : at 2 m~fl'~,, Y , O ~  ~.4 In addition, ~t ix 
well dtwumented that grain grt~wth ~n Y-'TZP 
ceramics ns extremely sluggish both under static arrd 
dynamic ctmdlt ions."-" Near theorelwal densities 
wi lh  grain sizes in tire submlcr()rr range can m~w 

r~mtlnely be ~htained tisnng conrrnerclally available 
p~)wders F"ine-gralned (()' t pro) tY-TZP was the first 
ceramic rnaterml sh~)wing true superplastw 
behavnour, as demonstrated by W a k a l  t ' l  ~11 i~ irl 

1~86 Ht)wever, tire main defiewncv t)l" Y 'TZP 
matermls is tire pnt>r stability of tire tetragonal phase 
Ill hulnnd atrm)spheres al IIX)-,..I.()()"C II , l l  

Cerm-doped tetrag, onal z.~rconla polycrvstal ((,."e- 
"I"ZP) materials, twn the other hand, dnsplav a 
ctmstderablv improved stability of the tetrag~mal 
phase I~ and possess a lasher fracture toughness ~' t,4 
compared to Y-TZP H~)wever, grain sizes in C'e 
TZP are generally in excess tfl" I I, m after free 
'antertng ~' due to its h~gh grain boundary mobtlllV, 
making ~t a priori less attraettve for hot forging 
princesses Indeed, no superplastic ehmgations have 
been t~btalned st.) Far with Ce-TZP, due to strain 

hardening caused by extensive dynamic grain 
growth. ~' F'inally, the bending, strength oI'C"e-TZP is 
gerterally h"~wer than thai ~1' Y-'TZP materials i.~4 

It is lherel'ore :|nttcipated that tlSlrlg both yttria 
and ceria as slabihzers for letragtmal zireonta will 
lead to a material with h~w grain boundary rt',)bdlly, 
unproved chemical stabthtv and gt,t.,d mechanical 
pn)pertte.s. 'The tmprcwed stability t.ff ytlrta-certa 
stabiltz.ed tetragor]al ztrcor]ta pt~lycrystal.',. (Y,C'e- 
't'Z, Ps) has indeed been rept)rled by several 
a t l t h t ) r s lT - I ' . . I  arrd is investigated in more detail 
elsewhere '" L, imited work has beer] dime st)far on 
mechanwal properties ~,1" Y,Ce-'TZP, but Ihe results 
seem prortusing.. Hirano & Inada :~ reported a 
strength o1" I()()()MPa for 2..", Y,4Ce TZP, while a 
tt.nJghness equal to N MPa m ~'' is reported by the 
presenl authors elsewhere'" fur :1 s i m i l a r  comp~ 
sition Preliminary w~rk per'ft~rmed in this gn)up TM 

ctmfiumed that Y,Ce-TZP has a much h)wer grain 
bt)ur]dary mobility Ifian C'e TZP, especially at high 
temperatures (141)1)"(') 

In lfiis paper an analysis is presented of grain 
growtfi and densificatttm ~,1' Y, Ce-TZP using both 
ist,thermal and n~n m~,thermal techniques. The 
characteristws ~1' Y, Ce-T'ZP are compared to lfiose 
~)1" Y TZP and Ce-"rzP and tire effect t)l" increasing 
cerla etmccntrattor] al ctmslant yttria ctmcentration 
is evalualed. Segregation q)l" solute cations tq~ the 
grain b~undarws has been analysed and the role ~1" 
tire segregated layer during grain gn)wlh IS dis 
cussed Segregation ~1" solute cations h) tire g, ra~n 
b~undarws and external surfaces has been ~bserved 
tn pure Y TZ.P" ' :"  and Ce-TZ.P dt)ped wtlh ahova 
lent elements. "~'~ T'hm segregation layer ts believed to 
hinder [,.rain growth by means u l ' a  solute drag 
mechanism." In pure Y-TZP yttrium segregates 
strong.Iv to the free surfaces already at I()()() (.,"" 
while no segregation ~fl' cerium to the grain 
boundaries has been observed in 12Ce-TZP. '~ 

An effort has been made h> pn,duce powders with 
t-',~)t)d slnterabllltV, winch allow denslfiCallon al low 
temperatures (I 1()()-150() C). In this way very fine- 
grained m~crt)slrtictures can be obtained, which are 
I'aw.~urable among other factors, I'~r stlperplastw 
I'ortn~ng prucesses, because of their enhanced 

2,4 duclihty and higher strain rates:" compared to 
lhelr c~arser.b, rained cotinterl):|rts 

2 Experimenlal Procedure 

2.1 Powder synlhesis 
Zirconia powders with dllTerent amo,nts of yttrium 
and cerium (,see 'Table I) have been ,synthe,slzed by :l 
gel-precipitation I.echmque using metal ehh~rldes as 
precursor chemicals (hence the name 'chlortde- 
melhod' to he used hereafter) The precursor 
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I 

( olD' ] i f  J, }'fit ,, (- "'f ) ,, I% 
Italy/",,) Into/". ) (mo[",,I l,tf ,s i l l  

Z ~' nil l j  k I I t)  I i l l  

ZYh(. t'-~ if2 f, 2 f1117 
Z Y,4 ( c 7 'J.-I .4 2 t, ( iq 
Z~ ,4(_'e,-I q? -I ,4 h lI 
Z ~ ,4(_'v(, ql) ,-i t, h 1.4 
Z ~ ,4( ','~ ,~,'.4 ,4 ~ t, Ih 
7 (  el  ? ,'.4,'4 - -  I ? ¢, 2', 

soil.ilion is added di~lpwtse Io ;.ill excess ~ll'a 25 wI" ,, 
ainni ( l i l ia  sllJLlllOn and ti le pH is I l la ln la lned abl lve 
I I AI this h igh pH lhe hvdroxides ,tl' zirciliilUill,, 
vllrltiitl and cerltliTI pre¢ipttale Ins lan lane~l t i s ly  al 

hig.h rlueleallOn rates In this way tile difl'erenl 
COlllp~iilelllS mix (Ill an ;IILiitllq.' scale 'The oblai l led 
gel is Ihen lht~roughlv ~,i.ished with vvaler...'aiTilllllrlla 
n l lX iu les  hi i e lnove  C I -  ltlns. Hydnflvsas and 
washing, procedures were carr ied ltuil in a balf led 
r e a c h l l  vessel  e q t l l p p e d  with a dlspers lOl l  l l r  high 
energy, dl,~C tuublne manufactured Iolhiw~ng Ihe 
design ~ll' van de (_ira:if t't . / . " "  After the 
~,~,.aler'anlmonna W~lShlng steps, tile free waler is 

rermwed by washltlg with elhan~fl The replacenleni 
~il' water by elhanlfl lowers tile caplllarv forces acting 
~lil ltle gel during drying significantly Furlhernlole.  
el ll~lx Y g r,lu ps a l lath i,i t he surface i ll'l he h vdlilx ide 
particles and ple~,ent t,,:i large extenl the iornlaiion 
,_,1' slrong inlerparl i¢ie b, ulds dur ing t 'a iC l i l ; l t l i l i l  : '  
rile final prtldticl al'lel calcinatl~Ul at 5()()-'~34) (-' IS a 
nanocrvstallrne p~w,,der (crvstallate sizes 8-1()rlm) 
~.~.llh a h,,v degree ol 'ag.ghuueial lon M~re expert 
menial details ¢,ulcerning the synthesis nlelhod arid 
powder piopell ies can be found nn Ref 2X 'T'hts 
~,vnt hesis rnel h~ ~d has been rep~ wted fil st by H abel k~ 
II1 10'79. ">'* Vail de (31aal' ct a / ' "  designed u baMed 
~essel leaclor especially Slillable i'~tr tills SVlllhesis 
l i le l l l i ld  

2.2 Green compact formation and sinlering 
(.ileerl COll lpacls  w e i e  prepared by e~fld I sos l a t l c  

pr'essnng of tile synthesized p~wders, first at 
1(1()-2()() M Pa and finally at 4()() M Pa. Samples used 
I~r p.rain size analysis were heated durirlg, rl~m- 
istltheumal runs with 2 C..man in a Vectslar lube 
furnace (in air) hi a lernperalure in the range 
'71)() 14(1()(.', in lnlediately I'(fll~lwed by cclil l l i lg 
down I,s~llhermal exper l iTlenls  were  t 'lilidtll. ' led at 
I lli()-I,.l()() C I'~lr 2- I'~ll (heatiug/coohng rate 
2 C thin). Disc' shaped speciurlens (height ~ - I l l n n l .  
i I la i i le le l  I ( ) - I .~ i r l i l i )  were used durinl7 non 
~s(it l lermal e~per ln ien ls  w i lh  ina l l i r i u i r l  leir ipera 
Ii.ileS ill ' 7( i l i - I  I ~ ( ) t "  / i l l  ~iher exper lmel i lS  weie 
perl'lu riled wl lh cvIindrlcal specimens (helg.hl 
I I - I X l r l l n .  d lan le ler  }'I-9 innl)  

Free snnterung behavtotur has been analysed in 
detail by means ofdulahlmetrv using a Nerzsch 4()2 F'. 
dilai~,neter Densities were calculated I'r~m Ihe 
green density and the observed linear shrinkage t)f 
the specunlens, correcled for thermal expansi~m and 
weight h~ss(dile to reimw:ll ~ffabs~irbed water )of ihe  
specinli.'ns, IJSl ng', 

(I - [Am,"m.])t , .  
,,(T'.t)= II_C(AL/,_L,.),,,___,Air]I, (I) 

'1 L I - ...~A'T' ' 

wheie 16~ is lhe green densl ly ,  Alll,"lllql lhe relalive 
welghl l~Iss, (AL, i L.)r .  r the relalive shrinkage at a 
given temperature T and time t. ',~ tile Ihernlal 
expailsnun coeflicaenl and A £  the temperature 
difl'euence (with respect hi r l , l rn lemperature) Good 
agreemenl ~,;.is I'lltind belween final densities cal 
euhiled in lilts way with thtlse measured by 
Archimedes'  technique. Du i l ng  non is~llherlnal 
experiinents ,.;anlples were healed with 2 C/man to 
145() C, whtle isotherailal experiments were perfor 
sled at I I()1)- I I'~() C I'~lr 15 h (tleattrlg tale 2 C/rain, 
c(ll l] lng rate ~ (J'nl iul) 

2.3 Charllelerization of the porous texture 
NiI l~lger l  ads~ l rp l l~m,desorp l tOi l  IS(HherITlS were 
t)blained al 77 K using a MtcrolnerlltCs ASAP 24()() 
svslem Specificsturl'acealeas wereanalvsed bv the 
BE"T tnelh~id The I pl~tl inelll(id ~I, has been tised hl 
IliSpet.'l I1' nlici~lp~lr(isltV (p~lres havlrlg widths lens 
tllalt 2 Dill) WLIS presenl. Mestq'~ore size distrlbutlOllS 
were cah.'ulaled i t>lhlwlng Ihe nlethod deveh+ped by 
BarclI t '/ Ill (the B.I H methlld) asstlmlng a cylindrical 
p~)lt' ili(ideI ~i Bulk denstlies were urle;isttred by 
Archtnledes' tecllnuqLie (tn HI..,) Reh.tll~,e densities 
v, ere calcuh.iled ~lrl Ihe basis ~tl' the ltleorelucal 
densities as listed in Table I 

2.4 (_;rain size determination 
(_;rail) sizes (, lOt)rim) were deternllned by X ray 
line br(ladenlng nleastlremealts using a Phtllps PW 
I ~;7() dlf lrachmleter wl lh C u K ,  radiati~m F~lr lhJs 
pttil'~l.se the spet'llrlens were gn,und al ler slnlerlng 
arid annealed al ~()()' C Ior ti lman in an altempl hi 
relmwe re,,idaial slrt'sses due hi g, rlnding. Step scans 
were lakes ~wer lhe rankle o1' 2(-_) frorn 26 1o ~t' in 
,;teps ~fl'()()l'~ (2(9) At each step the inllensnlv wax 
measured during ten set'~lnds. The speetrner~ was 
ndaled anl i lnd the vertical axis I~i/'tlrlher impnwe 
t'~)untlng, slaliMics 

Tlluee dllTr:lctllm peak.,, appear nn the measured 
2 (..3) lange: tile( I I I)reflectnqm ~ll' the I¢lragonal phase 
and Ihe(. I  I I )and (1 I I) ref lect ,ms, i f  the nltint.wllnic 
phase. 'The hnewidths ~bserved in tills invesilgatil,n 
caused an ~werlap ~ll' tile tw,~i inonocltnlc ref lect,ms 
wllt l  the (111) refleeti~m of  the tetragonal phase, 
resttlltrlg In a l.'~l~lr reslfluttLUl ~1 the peaks even I'~ir 
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the samples heated to the highest temperature A 
pattern-filling technique based on the model devel- 
~ped by Schre~rler & .lenklns ~: was therefore used to 
resolve the overlapp~rlg peaks 'The gratn size D WaS 
calculated from the pattern resolved 1111) peak of 
the tetrag~mal phase ustng the Scherrer equation.  

