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above I1)()% was reported for a l /-spodumene 
glass~.'eram~c matertal conta in tng some Itqutd 
phase ' H~wever, tile large 1170%) tensile strain ~fl' 
3mo1% Y:('.)~ doped tetrag,~mal z~rcorlta poly- 
crystals (.~Y TZP)obtained at 1451)"C, as reported 
by Wakai ('la/. ~ ill 1986, tS generally regarded an tile 
l-list convincing evidence for the occurrence (fl" 
superplasttctty in ceramw rn.'ltertals. Stnce then a 
cons~dt'rable am(rant of research has been perfor- 
med to ~nvesttgate the fl~w characlerist~cs ()f Y-TZP 
an a m~del malerml; bolh in tension and ~n 
c~unpress~(m 'The inost imp(~rtant results can bc 
t'(mnd ~n recent rewews 4.,, It has become clear that a 
very line grain s~ze(,._ I pro)leads I~ tile ~ccurrence 
of micrograin ~r s t ructural  stiperplasltctty at 
elevated temperatures ~n cerannc matelmls, pr(~ 
vided no excesMve dyrlarruc gr:un growth occurs. 
'T'h~s ~s sun~lar l~ the I-]~w behav~our ~)1' superplasttc 
alloys with a grain size smaller than I()pm 

T'he large tensile ductilities or this cl,,ms ~1 ceramic 
materials offer the eXt'lt~ng possiNlllV to use 
supe~plasllC I'~rmlng techniques I~ I'abrwate com- 
plex shapes w~th g,()~d dllrlensl(mal contr()l. A 
variety ~)1" superplastic I'(~rmtng techniques ~' -'~ have 
m)w been successfully applit'd t~ b(~th stngle-phase 
and cotnp()stte ceramics T'~, make superplastw 
forming ec~mornically attracttve htgh strain rates at 
preferably low temperatures are required 

The htgh temperature del'ormat~(m behav~ol~r (~1' 
celam~cs ts generally cllaractenzed ~n lerms of the 
l'~henonlen~fl~gtcal l]~w law 

IT n 

~! = ,4 ex p ( - (),," R'T')d-~, ( I ) 

where ~i is the (axial) strain rate, ,4 a numerical 
constant,  n tile applied strt'ss, n the stress exponent,  
Q tile apparent activation energy, t i the grain snze, p 
tile grain stze exponent  and R'T' has ~ts usual 
meaning 'The mechanmms (~perat~ng dunng supe~ 
plasttc flow are ~dentified by determinat ion ~fl" tile 
values I'(~r the creep parameters , ,  p