(I.94/. 
/ ) ( I  I I), i t  i ,2 C(..)S 0 (2) 

/t l,, being the w~dth of lhe peak al half maximum 
intensity corrected I(~r tile h',xl/Ka, doublet and 
instrumental broadening, / the wavelength of the 
radiation used (CuK,) and (.'3) the Bragg angle 

Grain sizes ' I()()nm were determined by the 
lineal intercept technique from SEM mtcrographs 
(Hilachi S8()()or  Jeol JSM 3 5 C F ) o f  pohslled, 
thermally etched cuts uMn~ D = I 5~ L, where L, is 
the average lineal illtercept.~ 
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Fig. I. (_iraln MI~'.N, ,fl~l.'llned by XRL.B a;, a unct ion ol 
lemperulur t '  durlnl~ hcul lng wi lh  2 'C,,'nlirl Dalu I'~r Z,Y~ N from 

Rel =-~ O, ZY,4Ce2, _ Z.'~ (~(.e..', I-h ZY,4Ce4. &, ZY'~ ~. 

2.5 X-Ray photoelectron spectroscopy (XPS) 
'The chemical compostt~(m of tile grain boundaries 
has been analysed by means ~d'X PS on intertzranular 
fracture surl':lces F'ractunng necessarily took place 
~tlts~de the I.rHV system (~1' the XPS equlpnwnt 
Measurements  were perf~rmed using a Kratos 
XSAM 81)0 appara tus  Both Mgh' ,  and AIK,, 
radlatl~m have been used t~ generate photo-  
eleclr(ms. T'he Zr t,L 'Y ~,LCe 3dand S~ 2p lines have 
been used l'~r quantification. 'T'()correct I~r charging 
( + 3-heV) the  blndlngenergy o f the  Zr ~;,t,,, hne has 
been fixed at 182.2eV. M~le experimental dela~ls 
can be f~ttnd elsewhele u.,.: 

3 Resulls 

3.1 Non-isolhermal experiments 
t. I. I ,,Von t.s'o/hurmal .tp'om .t_:rou'th am~ ~h'nsdwalimt 

Grain sizes during n~m-lsotilerlnal slnteling up to 
1150 C' are sll~wn ~n F'qg. I as ,'~ I'unct~m of 
temperature for ttiree different Y, Ce-TZPs The 
grain s~zeew~lullon durmg non isothermal slntertng 
ol  pule Z'T'ZP (comD~siti~m ZYhN) has been 
analysed by T'heuntssen ,'1 a/'~ and m also shown in 
F'lg. I I'{~r reas~ms ~fl'comparmon. All powders have 
an initial cryslalllte size ~1' 8-0 nm (surFace aleas 
ranged I'n~m ~5 t~ 12S m ~'./t~). The shape of Itle curves 
strongly suggest Ihul tw~ grain growth regimes can 
be d~stingulshed Lip t~ I()()O'C tile grain size 
~ncreases ~mlv very slowly tt~ 21)- ~0 nm, while above 
this temperature grain growth clearly accelerates. 

The increase of density with temperature is shown 
in Fig. 2. Lip to I()()O"C the denstlies ure very s~mil:~r, 
above this temperature dens~ficati~m of Z,Y'~.N IX 
,,,omewhat faster It can be seen that above I(.X)()'C, 
where gralrl growth accelerates, relatwe densities of 
o n l y  60% are ~bserved. I.Ipon healing from I1)0() to 

12(.)()"C Ihe density further increases to 95% for all 
compositions 'The denslficati~m behavt~ur is analy 
sed in more detail in Sectums 3 I 3 and "L2.1 

Addttl~mal grain growlh dala during heattng up 
t~ 1,4111) C are sh~wn II"l Fig I l'~r ZY5 and ZY4Ce2. 
Ab~we 12(111 'C' lhe malel tals have essentially reached 
lhetr final derlsity (por~sity is beh~w 5%). It can be 
seen I'r~ml Figs I-3 that up to 1150'(? b~,ltl 
dens~hcatl~m and grain gn~wth are s~mewhat  
faster in Y-TZP than tn Y,Ce-TZP. Above 
I 151)-121111 C grain g.n~wlh in pure Y 'T'ZP is slower 
ttlarl in Y,Ce 'T'ZP 'These findings are further 
supFu ted by ~sothermal expenrnents :m described ~n 
Secti~m ~l 2.2 

(31aln growth kinetics are ll~rmally analysed 
under ~s~thermal c~mditlons by measuring the grain 
size as a function of time, in acc~rdance with 
classical grain gr{~wth theatrics as deveh~ped, 
amongst  ~thers, by Br~ok TM I'~r non-densll'y~ng 
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Fig. 2. RehJlivc densilv a!, u l'unclum ~fl lerriperalure duran~z 
healing wtlh 2"C'.,"mln Grain .',,tze,,; m F'tg. I. A ,  Z?t'~8, ( I ,  

ZY6Ce2. I-I, Z'Y4C'e4 
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F'i~. t. Gram,,I/ea,,;llum'll~mol h'nq~eraltJrt'l~u ZY...l(.'e~and 
ZY", ~ dIJrlnt.., heallnl; V, llh ~ (_.'mlr~ Nolo Ihul ,.11 12()(l' C' b(dl'l 
IVl,llerl;Jl,~ arc - ~#'~",, dense rhe d.JhJ r',,r Ih~:'clurlp~,,llUm ZY'~ 

were lakvn I'r~,m Rel ~ O. ZY'4C'e2.( ~ Z~"~ 

systems. 'T'he general grain gr(~wlh eqtlati~,n h)r 
isolherrnal c(mdll lOrls I',,,' 

where D is the tnslar~la ne()us L2ralt] size, /)ll the irlt l lal 
.pratn s~ze in a p:~rLICtllar grain g rowth  t e,t..,.ime, z lime, 
1, a klrlel ic c~m.,.,tanl and , in lt~e s~-called grain 
gr(w+.Lh exDmenL 'The La, raln I.,r~wlh e~p~ment can 
have a ~..alLle betweerl I and 4 depending ~m the l a t e  I 

l lmi l lng step du l l ng  gl: l l l l  boundary, migratl~m. ~' 
Ac l tVa l l~n  eiler~leS can be ~btalr |¢d I'r~mi arl 
Ar rhen lus  phi l  w l lh  gr;tl l l gr(~wlh data rec~rded at a 
lnIIIIITILIITI (f l ' l l lree lelrlp~'rattlres. If can be sh~wn (nee 
lhe Appendix) ,  Ihal It1 lhe case ~1 tlealln~ wl lh  ;J 
conslar l l  tale I I the ~erieral grain [2r~Wlll eqLiatl~r'l 
I t a nsl't ~r rn.'., h~ 

( 'Ji D " -  D',', - I tS; exp  - R-F,I 1,4) 

wllete/x', IS a c(mstanl,  the ~,alue ~d'whlch depends on 
Ihe rale I lml l lng slep dur l l lg  glal l l  .t:.r~wth. () IS Ihe 
apparent  aCllVall~m el|erL.,y and R'F has IIS u,~ual 
meaning A I Ihough  eqns i3) and (4) ate s l r M l y  
speaki l |g on ly  valid I'(~ n~m densl lv lng syslelns, il 
has been I'~tilld by the luesenl authors  as well as by 
~)lhers" ~' Lhal even in hlgIII~, D~rous syslems glaln 
growlh can be adequaleIy descnbed by these 
equatu.ms It ~s clear, I|~,wever. Lhal the appare||I 
acI~,ali~m energy Calln~d be aIInbuted t~ graln 
b¢,tindary migrall~)rl (_)lily, bul Itlti~l certain ly be 
inf luenced by the densl f iCal .m pr¢,.'ess 

F"ql.latl~ul (4) carl be rearranged h,' 

( K , R )  ~,1 15) 
I n l D " -  /)~',I - I n ( ' P ) =  In if(..)- R'F 

By ph) t t ing the left hand s~de (fl 'eqn (5) versus ( I ./'/-') a 
straight hne sh~,.ild be ~btalned, the slope being. 
equal to l - ( ) / 'R ) .  Linear reg.ressl(m by the leant 

squares meth~d using eqn (5) has been per formed to 
determine w h i c h ,  value prowdes the besl fit T'he 
value t~l' lhe apparent  act ivat ion energy is calculated 
From [t~e shape ~1' the best-fit curve. 

At temperatures below I()()()'C the best fit is 
~,blairled I',,r a , valLle (.,1' 3 t,, ,4 fhe difference in 
c(~rrelall~,rl c~el-hclerll bell|g h~l~ small I~ alh)w 
I'urlhel d]scr l i tnnat l (m T'h¢ corresp~)ndlng aL'{JV I 
~.Itl~rl energies are rather h~w and are typical ly equal 
t() ~-~()_+ I h k J  in<fl ( , =  t) and I~,()_+ LI. kJ/'m~fl 
1. =,4)I '~r all C~U|lp~Slll(mS 'T'he dlfleience'~ .n 
u'~,rrelatl~)n c(~elliclenl,~ ~,1" lhe different , values are 
rather ,qnall in Ihe Lernperalure range I()()()- 115() C', 
hal lhe dala are be,q represented bY , = 2-~ 'T'he 
aPl~arenl a~.'tl w.I I I(HI energies are typical ly 
2q'~ _+ h'~ k.I /mol I ,  = 2 )and  Y7 ¢, + 8()k.I..m¢fl ( ,  = ~1 
I'~t Ihe in~esl lgaled Y.Ce-T 'ZPs 

.1 I J f'm.,,s Ic ~ lm'a/ +'t o / , l t o ,  d ,  rmg ,rm 
t.w~lhr'rma/ sml~v mg 
I1 has already been .+h~wn lhal densif icatuJn and 
grain ~..n~wlh (~1' Lhe dll]'ere||l Y. Ce-'TZPs i., qul le 
Slmlla~ lip I(~ I()()()' C "rheref~re. the p(~r~.JS textural 
ex~,lul l~n ~,1 ~)nlv ~t]e comp(~sil ior~ (Z.Yh(.'e2) 
lla:, been l.,ILidled. In t- I~] ,-I the I|llr~)gell 
adMHpJl~H|..cles~rpll(~n is('dJlerill~ ( f l 'a  L.,reen clHn 
pacl and ol ~.'~lr~pa~.'l.'., heated l(~ N()() and I()()()"C 
tespo,.'llvelv are shown. Al l  lhe IS~,therrns are ~,1 type 
IV according h., the BDD 'T  (Brunauel ,  Demlng,  
E)emm~ng and 'Tel ler)clas. ' , , i f ical ,m, ~" wl'uch m 
chalac ler ls l lc  (fl' rr]es(q)~u~uls svslerns The shape ol 
lhe hyslerese,, b,.t adLlally cl|a|~L.,.es I'tom lvpe E h, type 
A. I'~flh~wlnL., lhe classlhcall~m ~1' de Boer TM This 
indlcale,+ ~n lhal the D~re shape changes i'r(m~ lubula~ 
capi l lar ies wl lh  wide p:lrlS ~1' ~.ar,~tlS widths in lhe 
I,.reen c~m]pacl h_) purely cy l indr ica l  al I()I)()'C 
I-"ttgLlre .S 'dl(wv'~ a / ph,l or  ljle ~,r¢¢rl c(utlpacl, where 
Ihe ads~ubed ~,~dullle I S T P ) i n  phd led  versus the 
slaLIsllcal Lhlcknens or  the ads~rbed mul l l layer  Thin 
I l~l(~t has been c~mslrucled I'r~m~ llle ads(~rptlon 
i,.,~lherm or ihe ~reen c(m]pacl glverl in Fig 4 using 
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Fig. ~I Repre:~er|lallVe I plol ~1 a green c,~rrlpucl ~1' Z Y6Ce2, a,, 

c;Jk ' l i la led I r o m  Ihe ad , , , ~ rp l .m  p, o l l ' leum , 4 ~ w n  m FU?, 4 

tile appu(~pr~ate standard isotherm (.fl" a noniporous 
s~l~d gnven by L, eeloux & Pnrard. TM T'he ,~tandard 
is~lhernl is selected taklnlg illl~) account tile Cue t 
vah~e (=  1()'7 nn the case (fl" ZYO(?e2 nn Ihe g, reen 
slale) and COllsequenlly the .'~ds~.bale-udsorbent 
nnleract.m. 'The shape o1" tile l-ph~l (fl" F'~g S us 
representative ol'a ttlesop~rous solnd sh()wlnLz fillnng 
(ir p~res due h~ capnllauv condensal~on. The hneat 
br,'~nch or the/-ph~t goe,~ IllUough zero. demunslrat- 
Irlg tile absence  (fl' mncr~)por(~sntv The surl'ace a~ea 
(,_~) calculated rronl Ille shape of the hnea~ branch ~1" 
the tiplot TM In ndenllcal to the BE, T sllrr.'~ce area. N~ 
lnlcr~)p~OSlty correellons (~1" tile SBE t values are 
lheuel(~re necessary. Figtlre h sll~WS tile p~ue size 
d~strlbulnons (PSDs)--as calculated I'ronl tile ,'~d 
s~rptl~m branch--For a green compact ,'lnd alter 
heating t(~ X()()-~()() 'C',  It is clear that tile P S D  Is 
beeonling sharper and the pores .'~re c~arserlnng 
dunng sintenng; Ihe nl~Sl rrequenlly observed pore 
radius ~ncreases rronl 4 4 nm nn lhe green conlpacl lu 
1 3'.~ rlnl arter heating h~ 91)()'C' P,~re sizes calculated 
I'r(ml tile adsorpU~m branch ~1' tile hysteresis are 
representatnve ur tile 'wide b(~dnes' (fl" the p~res, while 
pole s~zes calculated I'r~m the desurplion branch 
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F ig,  6. P~re ~lZC d l q r l h u t l o n s  ~1 ZYf~(. 'e? In Ihe green ; ; l a l e lC ) )  
ar id u l le r  hea l i ng  1¢~ ( $ )  X (X)and  (/_~) ~(H)' C, a;~ eu l cu la led  I r o m  

Ihe ad, , ,o rp l ion  b ranch  o l  N,, ,,~rpln~m i, ,olherrr l , ,  

represent the pores'entrances. PSDscalculaled from 
the desorpt,.m branch are generally sharper and are 
(fl'ten u,~ed in ceramic  t echno logy ,  but  the 'wide 
bodnes' determine tile sinterablhly ol 'a rnatenal 

N~rmally, grain growth I.',; c~msideted t~ occur 
qmly nrl the last stage or snntenng, where poros~tV ns 
lens than 10% 'Thus invest~gal,.m as well as those (fl' 
(~ttlers ~''4n has shown that grain gr'~wlh occurs at 
high values ~fl" porosity In the h~w temperature (L,'T') 
teta, lme, i.e. beh~w I()()0' C', lhe porosity is deereasillg 
l'r~nn 55'~i, In lhe green c~;r~pacl t~) 3~-41PI..',, :~t 
I()(I()"C' 'T'~ have  a better understanding or grain 
.p,r(~wth ~n such p~rous maler~als, one would hke to 
kn(,w h~w the am~unt or neck urea (and thus the 
alrl(~Urll or s~dnd-sol~d ~nlerl'ace)increases w~lll 
tempetatune. F'~,r this purpuse the l'ractkm ~.~I' 
tile geonletr.::~l surl'ace area (5"~;E~ d, wh~cll is 
nut accessnble t(~ nitr(~t:en {(SGE~)- ,-~BE.I-)/,S'GE.()I~ in 
calculated 'Tile ge~Hnetncal surface are.'~ can be cal- 
culaled rronl the crystalli le sues determined rrom 
X R L B  assum~n~ (i) the crvslalhtes have spherical 
ln~rphoh~gy and {H) n() closed pon~,~ty in present '~ 
Wnlh these assulmptl~uls {(,.~'c,F()-Stle. I)/,-h'cle.Otl In 
Idenl~cal with llle hHal (t'ract~(mal) neck area per 
g.~a~n ,SnE~.~,..'"b'~_,E~ T'he neck area ha.', been found t(~ 
~ncre:~se wqlh lenlperature rrorn .~{)'~"b at ~()()'C h.) 
9()", ,  at I I ( ) ( )"C A I  lhal .stage Ihe densilv equals 
N()-8~,% nn Y, Ce-T'ZP :~nd s(~rlle closed p~rosnty in 
present. 'The l'racln(mal neck area us therel'ore ~n 
reallly s~Urlewtlal lower lllan q()% al I I()(r'C 

'T'(~ ident~l'v lhe relative inlporlance or neck 
growlh and dennificali()n during, smlerlng, {(SGE,_ ~ - 
,_~'BFT)/,~'(.,I:,)II in plotted a.~ a l'urwlnon ~I" relative 
density ~i~ Fig '7. T'he varlalion or lhe specnl-]c surface 
area ahme w'ilh density in also shown in tllm 
diagram. Clearly, lwo regimes can again be dlnllngu- 
islled' a steep nncrease orthe neck area w~th ~mly very 
little densntic:~ti~m l'~lh~wed by a strong ~ncrease (fl" 
relalive density accompanied by rurther moderate 
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neuk growth. T'he transit ion temperalure IS sllualed 
belween 9()()and I()()()"C This dlagrain is c(msldered 
h~ be s lnmg evidence thai surl'ace dltl'usl~m Is the 
d()mlnanl mass Iransp(~rl below 9()()-I()()() C in lhese 
nan~slruetured materials 

¢ I .? l~'mvli~' e/rally.',/.',' ~d'mm /.Y~;l//¢';m~/I .Yinlcrmg 
In the tetnalrzlng part ~)I' the analvslS ['~reserrled here 
alleIItlUll w~ll be I'~cused ~rl lhe c~tmp(tslti~m series 
ZY4Ce~ with ~ = 2-X tool",,, in order I~evaluale lhe 
effecl ~fl' lllCleasln[.,, cel ia COllcerl tral l ,) l l  ;11 C, Hlslanl 
vltrla c~mten[ The ,',,Irltetlnl~ ktlretlcS (~l' tire end 
rnelrlhels ~1' Ihls c~urrp()slliorl series (~ = 2 and }4) 
ha~,e heen analysed ~)ll Ihe basis ~1" irrltial stage 
slnlerlng im~dels 

The b, eneral equall(m I(u is~dhermal inll lal M;.ige 
4 ? Slnlerln)? IS 

~i(/~L, L.,)= k'(,e.~p( - eJ )'" ~, )'(&L, L.(, (6) 

where AL, L.(. is relative shrlnkaL.,.e, ~ is time. K,  a 
ntmrerwal c(mstanl, m file stnlertng exponent and 
the~f lhersymNf lshavethel rusual lneantnt .~ Values 
(fl' / q ) a n d  m have been I,'lbulaled ror different 
slnter l l r~ me~.'tralrlslrrs and ge~Hlletrles. 4'  For a I ~ , v ( )  - 

~phele p,e~mzel~ m.-  I in Ihe case (fl' v~dume 
dll]'usl(Hr and m ~ 2 III the ease ~fl' .~?lallr bol . lndarv 
dll1"tlSl~Hl 

Votttl.~ & (.'tiller '~ ~ have sh~wn that irl the ~,'ase ~I 
heal ln l ]  w i l h  a L'l)l lSlarll r aw  eqn (h) van he 
rel'~umulated Inl~ an integral I'(trm as I'~flh_)ws 

(/~L...L,).. 'T= /~'1 exp (m + IIR'T' 1'71 

where k'l i.s a nume~wal ~.'(mstanl arrd the other 
svrnNfls h.'lve the ~ame meaning as prevtoLisly 
dehned. II I'~dh~ws I'r~m eqn (7) tha i  lhe shq.~e oF a 
phu ~fl' In {(/3L,.'L.~d.,'T' I versllS ( I / 'T ' ) i s  equal Io 
(-£)..(nl  + I)/71. 'The value ror the appalenl  acliv 

relative shrinkage at a par l lcular  temperature  
(,'&L/L,)~ and Ihe healing rate/ l '  

In/_l 
In (/_~L/'L(~)~ - + In K2 (9) 

(m + I) 

where A': Is a numerical c(mstant .  F.quatl~)n (q) 
sh(~w's thai a (J~uble lugarl thmlc plol ol relative 
shrinkage at a specific temperature versus healing 
r;.lle gives a slralghl line ~)1 sh)pe : - I/(m + I)~ All 
tire leuhnlques menll~med abe)re have been applied 
I~ analvse Ihe slnlerlnl_., behavl~ur ~fl' Y,Ce 'TZP 

In FIL-' N In ~(Z~L,,,L(J,'T I, has been ph~tled versus 
( I ' T) during Ileal irlg wi lh '~' C,"min l'~r Z.'~' 4(_ e.. 'T'he 
=nclem, e In relalive densilv wzlh (I "T') is ;Jls~,) shown 
ill Ihls hl,,ure 'The c~uresDmdl l |g diagram o1' 
Z.Y4(.~eX is rely similar h~ the ~me sh(twn In F'~g. X 
F'~r b(dh Cl)l lrp~Sll lOns [w~ linear pa l ls  L'ar'l be 
rec~)gnlzed one Lit low and IHle at high lelnper;.llLires 
Tw~ pa~allel.c(mcurrenl mechanisms are seen h~ 
~q~erale T'he Imp, left|petalLike (L,T') mechanism is 
d~mllnan[ between h()()-N()()C, whi le the high 
lemperalure (H'T') mechanism is d~mlnanl above 
9()() C AI lempelatures ;.iNwe II h()-11'7l)' C the 
curves deviate sli~)nL.,Iy l'r(~in ]inearilv, becau.se lhe 
assLilnpll~mS ilnderlvln~? eqns (~)-(h) ale n~ h_myer 
~.alld al lhe ~hserved shrinkage values. 

F r~l~ a n ~s~l her real slnle~ inL, ex per lmenl o m d  uu 
led al 1(),4~ C with ZY4(.'e~ II has been delermlned 
thai m equals "~'~_+()1 iislng eqn ('71 I~u relative 
sh~ inkag.es ~1' ~'",- I fi" ,, 'This shrinkage interval is, in 
I'acl, parl lv sllualed In Ihe see(rod sl;i.~.e or Slnlerlng 
The h~gh slntel;Iblhlv ~I' tire investlpated 'T'Z, Ps 
makes II qll l le dihhcull to ch.'lraclellze Ihe first stage 
(d' Slnlerlng d~lrll]g isolhe~lrlal e,,~perlmenls at 
leml~erature~ ~1 I()()() C' ~i ira)re, even at very h~g,h 
healln.p, rates C H R  experiments wuth heating rate,',, 
(fl' 2. I() and 2()C..'lnln have lherel'~)le also) been 
perl'(trmed wtlh lilts c~m|D~stln(m and tn Fig q 
lelatlve shrinkages al 92()-1()41)C 11 ~-'7'4%) ;.Ire 

all~)rl energy Call then be calculated aSSLlinlllg a -~:~ ~' ' 
cerlaln '.,i ntel inl~. mechanmm wilh its cllaraeler mile m _,, , ,, 
value h~ he d~unlnant Allernalnvely, n/ can be I ~  I 

determined using e~ther Is~Hhermal ~l non 'F' - i,, ~.~, 
i s (uhermal teuhn lquesaswl l lbedem~msl ra ted ~w. ,-, n~ - ~.. 

Ir l legratn~)n(~l 'eqnlh) leads t~) ~21 - i ,  7, i', 

[ 
(AL,,,"L,,)" + I = k'(, exp ~ - R'FI I (N) I±;T' 

- I . I  ~-,t 

By analvsll|p the time dependenue ~1" tire relative ' 
shrinkage urldel is(~thermal uondil i (ms Olle can thtls - 14 . . . . . .  .,, 
determine the m value. Alternatively, m can be 
delerm~ned by perl'~,rmlng experiments with differ 
ent conslant healing rates(C'HR). I1 has been sh~wn 
by Wooll 'rev & Bannister '44 Ihal I'~r C H R  experl 
ments [he I',flh~wlng lelatl~m tl~fldx helween tire 

, 7 15 ' ~ I I I I I I ,_' 

I /T I ~ll_,,~,,/I, I 

Fig. 8. The relallve den'.,llv ( ). re!,pectlvely Ihe nalural 
h~garllhnl ~ll rlA/,,,'L,,,),,"~ ( - - )  vcr,,IJ.~ Ihe =rlver~,e ~1 
h'nlp~'rall lr( '  dur ing hcalln[.~ wl lh  2'(.".."rrlln ¢~I ZY4( 'e2 ,  as 

lnea!,.ured hy dllah)lTIclry 
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ph~lled versus healing rate d~uble logartthnlically. 
An average , t  value,~l'4'7 + I 7 has beendete~rrnr|ed 
I'r~,m tile sh,pe ol these phds ~ming eqn (9). T'he m 
value determined from lhe mothermal exper~menl 
( t  S)in wl lhin tile 6X'!,, confidence ~nte~,,'al ~1' the 
CHR value The m values determtned here ('~'~.1'7) 
are considerably htgher than tile ~mes predicted 
I'r~m g~ain b~undary (m ~. 2) and v~durne diffusion 
(m ." I) tw~.sphere lm~dels A p~ss~hle explanation 
I'~r these h~gh m values will be L.,.tven tn Se~.'llOrl ,4 

An m value o1',4 has been lakes as lvpwal I'~u the 
H'T' sinteu~ng regnme. Due I~ the very small 
shrinkages (()I-I  I'!,,)~bserved ~n Ihe L'T' ~egime I t  

has been I'~und imp~,~sihle t,~ delernllne ItS ~.'halac 
Ieristtc , /  value C~msequently, Ihe apparenl actor 
al~on energy For dens~fical~,m can ~mlv he cc~lculated 
I't~ml tile shape o1' lhe Illlear purl ~1' the curve shuwn 
In Fig. N belonLalng I~ Ihe HT mecllanlSln The 
activation energies (using m = 4) are ~,411 k.l.,.'itl~l and 
h'~S kJ...'m~fl I',~r ZY4Ce2 and ZY,..IC'eX respectively 
These results a~e ~n .~,~od agreement with tile results 
of Wang & Ral, '~'' w'll~ delerrntned (..) r~ he equal t~ 
hi 5 _ N(lk.I/m~fl I'~r 2'X Y-'TZP 

3.2 Isolherm~l experiments 
3.2. I I .s 'ol l , 'rmal .','mlc,'rmg 
In lilts secli~m lhe mln~munl lemperature requllred to 
oblatn denstttes _.q5'l~ with lhe dtfl'erenl tnves- 
Iigaled ~.'~mlp~s~t~ms is sought. T'his temperature 
should preferably be bellow 12()()"C I~ obla]n very 
fine-grained m~cr,~struclures, S~rlCe Brain growlh in 
Y,C'e TZP accelerates above Ihts temperature, as 
has been sh~w,n ~n F'~g. 3. In Fad I(1 the ~m.'rease Jn 
relaltve densely with time at 111)5 and 1187'C ts 
shown For three compositions ZY5, ZY4C~2 and 
ZY.4(.'eX At I I()S' C dens~ficat~on pro~.'eeds slowly; 
after 15 h g~;-gh% ts reached for the Y, (_'~'-'T'ZPs and 
92% I',~r ZY'S. AI 11~7"C dens~fi~:alion ~s much faster 
and densities near. ~5'~,i, are obla~ned al'ter ~nly 

t.l,,,:-, f r . , . l l  
Fig. Ill. Reldlt,.'e den,,flv ,'v., a lum.'lt~m ol Imw durmp, flee 
'.,mlerml., al IH)s ;.rod I It~7 (.' ~1 (a) ZY'~. Ih) ZY,.I(.'eN ;.~nd (c) 

ZY,.l(.'e? HedlmL., iJl¢ ? 'l.' trim me;.I,mred bY dd;.lh~metrv 

Zil()mln I'~r all Ihree c~mposil ions Separale sillier 
tng expertmenls perl'~>rmed in a tube furnace ,'it 
I I()()-II.SO C' c~mlirmed the resulls obtained wtth 
the dllal~mlefer and showed very lilIle dlfl'er'erlce i[i 
end densities I'~,r the I'otlt Investigated Z.Y4Ce~ 
(~ = 2-N) C~mlp~stli~ms. At I I()() C tile final density 
o1' Z",'5 t,; generally I~wer than those o1" ZY4('e~, ul 
I IS()'C all denstlies are qu~te similar. Sintertng 
exper~rnents pell'ormed with ,~ther p~wder batches, 
having Ihe same chemtcal c~rnp~silt~m as stud~ed 
he~e, shaw lllal Lhe slnlerlng re,;tllls p~esenled in Fig. 
I() are reproducible. Clr.'~n n~zes after isothermal 
sister,st: ar'e rep~rled in Section "~ 2 2. 

Based c,n tile auth~,rs' experience wtth dtffetent 
hatches ()1' ZY5, ZY4(.'e~ and also ZCel2, it can be 
c()ncluded lhal the stnlertng hehaw~)ur al such h.)w 
lemperatures (I I()(1-I I S()'(_')~1' Ihe nanostruclured 
powders produced hv the chh)r~de melh(~d ~s 
conlr(flled pred,ml~nanlly by tile degree (~1' ag 
gh~rnerat~,m and to a much lesser exletll by the 
c~mlp~sfli,m, provided m, exagg.erated grain growth 
occurs, ;.is I'~r ~nstance in ZCe9 TM 

3.2.2 l.s'nlhermul glenn grnwl l l  
By I~w-lernperatLire siriierlriL..,,--as described in the 
previous secli~m--the aulh~rs have trted lo Itmil 
L:,ratn gt~wlh. T'he mtr~tmun~ temperatLtxe to reach 
-I-c~5",. relaLive densilY has been I'ound equal to 
I1()(I'(,." I'~r Y, (."e-'TZ P, the minurlum atLa]nable 
grain size hetng equal Io I) l '~llm (reached after 
2()Um]n at thts lemperaturel I'or these matermls. 
Figure II shows lhls rnlcr~structule I'or ZY4Ce2 

Grain sizes al'Ler tsotherlnal Ileal treatment at 
II 5()-14(1()"C are given In Table 2 For ZY';,, ZY4Ce~ 
and ZCel2 All samples had densities cfl'95-~9'Y,, It 
can be seen that after 115()"C/l()h all composiltons 
have all identical L-'.ratn size (().2pm) At higher 
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Table .~. ( ~mlu U.,lll~m ~il Ihe grain b~HJndary r~.'gl,m ,JS arh'Jly'..,qd 
h,~ X PS 

Bull~ i'lllllp~l,91111lll t . ~ I I l l l l  / ~< l l l l l d< l l  I' I ( l l l l [ l l l ~ l l l I l l l  
I _  I 

I I 'ill 'C I l l  I~ 14UU' C '  ? tt 

7'~ ~, ZY I  1 2 7Y~-~ I 
Z ~ ,..I( 'e,." Z'~'~ ~(_ {.~ I h Z Y 7 '~(.'¢ ~i 2 
Z Y,-l(.'c,-I ZY7 he_el '~ ZY7 N(.'e? 7 
Z Y,-I(_'eh ZY7 ,-I( 'e'~ 2 I'Y7 %'e7 
Z Y,-I( '(',~ ZYh ICe 7 (I ZYh (-)( '('(~ I 

l ' l R I f .  ,~F\I irl lLllu,raph ~*1 ZY,-I('e2 ,,;llll('red dl lie)q)(_ 
dlnrrn.L, ?l)(lllllrl 

l e l n p e r a l u r e n ,  h ( )wever .  Ihe d l l t 'e rences in L..,ralrt 
~r(~%~,'ih riJ[e',, bek'~'dne a p p r e k ' l a b l e  A [  I,...l()() (." t-~rillll 

~IZe',, Ill Z C ' e l 2  Hre Ill f i le n inc ron  tar lge,  v, ' l l i le Ihe 

~ ra ln  ,,,ize irt Z'Y.", a f t e r  I,.1()()(.', ~h remarn. ' ,  ~mly 

() .~,ztnl, 1.2tatrl ',,tze,,, ~ I  " l ' , ( . ' e  T Z P  a le  i t l i e t i r l e d t a i e  

b e l w e e l l  Z ~ ' ~  ar id  Z ( . ' e l  2. bu t  ,J i l l  in Ihe ,.,LibrlllCr~.m 
ri.lll).,e ]l lCrCi.lMn)] lll~.'~.'erlu ~,'~)rlCelllrUlliHi ii1 ZY,4( . 'e  ~, 

i~.~.llII ~ = ~ -N)d (~e4  r iot i.lllecI !~rall l [.,r{~wlh V~.llhln 

I l le iiive.~li.L,.aled ~.'~)ll~.'etllltlll~tll i.lrld l e m p e r a l t l r e  

ra nl__',e 

3.3 Grain boundary segrel~alion 
It h;i.s beerl  dvm~ ~ilSt t a led  ill Ihe prevl~ )tl.',, s e c t i o n  t ha i  

.,'_.,ra irl gn(w¢lh ~1' ~1 '. C e . T Z P  al  14()() C IS i n t e r m e d i a t e  

helween '~' 'T'ZP ;~l]d Ce T'ZP, the largest grain .,,iz¢,, 
be~nl? ~bselved i'(~r 12Ce'TZP. AI rnuch h~w'en 
lenllW~alLire.',,, i e I I hi) C, n~ appteu~ahle dtll'erence,, 
were li~und. 'T'helero~e the .',,eyre,dalI~m ~I' v l l r lum 
:l i ' ld Cel l l . l ln h', lhe l?l~llrl b~tllld;.Irne,~ ha.~ been 

; i na l vsed  ',,,,'ill] X P S  al ' ler hea l  l rea l rnenf , , ,  i l l a l r  ;l l 

Table  2. (_iraln ,..,i/ly., (prttJ a lh ' l  i, . ,~dhernlal ha.it Irealrt]¢nl' . ,  

( , , t l l h ~ S l l l t , I  I I  '1~ ( ' I I ) / I  I . V l l t  C l u l l  I .J l ; f l  ( ' ?lz 

7Y'~ () 2() I) 21 () ~(I 
ZY,4( 'v." (l ?I ~) 2 ~ (I h2 
/Y ,4(  'e4 (} 21 ii d () (')? 
ZY,4( 'oh (i 21 II d (I h l 
Z Y,-I( 'uN (122 (I 2,4 q) hh 
7(_-'el 2 () ? ~ ~) ~ .. I ~) 

rld N~I d~'l¢lrllln('d 

I I .S()C lie)h) and 14()()'C (~h) T'he D~nslble 
presence ~I' ,.,tltc4m at lhe ~ratn b~undartes has als~ 
be~n examln~d 

The c~)mpusJtlun (~t' the grain boundary regi(ms us 
delermined by XPSaregiven in'TJble ~l'or ZY'~ and 
ZY, - ICe~ (~ = 2 N) a l  115( ) 'C  a n d  14()()C'.  'The 

t n l ' o r m a l i ( m  depth.',; in file X P S  analy, ; t , ,  are  5 - h  run, 

l'~r Zr. Y and O and 3 nm l'~u C'e In Y ,Ce-TZP very 
l t l l l e  '.,e!~rc12.attlm u l 'ee t  lUln hi.l,,,, been ~b,, ,erved, w h i l e  

y l l l l i I t l l  wa',; e n r w l l e d  bv a I'acl~.~r ~1' - 2 with re,,.,l'~eut 
I~ Ihe bull,, C~mlp,~,.'..,lll~)rl a l  b~Hh lerl l l '~eralure,., 'Table 
'~ LI I',,~ ',;I'll'W,, ',, t t la l  lt'le Vl l r t t t r r l  e n r w l l m e r l l  ~, l ' the gra t r i  

b~mn(Ja~les tn Z Y ~ ,  as s l u d w d  by XPS ,  Is sh.~,hllv 

111~2her Ill Ihl_~ m a l e r l a l  l l la l l  in z, Y q c ¢ ~  G r : i l n  

b~ul l ld ; . l l ies Ill Z,~l'~ ha%e beel l  al la ly ' . ;ed Ill g rea te r  

c le la l l  w t l h  XPS .  S A M  a n d  TE' .M a n d  Ihe resl.i]t.s a le  

lu [ Iv  d e s c t t b e d  irl Re l  ~4 T 'he m o s l  i m D ~ r l a n l  

~d~serva l i~ t ts  are Iha l  al ' let  S i l ] le r i l }g  ul  1 1 5 ( ) ' C  a 

c~ ul l t  n u~ ,us f i lm o1' a n a m~ ~r pll~ ~us .nt] wa Iv pha.s~ w i l h 

a lhlu'k II(.".,,',, '_ l ( ) ~  IS pre~,ell l  a l  111¢ !].ralll b~)ulld:irl¢,.% 

('T'F.M) and lhal the "n' Zr lal i~)in lhe fir.,,l I - 2 n m  is 
a.,, hi!,h ~r,, () ~ (SAM)  In Y,(.'¢.TZ.P n~ siliuon ~.'~til~:l 
Iw delech.'d wl lh XPS 

In ~)~ldes the I n~ , l  i i n p ~ r l a l l l  dr lVl l l~]  I'~)mcen I'~)r 

.,,~;,~,le~:Ll[ll)ll" ~ '  ~" ()I ~ l ) I t l le i,.'all(Hl,,,, 1~,i (he Flee ',,LII l'ace,_% ur  

!glLIlll b~m l l da l  leN a le  ( i ) s l l a l r l  e n e r g y  r e l a x a t i ~ n  a n d  

I l l )  e l e c l l ~ , d a I i c  uhatl.i,e comr~en~a l l~m.  4u 'The M t a l n  
ell~r~:.,~,, Lirl~,e,., I r on l  lhe  ', lze i n l , , m a l c h  betv~een Ihe 

, ,~l t t le i l l ld  h~s l  ~'~l[l~)ll 'The i~nlt.' l a d l l  4:' and  IYIiS~[ 

valtle.'., ~.' (=: ( A ' > . -  R H) R B, w h e r e  Ra I.s lhe  II)llll.' 
radlt l .~ ~)l' lh¢  ,~(dlJle eLIII(HI a n d  f?n lhe  IOlllC radius;  ol '  

Z.r 4 ~)~I' f i le C;.t I loll.", ]'~resel]l i l l lhe  z i rc~mla  k'elalt l tCS 

~,ltldled here ate !~IVell Ill T'able ,4 A'~ can  be seen Ill 

Ihl.', lahh.'. Ihe Ill l ',,l i l ll]~.'tea~es ill Ihe ~ r d e r  (.'¢ '~ +, 

'~' ~ ÷ (.'e ~ ~ II i ~, we l l  d(~¢l . l l i lk ' l l led" : Iha [  k'erll.liTi k'LIn 

'f'.'ibh" 4. 14~nl~ radu and mr, hi ~,ah.ws L~I II'lc {';I[IL~II', prc,,enl in 
I IIL ~ ,d l l ( l l~. ' ( l l  / i r v { m l L I  ck ' rL l l l l l t . ' , . ,  

hm /ram Jm/mV' IIl~hl ~ 

Zr '~ 0 X,-I 
Y ~ I ()ld-I 0 ~1 
LL ''4 0'-)7 I) Ih 
( 'e ~ I I,-1 t () ~h 

"Tak<'r l  Ir~rrl RI' I  ,.17 
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Table 5. Blndinp enerp.les (BE)or Ihe phnloel¢clrun lines in Ih~: 
(."e td  re~.,iori ,.Ig. when cer ium =s m a mixed ~x~da l ,m  slale 

l,m BE hl~ , BE, t,l~ , Rrmmk 
1,'1 ) (~'1') 

L'~: ,'~ NN21 ~,,)(ll) ~ Mann llrle~ 
~NN 4 ',~1)7 I Sai~dhie~ 
NgN I qlh S Salelhl~s 

(.'e ~ ' NN() q Nqt.) '7 Malll lilies 
NN~, . t 9111 X Sulelhie'~ 

be in the tttvalenl state al'ter sinterlng tn air at 
elevated lemperatures A large dr~wng rurce I'or 
segreg, alu.m ts expected l'or trtvalenl certum because 
ur the omsiderable s~z.e m=smalch (Table .4) and the 
charge d=fference between (."e ~T .'~nd Zr '~+ There- 
I'ore, the ox~dat~,,n state ~,1' cerium in YCe 'T'Z.P has 
heen studied h.v me.'~ns of XPS. F',,r th~s purDme, the 
Ce ~,d spectra ~,1' ZY4Ce2 and Z, Y4Ce~ have been 
rec,,rded arter sintertng tn air at I1'~() and 141)0 C 

The binding energies (BEs) of tile rna~n and 
satelhle hnes ~n the (."e t , /regu,n have recenlly been 
reported I'~,t (."cO, and Ce,(.)~ by Papara'zzo ~'1 u/'¢~ 
and are ~:.,.~ven ~n 'Table 5. T'he presence or two shake 
up salelhte pa=rs or the Ce 3d d~,ublel I'~u (."e '~ + and 
one shake.l ip satellite' pair Io[ C"~. '~ + with intens~lies 
approaching Ihuse ,,f the main lines makes the 
quanti tat ive analysns ,,I' the Iractn,.,n or trnvalenl 
cer~tim quite complicated Nevertheless, an attempt 
has been made to determine thls I'ractl~,n by 
deconw,lull~m or tile Ce.td regu,n, yielding Ihe 
~.'~,nt[ IhLILI,mS ~,l'lhe ph,~toelectron I~nes ~,l'(~'e '~ + and 
(.'e ~ + to the ~,bserved mlenslty profile. 

Only in the case ,fl' ZY4Ce~ was Ihe slgnal.t~ 
m,lse rall,~ Stlt]-iclenl h~ alh,w dec~mw>lullon of the 
C'e 3d teg~,.m. Deo,nv, f lut i ,m has been perl'~,rmed 
wtlh the s,.,flware package ',,upphed by Kratos t,., the 
K.rat,,s XSA M-N(X)apparatus. 'T'he r,,Ih)wing pt oee- 
dure has been used: (~) Gaussmn line prohles were 
assumed. (t~) the b~ndmg energtes ,H' Table b were 
used as st,'~rt~ng values and a BE ~nterval of l eV, 
centred an,und the BEs,, fT 'able 5 rot each hne, was 
alh,wed dur ing minlmtzat~on, (u~) the upper lunar or 
the rull w~dth at halt m.'~x~mum ( F W H M )  wax set at 
4eV I'~,r ~'ach line and (~v)the F W H M  ,fl" each I~ne 

belonging t~., either Ce ¢ + and Ce "~ + should have the 
same value. 

Deconw.flut~on or the Ce 3d region performed in 
th~s way demonslrated that the I'ract~on of Invalent 
cerium al the grain boundaries or YC'e. l 'ZP equals 
approxtmately .~()-5.s% independent or tempera- 
ture Figure 12 shows the ("e 3d spectrum or the 
rraclure surl'ace or ZY4(."e~ al'ler deconvolut~on, the 
val ious pl'lot,wlectr~,n peaks or both certum species 
are indtcated. 

Since (t) no efl~ct or tncreaslng eerta c, mcentra l ion 
~,n grain growth =n ZY4Ce~ has been ,,bserved and 
(it) the grain boundaries are m,t enriched in cerium, 
but show identical enrichment m vltrtum, tl is 
cuncluded lhal the m]gral ion ,,1" the segregatu,n 
laver ,,1" y l tnum along wi lh the mowng grain 
b¢,undary =s the rate-l imittng step durtng gra=n 
growlh in Y,Ce-TZP. 'T'hm point ~s rurther 
elaborated m Seetu.,n 4 

4 Discussion 

4.1 Sintering and concurrent grain growth 
Dur ing healinL., with 2' C/rain final denstlies - ~5'!"b 
are ,~btalned at 12()t) C" wtth all investigated 
c~m)p~,sill~ms. Beluw thm temperature dens~ficatlon 
and gratn L2,rowlh are ~ccurr ing sirnult,'hrwolisly Two  
regjnles can be dmlinL.,,umhed here (Seclton :i. I) a LT 
reglrne at temperatures below 900- I()()()'C and a HT  
legilne between 9()()-I()()()and 12()0"C. In the L,'T' 
regime ,rely a very Itmlted gratn growlh  and 
derlstfic;itl,m is observed, but imp,,rtant structural 
changes are never theless taking place. 'The neck area 
increases stnmgly I'rorn 12"g in the green compact t~, 
~()-h'e!. af 9q)()- I()()() C (.see F']g 7) Strnultane~,uslv, 
pore coarsentng is taking I:,l.'lce Stnce tile neck area 
tncreases slr,mglv with only Itttle denstl icatum 
surl'aee dllTLisl~)n is the dominant  mass transpurt 
mechanlsrrl (evaporal. lon-c~mdensallon processes 
are very unhkely at these low temperatures). In a 
two sphere m~,del n~, denslfic.'itton can occur w~th 
stirl'ace difl'LiSt,,n. L.ange, '4'' however, pr~p,,sed 
recently lllat in real powder compacts some derls~fic 

Z 

9: o 9oo 
Btndtng Energy [eV] 

(a) 

8,bo ' 
Brndtng Energy [eV] 

(b) 
Fig. IZ. Decunv~,lul¢dC'~.'3,t,,peclrurrl meusurq.'d on II'le Iraclure uurl'u<¢ ,,I ZY,.l(.'e8 {annealed al I4(l(r'(_-'). A,O, mare hrle'.. 

((.'e td,, , arid C'c ld~ ,,), A,c-i .,,.alellile hrles, A._A, Ce ~t . O.(.I, C'e 4 + 
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allan may t~o.'ur II'diflusiun dlslant 'es are short,  as in 
the narn~striictured materials sludned here. Beh~w 
I ( ) ( ) ( ) "C a grain gr~wlh exponer,iI , = 3-,-1 bent 
filled the dala liar all invesligated cu1"np~sutn~ms 
Gresk~wlch & L,:IV ~'' reported sunilar grain grov,,th 
kinelucs it,i very D~rntus alumina c~m,ipacts at 147() C'. 
They Indtcaled that it surlac~, dufl'usu~m pred~unl 
ulales arid t..,raln h~tnnd;.iny inngratn~m I~, rapid 
CtHt,iplJled Ill neck gttn.',,,lll, a grain gruwlh law w i t h  
, = ~ ns ~beved Such a gr;llll ~r ( )w [h  i r leehlanlslr l  
C~Llld well he operating, ill lhe L.'T' tel, line rn Lfie T'ZPs 
Sllldled here. t'(H,isldel111.~2 Ihe ~d~serxed. values( t 41 
;Ind the facl lhal sclrldce difl'USl~m wa,; I'~und I~ be 
Ihe d~mlnnanl Ir,iklSh l ransD~rl i,i,iechanlsm 

In the H'T regime(I()()1)-12()() (?)grain gr~wvlh Lllld 
deI,iSlfit 'all(H1 at 'ce lera le clearly (see F'l~i,.s I a l ld 2) 
(Jra111 Li, l ~ w l h  ill ~' ' ] IZP I'.; s l l gh l l v  I'aster than il,i 
"l'.Ce T'ZP, hal Ibis IIIIISt be c~rrelaled wllhl Ihe 
f';.Isler dellSlfit 'all~H1 ol' ~l' T 'ZP leadln 1, h~ a h.llger 
I'I;.It,'IlIHI ~1' solid s~lld ii,iletlaces I.Indlsltlrbed grain 
L.,r~wlh ( .  = 2)IS inl'~sl likely (wt'tiUling al this stag~' 
(.'~msJderlnl, the relative'Iv h ~  tempeta lures  
(9()()- I I ~() (.') ~fl' this denslhcat~m regime and fhe 
vt'tv fine p;.llliclc '.,tee (. I()()nnl), gl:llrl N>Ul,idarv 
dlI-I'LIMIH1 IS t ' (H, isldelcd tl) I'~' thle d(~nll,nal,iI mass  
ItatlSl)(ql m~'cfianlsrt,i A1,ialvslS ~I' Ihe Mntertng 
kinetics t~l' Y.Ce T'ZP ii1 this regime (Sectlun I I t) 
s h ~ . e d  thai the tmle-dependence ~1' relative shrink 
a.t.,e v, as n=LIcl~ v,.c;iker (le hu,.ll i l l  v;l lue!,)Ihan 
expected tm the hams ~1 )grain b(~tllldary (and 
x.'~fl~me) dlfFilSl~m Iv,,'~ sr, here infidels (see Set'lure 
I I t). A sulnulan lime dependence  as ~bserved here 
has been neDuted by DLuran ~'t a / . ""  wht~ lwrlorrrled 
isulhermal sunlernnL., expernmenls al ~M)-1()6'~ (.' 
~.llh Ee-TZF' Thins weak Iiine dependence  us mt~sl 
likely due tu ne~rgan~nealu~m ~1 the particle ,dat'kun/,, 
induced hv hwal partMt '  t't~t~rdunal~m fliut'lualutms 
an eXl.qained by Verl,nga "l 'T'hns leads I~ ~l~ennng ~i' 
la r'L.~eu pores and rnlcr~cracks Ill' the ampl i l  tld~' ~I' lhe 
l~tlCltlall~H,is IS far,el  lhan act  iI it 'al value), which are 
only s h ~ l v  ~elmwt'd dur ing pr~gtussi~e ,~inlerlng 

It is t11leresllr,ig, t~, n,~te l l la l  the Init'r~,slr'ut'ltlre 
dcveh~l_~menl ~1' nan~slr t lclured illat,ila durnng lit)r1 
I',;~>Lfiermal St1,ilellll~] tS qtllfC' st l r l l lat  I~ IfiaL ~1 
/Ilt'tHll;.l lel'U)lted here Hahn ~'t al "' alst, ~d'~sel~ed 
l ~  regln,ies III 'T'i(_),' beh~w 9()()(.." grain .p.r,~wtfi 
r,n~w~'eds v~'rv shn, vlv and sunl'ace dutTu,~n~m us Ihe 
d~)lt lnl iarl l  MaSS Itar,isp~ul m¢t 'hat , i ism, above  ~-)()() (.' 
!]lain L.,r~wth IS very fasl 

4.2 Grain growlh in the dense slate, relalion wilh 
solule drag 
As already iIIttsltated, grain t.,.rowlhl dtlrlng Slnlerlng 
in infltler,iced significantly by the denslfiCatl~)n 
rut~cess ttself. Differences II,i grain h~Lindarv mu- 
bllllles V,/ll hi t'~trlp~slll~)l) ale  ltlus easier t~ rec~g, ntze 
in n~ul denslfvln~; s,¢stems an described in Secll~m 

.t.2 2 It has been I'ound thaL the differences in grain 
growth ~1' 'Y TZP,  (."e 'TZP and Y,C'e-'TZP are 
inslgnnficant at 1150 C and ~nlv becLm,ie t m D m a n t  
at higher tempera tures  1_, 12()()'C). At 14()()'C (."e- 
TZP clearly has the highest grain b~undarv  m~- 
MllIv, Y T'ZP Ihe h~west and Y. (."e-'TZP i,; mlerrnedi- 
air' belwecn lhese tw~ 

Winnuhst  c/a/~'  were Ihe first t~ suggest Ihal grain 
L.,r~w,,lhl tn Z r O : - Y  :O~is  cuntr~dled by a s~dtile drag. 
mct'lmnmm In Secll~m t.~, iI hlas been shown thai 
b~th nn Y T Z P  and Y , C e . T Z P  it ns yttrium Ihal 
sel, re~..,ales I~ the gr;.tln N~undaries wllfi the highlest 
segrut..,all~m levels ~bscn,,.ed in 'Y 'T'ZF ~' This is in 
! / ~ d  agueernent vvitfi the XPS :lnalvsis oF T'heunn,; 
";e1,i ~'l l / /  " :  tfl 'segregali~m I~ the free suul'aces ~1' Y 
T Z P  and Y . C e T Z P  II has lur lht ' rmore been 
~bsc lved  Iha l  Ille level ~1' 'Yllrlulr,i segregali~m was 
ntfl ,.'er~, senstlive I~ lernpetature  tn the tnvestngaled 
rau~:.,e 111~(1 I,..1(1() C). II,ie Y Zu ah,mlt '  rail() being 
equal h~ -- 11 I (enrichlnenl lacl,~r -- 2) al Ihe ~.ratn 
h~>~lndauleS ;i,, measured b~, XPS SAM measure 
inents !]avt ~ an '~' Zn at~m]ic tatl~> ~I' ".-()"~ (enrich 
menl I'a~.'l~t -. 6) ~'~ II can m~w be calculated thaL Lhe 
inl '~nmaltun depth tfl' lhe S A M  analysis ts equal It> 
Ifie IhK'kness ~1 Ihe :,~'gre[.,aLion~ lave'r, while lhe XPS 
;Inalvsis has an II~l'~rlrlaliun dtq_~lfi thai t 'xlends Int~) 
tile btllk ~l' tile Li, r;.lnt,is wi th I,itHl,itnal cherntc;iI 
k'(Hlll_')()",lll~)II. F'(',[ ;.I lul l  dlsk'llS,q(Hi ~l' v l t r l t l n l  
'~eg, r¢)];Jll~H,i III ~' TZ, F' lfie header is referled h~ Rel 
14 As mt',iIl l~u,ied bel '~re t i l l  s¢,t2,re),atlOl,i ~)l't't'Fll.111,i to 
the )/r;..llll b(HIl,id;.irles has been ~bs~'rx'ed ii,i 12(.'e 
'T'Z,F' "~ 

In ,,eCll~m t t tl has been dell,i(HlSllaled Ihal 
",() 53",, (fl' I ] l e  L't~rltllli t,I'LIII~)I,IS are i i i  the trlvalenl 
stale al Ihe gt;.ttr'l t'uuJ1,idarles ~1' YCe 'T'ZP after 
Slnlerlngln all ;ll 115(1 I,..11)() (.' The i,i,iislit I'~t I.'e ~ 
in ziuctmla is qulle high (see 'Table 4). bul n~) 
Slb,.nlficant segueL.,atum tflCCnltlm has been ~bserved 
'The redtlctl~m ~fl'('e '~+ I~ Ce ~- lU cerla dtlnln/:, heat 
l realments  ~n atr takes place al lempera lures  behwv 
141)11 ( '  ~mlv il luace,, ~fl' snlit'a are present ''~ 
Therein,e .  ir is ant icipated thai cerium is unlv 
lr Ivalenl ,'Jr the l../i;.lll,i b~tl1,idan'leS ~l' YCe T Z P  where 
sIlIca ix puescnl (be it in t'tmcenlnall~mS beluw the 
delet'llt)ll Ilnlll ~1' XF~'S) and r'emaln.,., in ItS hn~hlesl 
oxidall~m stalc Ill the L.,raln inlerl~r 'This is 
Stll'~D~rled by the inlr)edant 'e al,ialvslS ~1' Y 'T'Z,P and 
Y(.'c 'TZP (slntered nn air) perl'~rlncd b~ Hernandez  
~'t a/,"'~ wh~ observed I],ial Ifie bulk t'~uldtlt.'llvtlv ~1' 
Y 'T'ZP did n~t increase when u'~uJupln.~ with cerla 
Such LII,I inclease ul tt,ie hI.Ilk ~.'~HIdLII.'IIvIIV should 
ha~.¢ been ~bserved II cerium was lrivalent Ill the 
/..,.rain Inletl~n ~d' an I~mlC COl,iduch~r like Y TZP. 
Slllt'e Ihlls would have led t~ a n increase ~1' the oxygen 
%,;.IC;.11,I~'~¢ c()rlk'e1,illall,iH,i LIk'k'ordlllg 1() 

.(_e:, + .)q, ~ ~(-eZr + V/, + I(_), I 
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Although differences in segregation of the stab~ 
hzers a~e quite significant comparing Y-'T'ZP, Y, Ce- 
TZP and C'e-T'ZP, d~fferences in grain growth only 
appear clearly at 14()()"C. Examlnatl(m or the 
mlcrostrucltires al'tet 115() '(."/l() h, sh(~wcd no 
ewdence for Dnmng of the grain b~undaries by 
residual poges It ~s therel'~re prop()sed that at 
I1.~()' C, being a very low temperature I'(~r grain 
growth ~n dense'T'ZP, grain b~mndary veh~ctt~es ate 
s~ h,w, that the segregatu.m laver exerts n(~ drag ,m 
the moving boundary At tugher temperatl~res lhe 
grain boundary veh.:itv ~ncreases and Ihe segre- 
galed layer starls exerting, a drag ~m the boLilldalV 
'Thin d~ag. ~s maximum ~n Y-TZP, absent ~n (,7'e TZP 
and ~ntermedmte between these ~n tw,)in Y. Ce TZP, 
expla~mng the differences tn grain growth t~bserved 
at h~gher tempetalures 

5 Conclusions 

(a) Nam,qrucluired Y-'TZP and Y,Ce'TZP 
p,~wders produced by the chh~ride-melh~d 
can be pressureless dens=tied at h~w tempera 
lures (I I()()- I I 5() C) t,~ densiUes _. 95'% wllh 
averaL.,.e grain sizes ~1" ()15q)2()/am 

(b) Dunng mm-mothermal sinter=ng ,~1' lhese 
materl:ils two regimes are distinguished (me 
beh~w 91)()-I(.)()()C, In whwh the neck area 
increases strongly with only hltle denslfieatum 
and one at lemperattues l'r~)m 9()()-I()()()I,~ 
121l() C. whele the largest r,a~l ~fl' del~Sl[ic 
alton ~o..uts At h~w temperatures stirface 
diffusion is the d~,Inlnant rnass transD~rt 
mechanism Above I()()()'(? denslflCatlon 
~)ccurs mosl likelv vuJ grain b~mndarv 
dlffUSl()ll tin('] is retarded by re~rganizatlon 
princesses 

(c) (3~a~n growth dunng  mm =s~thermal s=nter 
Jng can be sim=larly d=wded =nh) two regimes. 
Below qlll)-I(l()lr(2 neck I',~llnatlon via the 
sLirface dlffUSUm is rule IimltlnglH = ?,), while 
above this temperature the neck area has 
incleased h, ,611'~'o and undisturbed grain 
growth (H = 2)occllrs I'~)r all invesl~gated 
Ct)l'n pOSlllt)ns 

(d) Segregatu.',n (fl" yttrium t~) the g~a]n hound. 
aries is ~>bserved at 1150--14()()'C in hoth Y 
"rzP and Y, Ce-TZP, Ihe htghest segregatum 
k'vels be~nl..,, observed for Y-TZP N(, s=gn=li- 
cant segregatu.m o1' cerium has been round In 
Y,C'e TZP. In Y-T'ZP Ihe enrichment I'ador 
eqLia ls  -I-6 in the  f i rs l  I - 2  n m  o f  the  g r a i n  

boundary regum us fi)und by SAM. 
(el N,~rmal grain gr'~wth occursaI I 15()-12()()' C 

=n dense 'T'ZP and very little differences with 
eompos~tmn are observed. At htgher temper 

atures gratn growth ts ccmtrolled by a 
solute drag mechanmm 'This drag ~s highest 
for Y 'TZP, absent for 12C'e TZP and moder- 
ate for Y,C'e'TZP. Im.'reastng the cerla 
e(meerltralum at t'onstar~t yttrta content has 
no effect on .gratn gr~wth and yttrm segreg- 
atltm within the tnvestigated comD~sflion 
series (ZY4Ce~, with ~ = 2-N). 

Acknowledgemenls 

Akz(, C'helr'llcals b.v is gratefully ackm~wledged for 
financial stlpD~rt (~I' this investigation. Ren~" Olde 
Seholtenhum IS ackm~wledged I'm perl'orm~ng part 
ol the powder synthests and sample preparation, 
'T'he~ Leuwennk I'or perl'~rm~ng physisorptmn and 
mercury penetration measurements, Joop Snt)eyen- 
b~s ior machining and polishing, Jaap B~)etlsma i'~r 
t~m ass~slam.'e w'tth XRD measurements, Marc 
Smithers I'~r SEM (~bserv:lllons and Alhert van den 
Berg. l'~)r rec(udlng the XPS spectra. 

References 

I Swain, M V & R~!.,e L R. Slrenglh hrrit laltuns o1' 
Irarisl'~prrnall~m h~up, iu:ned zm.'orua alhw',, ,I ,4m (¥~m.  
Soc, @l(7) (IqX6) ", I I - IX 

2 (Jreen. D J. Hdnmrlk,  R H .I & S~,um, M V,  
FimlUm'm=flm. Fmo]hcm.~ ol ('etum~c~ CRC P,,.';,,,, B,..'a 
Rah)l l  Fh,rlda, l*-)gq, pp. ff4-X4 

I 'T,,id~lulla. K .  Kuh~la,  Y & T,.mktdale. T.  'Tl'lerm,',l and 
mediam~.al pt~perl,.',~ ol Y,()~ :.,lahhzed h.'IraL.,onal ztr 
omla polw'rv', lal,, In .-hliam'e.~ m (.'epmm~ ~. Vol 12, IOX,.I, 
pp IN2-ql) 

'4 W;Jn!2, I Ramh,r lh,  W M & Slevens R, 'T'he gram size 
d¢l.wrlderlt'e ~i the meu'hanlval pr~perlle,~ Irl TZP eeramw,, 
.I Em ( ¥ r m ,  .%c, l l l ( lq~21 21-~I 

~, Lange. F F, 'Tran,dormalt~m hmghenedZr(.) ,  L.'orrelalmn'~ 
h e l w e e n  i]iqJit] '~lge con lml  and conipoSlllLm aft Ihe %'Mem 
Zr(.) , -Y ,(.)~ .I .4m. ( 'mare ..%e., bg(I) (I qNh) 2.4l)-2 

h Wmnllh,d A J A.,'Theunl,,seri,(3. S .A  M , ( 3 r l , f l  'Zeverl. 
W F M & Burt;gta.',r. A .1. 'The !,,mlerlng bel'lavlour . l ' h n r  
b, ralried 7t(_),-Y :(.)~ (',L'l,'irrllL',,, In ,_~C.'H,',' nl ( "£rtllltl, a, V(;I 
14 Iq~7, pp l(Iq-I,-I. 

'7 Nleh,'T (.i & W a d s w , ) r l h , , l , D y n a n u c g r a m g n t w l h d u n n g  
,,Liperpla',li~. d¢l~'~rln,Jll,~ri ~1' y l l rm '.,I,Jb=hzed I¢lr.',L.',*m:d 
zm.'~mla p~flycrv,,;lal ,I ,4m ( 'cram St,c, 72(g)( IqNg) 
1,4~U-'72 
Nauet M & Carry, (." (Jram I..,,rmvlh in ~,llrm d¢~ped 
lelraL.,.imal zm.'orua p~dw.'ry,,,lal',, (Y TZP) In Pr,,'ee,h,~;.~' nl 
I1.' In /m/ /at /o l rd  ('l/llfClt'llet' t i l l  '(.~ttdlH ~'_Jl'l'tll tit t i t  P,tdl'¢t I 
~'mlhm, ,~la~m.d~, R,.ne, 1~-~91, Io he puL~hshcd 

q Theunm!,en,(3 S A M , WinniJb;,I,,A J A . &  Burl,,L.'raaf, A. 
I,, SlnlcrltU2, kitteli¢,, and rriicr~,.,Ituclur¢ deveh~pmcnl ol 
nano!.,¢ale Y TZP ~'eramK',, .I Em (¥rum ..%c I I  ( Iqqt )  

I() WaJ,.al. F.  S;JkiJgl..ll.'hl, S ~ Mal'~l.lm~, 'Y , S l lpL ' rp l i l~ l lL ' l l y  ~I 
Vllr ia ,,lahdtzed l¢IraRonal zm.'onm polw.'rv.',lal.~ .4dr 
("~'rtllll f iIf l/ . Ii I) ( lq~6) 29-L61 

II  Sah~. T & Slumadu. M ,  C'~mlrol . I  lhe t¢Iragonul I¢~ 
monochmc phase Ir:irl,di~rm:Hiori ,~I yl l r l : l  par lml lv slab~. 
Ilzed zlrc~mla in h~fl waler J Muter. ,~.','l, ]()(It}X~) ~,q~H-92 

12 Wlnnuh,~l ,A .I A & BurggraaI ,A I . , 'Theagelngbehavlour 
ol ultra hrie prained Y T'Z.P iri hot waler In .4dt'a,ce~' m 



} ' I l l 'H I  ~','1'1(I , ~ h l / ~ l / l : d J  h ' l l  I q r l / I d /  - I r ( ' O l l l d  flr~/l'('/'l',~/d/,', I()1 

¢ + ' , , . . , , , .  V,,I 2.4A. ed S S,~mly,.I.N. YanlLlm~Ht~ & H 
Hanaplda Amert,.'an (.'eramtc Souwlv. W~.',.;lerville. (_)H. 
I'+HH r,p I"~'17 

I~ ,%m~, T & Shunada M, Trunsh~rmalm~m ~,f t'erm,,d~ped 
[('[FLI~JI)nuJ LIF£tHIILI pi,mv,'rv,,I,h,, h~ anrltahllL., Irl k~,Jlcr ..~tll 
(_'ermu ._~'.r B . I I  , 64 l l'J,~h) I ~IH2--.I 

1.4 T,,ukuma. K & Shm~ada, M , ,~lrenL.'.lh. Irat lure Iouf:hnu,.,'., 
, l l id Vi~.'ke,', hardne,,,, ,~1 (.'~4), ,,ILll',llzed h ' l lag~l l ; l l  Z I ( ) ,  
l~d',* r~,,.,lal,, .I ihm'~ .~'+'~ 20 ( IqH',)  I I 7H H...I 

I", [h lh  I Dal. H & H,.,II. W Syrlll)¢,,l'., arid '.,mh'rlnL., 
I , 'hn~l ,mr i l l ( ' e<) ,  Zr ( ) .  r~'lalnl~.',., .I . ih/h '~ .~_,t Z3(I~gNH) 
27Nh U l 

Ih  ~v~";lk;ll F M u r t l V a l l l ; I  N Suk,.IpLi~.'hl N. KLII~L H & 
KitI,,JLI K Deh~rmall~m I~l ',lll)erpl;J,.,li~.' l('Ira!..,,~ri;il Zm(), 
l ' ~ l~ ' r ' , , , l : ] l  In #dl r . . , ' ,~  Ill (. ', ' l ' l l lt lh'~, V,,l 2,JH Ar l l t ' r lL 'L l l l  
(_elalnlV St,..'lVl', VVe,,.:l,,dh., ( )H I'+HX pp '~X & '+l 

17 S.,,,, T Ohlakl .'6;." End,~. T & ShlruadLl M Impr,~x~'in,'rll 
,,l rlWlmal ,,:,l'~llli~ oi yilrla d(q.)ed lelraL.,(mLli ,'liCtmlU 

[+'+'/m+d ( ,'+,/m 2 (l'+,"(f~) Ih7 77 
I;"( Hvlrulnd~.'z M T .  lurad,~, . l  R & DlJl;itl  P ~tll",L'ulql'h)Id 

dt 'pladLll l~rl  ~I ,,Ill'ILl ,,ILlblh/,..'d Ivlr. 'l!~nLll zlrWffll++l p,4x 
Vl x'.,hll ,llltJ I'L'II+I d,~pvd k, ll[l,l , , l .~blhzvd lell,JLUmal 711('~HII,I 
l.,l+,'rv,,,lal t'('r,Jlillt,,, ./ +Ill (',' . , ,mr .'i',,, 7,4(+,) (I'+'+I) 
12",4 H 

I~ 'Th,,'urH,,,.,et~ (~ ~ .& M Wirmuh', l .  A I A & Bur!.~L.,nial A 
I EIT.~'vl ~I d~qhtnl,,, ,~n ',Inh'rll|l:, huJldVltHll Lllld ,,lahthl',, ~I 
It'lI,Jj:,(~ll;il 711~()rll~l tL ' l , l l l l l ( " ,  ,/ t'111 ( i ' l~ l l t /  .~0+ ~ ( I t+Q~)  
."hi h l  

J() B~,IIIZ M %1 R.  Wlnnul)'.4. A I ..~. ~Llll lanper,l#,, B 
Krl.'llV,,'l K & B~IIL,!..,la,~I .\ I A 1he ~'11,..'~1 ,d ~'~'rl~l 
t ~d~)l~lll)_.' t ) l l t  h ( ' l l l l t  ,11 ' , lLl l~lhl~ Llrld I i , l L I i i l e  h HJ)'IIIIL",,'., ~)1 '~ 
TTP ./ ~l,lh'~ .~rl 

21 I I i i , i r i~  \1 & IruJd,~ FI Fr,JClllr(' ItHJ[.,hllv,,,.,.,,llt'rlp.lh Lllld 
~,.'1~ I~('1', h,lldne,.,,, ~1 ~1111~1-~ L'Fh.I d~r~ud I~.'lr~J).h)ll;JI Zln.'~lllLl 
~l l l l l l l l lhl ~qflr~'. , Ih". h.lbrlL',lh'(J bx h~H I,,~,.,I;111~' pru,,,,in)~ 
.I ,il,il+'I ",z .  2 6  ( lU'+l l  "~1),47 '12 

2/ Thelml,, . ,ui .<; :'.; ..% '~'1 Wlmm,lh,,l. A I A & Bu~!..,!:.,rmll ..X 
,~lJII ; l l ' t '  , t l ld  !2[;1111 b tHJ l ld , l lX  ~ln,.IJ~,'.,t,~ (d d~q~¢d / l l t  ~qllLl 

Vel,.tlll,V', ',ftldlt'd I'~ ..'~EN dltd XF'S / .U,m'~ %',~ 27 (lUU.'I 
"~( )"~ 7 n(', 

..''~ Hx~;JII)! ~ & ( I , ' n  I (_ir;llll ,.,rz(' tt~rlll~d ~# lel lLl l /~rldl 
/ IrC~)l l lLl I ,dvcrv ' , la l ' ,  I I 'd l l~  Ihu '~l);l~.'t' ~ hdr)~L' t'~)ll~ L,r)l ,/ ..Jill 
(','~,zm %,+'. 7.t(I I111Ut+()I Ijf,~.~ 77 

'.4 Nh'h 1 (_, & Wad',v.~ulh I EIk'vl ,d !..'t.iit~ ",t..q' ~m 
'.,itl'~¢tFfl,i'.dt~ I,vll,,~l,,I ~,1 ~ 17 I '  . ~ , ~ q ' a  ~h ' hd /  I I . h ' ~  
24(I')U()) 7hl h 

'~"~ B, UllZ .~"1 B..'| R WlnnLIl'~,,I A I A  .Burfl!...,.ra,II .,& J. '~;IU('l. 
M ,~: (";ir l ' ,  (. L~,~,,~ h ' l r l lwra l l l lU ',UpClpI,J,,ll~. fl, m, ,fl ,,,llllLl 
,.,k~l'uhzud f('lr,J!:,(ui,JI ZlfL'()fll;J 1~,4',cr',',,I,II ', Irl tm+~ 
( i ' l d l t l h  '~ I I  I ' . 1  .' ed ( ;  Zle):ler and 14 Haml,,ncr DL'ul,,vh(' 
Krtarnt~.,~.he ( .',,cll,,chdli ~' V . K,,In. I'V+I. l_~p '..)t'9-.4 1 

Jh xLlndc( ,maal %1 A (. (_-~ .Icr MuLll. I. H H & Butp.l.,raLll. A 
.I . MiVl~,druclutv ai~d !.,ililerrnL.., kltlellu's (~#' lu!.,,hlv n.'avllxv 
ZI(-), ~' ' ( ) l  ~.elalillC', ./ I/,i/+,l .~,','t, 20(l~gHh) I,-11)7 IH 

..'7 Kah,,zm',',l,~ M S & HutJer A H AIL,)h,) l lr l l~. 'rLl~l l ,)nwllh 
/llV,~nla p ~ & ' m ' ,  ,I #m ( ,'~,~m ._%,'. 71(h)(1~9()) I'~11...I O 

JN (_Jr~l  ]_(.'XPII Vk+" F M ,  Wirililll')',,l, A ,I A Fhcuril' , ' . ,cn C; 
h .'-~ %1 ,~ ~l lrp!2ldal A I .  [ '~wd('r l'~r.er),jzLllll)ll Liiid 
t~lrll l;Jullt~n bch;J~,ltHir ~1 hil l '  1.~r;tlrlcd '~' TZP ./ , thl ; , , i  
",< I 25 (i~#+(I) 1,4,4U ",'~ 

3U Ftal)crk~ K £'hLlr;i~lell,,IJc,, ,Jnd ',tliiCrlmU_., buhavltuJr ~I 
ylrt'~lll;J ul lrLlhn¢ p,,x',dt'r,, ( ' I ' I I IHIII IJ~II/  I r a .  5(41 (1'97~)) 
1,4 H '~,4 

'~(I | IFq',.'n,., El ( ' & oh' Ih~Lu. I H , .~ludw':, t~n r,,r~.' ',~'.,l~.'m', m 
~'alalx,,I,, V The ~' n~elh~d ./ ( '+lhl/l '~lY. 4 (l(+h",l ~1'-~-2 

I I  B,tlt.'ll, [' I' h ,x t | e r .  L <5 & HalendLl. P F' The 
dL'h'rl l l ln,i l l~ql ,,, l , ) r c  ~,t~illlllt' L l l l d  ;ll(',.I di~Irlbuli~m,, lli 
p,)r()l.l', '.,Lii')',ILlmltu', I ("t)lllplll;Jll(~IV., irt)rll rlllrt)[.,..t'n I,,,+ 
Ih,..'rln,, .I Im ¢ ' / . 'm %'+. .7311~+hl)  ('71-Xt) 

~? ._N~hfvlrner. W N & hmklr l ' ,  R .  Pr,d lk '  hl l l r l ! ]  I~r 
qLI;.tlllth.llrV¢ an~JJV'.,l'., Irl [.'tt~wcJ~.'r dl~rUVll~r~ .~1+/~ t' ~,'1 

'~ Murldelson. M I .  Averap.e ~ralri ,~tz~.' tn p~flvcrv,Jalhne 
ccrarritt',,, ,I ,-h.  ( " c r m .  ,_",'.r, 52(81 ( I % U )  4,4 q-h 

~,4 B~,.mlz. M M R ,  ("hen, C S Wmnuh!q ,  A l A & 
Biirg[.,raLil'. A I . ('har;JclCrl.%lllOrl ,~1' gram bourtdarw~ m 
,,ul~urpla,;Itcallv duh~rrncd Y T'ZP veramw,, .I ..h, (A'mm 
,~'l Jt ' 

~'~ Br,,4~ R I .  ( . ,mlr ,dh:d [.,ruin 12r~)~.~,lh Irl Ft+ 'd l lh '  tm 
Ih th 'Ph l /~  .%~(ll ' lhl ' d l h ]  r('I/lllt~/O,Ltl V()J I+ t 'd F' ~y',.JilJ} 
~tLlderiiit ['re,,,,,, N Y ,  #q+'7(-p, PO l~ l  h4 

AI, (  )~ ~ui~p,.,'l,, .I ] m (  ' r~w, .S'or 551 ~)(Iq72) I,..12-(-~ 
17 (;ru;..,!:, S I & ,~ttig, K ,~ W. ,~d~lupl.m,,~mluce ~ , ' u u m l  

POIO~III  .Jlld L'dl l  At. ' ;Jdt ' l l l lU ['re,,,',,, #,md~m, ITCH2 
'~H ,.k' H~' l  I H , The~,,hapv',,~d rarqll,.l i.,,, In H . ' , ~ _ n . r m r , ' m . I  

['ll~p+'l'lll '~, I~/ [ ' l . ~ . l ~  ,~ luh ' t l t l ]~  t-'~J [)  H I-xt 'rel l  c~: ~ ,%_' 
._Nhui¢ Bulh'rv, tu lh  ~clCrilthc Puhh~ .,Im~uv,, IO",H, pp +.~H <+,4 

~t+ I t ' thuix,  ,,'~ & Ptraid, I P, Tl'll' tmpl~rlant't ' ~i .,h.lnd,.trd 
l , , ,~f lherl l l ' ,  I l l  lhc dll iJl~M',, ()] i ld ' , , ( f f lH lOl l  l!,;olh(,'rnl,~ h~r 
dcl~.'frllltllll), Ih{' p,~l~lJ'., h'xllJl~' ()1 ~.,idld', .I ( ' ld/ h th ' l / ~h ' r  

,-ll) ~lllIl;ll ~ P N.~rio'drLlVlllred Lt'FUITIIt' mt'mbrLltlt',,, [J~,,t'r 
, l l l d  l ex l l J r ( '  h ) r l l hJ I I t ) r l  [hebl, . ,  I_lr i ivt 'r , . , l lY t)l TwL'r l IL  = )(+g & 

.41 X'l~'m~'r,I I' D L ,,Lln()mrm'n. I (_i [hw,,hurL.,. [ B M 
Bm.e!.,z,J,iI A I & R~,,,., I R H Zm ,~rit;z ;i!., a ,,upp,~rt h~r 
¢~JI;ll~',l,, ~x~dltll~HI ~1' IJlL' IL'xl l lre drld 'drl lL' l l l lC ~tl 
~al{ l l l , l l l~m in ,HI .I l p I d  ( ' r l h l l .  57 (l~+U)ll) 127--.IH 

.4) B,Innl,,h'l %| I ,NllaFW ',en,.,HlXllX ,~1 IIIIIhJI ,,Inh:rlrlp 
,'qtl,tll, U,', ,/ h, (,'~,mt ,~r,, 51(l())(IOhN)'~,JX-~( 

4 ~ h'~tll]); w s ,.~ L,mlk.r I a l , , l , , l  ,.,IrllL'flrl)2 wllh,. ',,n,,lar,I 
r, lh".,~l healll)!, ./ .Ira ( r~am ",m . ~t(I))( l '+7())f¢' ,O-h'~ 

..I.4 ~,'k,,"~,llll',. I L & Barlrm, ler M I .  N~ml ' ,H l ie r lna l  
h 'd l l l lL ] l J~" ,  I tq  , , l l ld~ln!. . '  i I I I I l (JI  ,,h.ll..,q , , i n l v i i l ) ! .  ~ ,/ '(lt! 
( ,'~,m~ %,r ~(N) 11'+72) '(~+l)~ 

.4h WalIL.' I ~.~ R;J#. R '~t'llx;illt~rl enerp~. I,~r Ihv .,inh+rlltU <~l 
Ivkt) l)Ji;l.,~' ;lllJllllll;J zIrt(HII;I {'t'l:lllllt".~ ./ '-~Ill ('('I'iIIH .~(@('. 
74(N) (lU'+II I')",U h t  

.4h Riil/,!..'ruul A .I & ~' l l in i lb, , I .  A .I A . St'prc/:alltm in ~Xlt'l~.' 
.,llrlLlc~',, .,,did L'lut Ir~d',lt',, LllltJ ITIl%t~d t'lHIdllt'HH)., In 
%m lm , ' , t i t , !  \ , ' m  .%'m lm  +' ~ h, 'mu, n i . I  f ~ ~ . / , '  t I ,m'~ t,d.i, t 'd 
I N~w,,Hn,, & L (_ F)l.lh.Jr EI,.,e~lcr S~'l~'rl~.' F'uhh,,her,., 
H V ..'~lll.,h'rd,Jlll I'+HH. r'P ,4.4u 77 

.47 SJi, i l imm R F) #,'hi r IJ~/  , k tZ ( l ' ) 7h )  7'~1 h7 

.4H Palm,a,',,,, F In!:,, (_; M ,..~ Z;..'~.h,.'ll. N X RLlV ii|dllcL'd 
I('£1111 II(HI ('l)t'~'l'.~ ;11 ( '~ ' ( ) ,  , , l l r l ( I t  (.'h iJrl X [,IY ph~H~wlevlr,m 

I - l ib  ..'() 
4t+ I ;il|L,e. F F . ( ~mlr lhul l ,m,,  ,~l '.,mlermL., Jrid ,..~uJr,,cnlnL., I<) 

dt ' l l ' , lht,Jml4H1 ;I Iht 'rm,)d~rliJnllc appr,)ach In , '~dl(l lh'( '(] 
( e ~ . m . ~  I I I ,  vd S S~mu',a [I,,e~ler Apphcd Svlcnu'~: 
L,md~m and N,",~, Y,,rl,., I~V+(), pp ",7 7() 

'~(I l ) i l r ; l l t  P R~',..'I~ P IIIr;JdtL I R Pa,,.'uul (.' & MOtJle. ( ' .  
Prep;iral i~m ', ir l lerl i i l ]  Llrid pr~perl le,, ~,l Ir,J n,.,hlL'¢rll Er .,(.) k 
tJ~l)('~J l(.'ll:1)'t,tl;Jl ZlIL',m,;, ,/ h. ( r~m.  ,~.+ 72(I l)(i')X'gi 
2l)HH U I 

'~,1 VvmlnL.,,i H I Sllm:mlriL., IT1,)d('l'., kllld I1"1~.' de~,eh,rm,,+n( ,,i 
rri,,ILll)lllllV,, ./ . l l n t m  .S'+ ~ . 26 ( l ' ;U l )  ",UH",-'V', 

'~." H,IIm H L,~L,U,,..I & A~.erhael., R S Slnh'rlrq_., ~.hdra,.:ler 
I'.,llV', ,d n,Jn,,..'r,.,.,f.Hhrie TI( ) ,  ./ l l l t h ' )  A'r', . ~( t1 (l~)'+(l) 
(,tp9 1.4 

"~t AI,,ir, M i)l lX,lh' tolnr l l l lnlL'UIi t)n I;+g2 
h,4 Hernundez M f lumadu. I R & r)uran. P.Inl~Ller lu 'eol  

('v(_). c, mlerl l  t~ll Ihc elc~.'lrlval pr,q.,.'r(ic,, ,~1 Y ,(_)~ T'ZP 
(e lL l l l l l ( " ,  ~' ( ) /h l  ,~ 'hl / ( '  Imm'i, SI (1~9~)1 1.4 7 ",h 

Appendix 

A ~eneral [:rain growth eqtialt~m will be derived here 
I'or tile ca.~e o1' heattng wtlh a c~mstan[ rate fl 'The 
lerrnimfl(~g.y Lined and bamc I'ormulas are in ac. 
c~udance v~.lth Rel" ~,'~. 'T'he central assLrmplJ~m I',~r 
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Ill lhe cas~' of pore contr~ 
a s  

analysing gratn growth k~netics ~s that the growth 
rate is directly proportl~,nal to the average rate ~, of 
gr:~ln bt, undary m~gratl,,n The average rate~ can be 
written as a m,,blhtV (,AIF-fi,rce IF) product. The 
starting equallon is therel'~re equal to' 

dD 
- - -  .. i '= /IIF (AI) 
dt 

'1"he drlwng force for grain boundary nugratl~m =s 
usually taken I,, be inversely proD,r tumul  to tile 
g r a i n  s i ze  

h' 
F = -- (A2) 

D 

The varl,,US paramelers that chz~racter~ze Ihe rztle 
hmltlng step are thus included nn the mobil i ty term. 

'l-'he mlgralton ,,f the boundary cz~n be c, mtr,flled 
by (a) the b,,undary ~tself ~,r (hi the rrugratl,.,li ~,1" 
pures attached to the b,,und.'try In the case ,~1" 
b,,t.lndar v ,.'ont t ol the mobil i ty of the b,~undary (,All,) 
mtlsl be inserted ~n eqn (AI )  

~l/t,F (A t1 

)1 eqn ( A I ) m a y  be wuntten 

,,~- (A4) 

where ,AI~:, us tile i.'~,,ue m~bnlntv and N tile number ~,1" 
p~res attached t~, the b~Lindarv. 

'T'~ evaluate gr:~n guowth k~netlCS from ..~!~, and 
eqn (A4) tw,, I'urlher asstnunptions are necessary' 

(I) tile average D,re size ~s related to the average 
gralul size by r-- D, 

12) the number ill Dues  N is inversely pl~q'~ltr. 
lit)hal hi tile square ~1' grain size IN -- I /D') .  

In Table t ,~1" Ref t~ the expressions fi,i tile 
nlobihties arc given for the various D,ssible mech- 
anisms. FIom ihis table, tile ab~we ment ioned 
:lSSLinlptl,mS and eqns (A t)-1A4), it is clear that tile 
I'urce-m~,blllty pn ,duc t  carl be written as tile 
qtl,,t~ent ~1" a I'uncll,m of temperature g(I") and une 
~fl" grain size I'(D) 

g( 'T ) 
~' - (AS) 

l ( t , )  

The I'unctn¢,n g(T) can he written fur each mechan 
ISl l l  I 1.IN 

g , ( T )  = h', T ,  (A6~ 

where /3, Is tile chemical dnfi'usnun c,~efflclent Ibr 
mass transport mechanism i 'The functum I (D)can  
be written as' 

/(D) = t ) " - i  ( A 7 )  

Inserting eqn (AS) tnt~ (A I) and inlegratnng gtves: 

J'/(D)dD = j',_t,,,( F ) d t  (AN) 

Dunng healing wl lh a constant rate II temperature 
and time are coupled by' 

T= 'T'. + lit (A~) 

where 'T',~ is the starling temperature (room tempera- 
tu~e In the present measurements).  Instead ,,1" 
nntegrating tile right-hand side of tAN)in time, as in 
tile case of c~mstant temperalure, ,,ne nuw has to 
tnlegrate in temperature 

I " 1" r, • ,, .t,,,( T l d / =  . I r , ,~ -d 'F  (A I1)1 

Inserllng eqn (6) and the relalt,.,nship / ) =  
D. e x p ( -  Q/RT)unto, eqn (AI()) yields. 

( i i t 
.It'., 1--~- [I . r.. e x p ( - - ~ - T / . / T  d T ( A I I )  

The integral I'r~,m T = 1) Io 'F= 'T', of the function 
._t;,(T) in vanishlngly small and tile Integral from 
/ =  7'. t,, T =  T in eqn (Al l )  can theref,,re be 
replaced by tile integral I'r,wn T =  ()t~, T = T The 
integral in eqn (AI I)can then be s~,lved analytically, 
but tills leads t~, tile f~,llowlng inomvement  D.,Iv 
n,,mial expresslun 

,n v l /I 
= I n ( T ) -  , . - ) ~ / . , ]  (AI2) 

A = I  

T'he terms with k . I in eqn (AI2)  cannot be 
neglected I'~,r realistic values uf the activation energy 
Q (~uder-~,l'-magnltude I()" k J/tool) and tile nnvestl 
gated temperature range (up to 142tK) .  The 
solution uf integral (AI I) can, h~,wever, be well 
approxntnated by: 

The validity ¢,f this appr~,xlmatnon can eastly be 
reo~nlzed  by dlfl'erentiatl~m ,,f the right-hand side 
~fl" eqn tAI3L remembering that R/'Q,,  I. The 
valldtty has also, been checked by numerically 
nntegratlng eqn ( A l l )  and companng tile OtltC, mle 
with that o /eqn  (A 13) 

'T'he lefl-hand side uf eqn (N) remains unchanged 
wrt tile isothermal case and ITI/IN[ be integrated from 
D. to D, The final equatn~,n I,, analyse grain growth 
knnelncs durnng heatnng with a c,,nstant rate II ns 
thetet'ote equal t(,. 

D " -  I)~, - ~ exp!,, - R T /  (AI41 

where K, is a c,.,nstant, RThas  its usual meannng and 
Q ns the apparent  activation energy 


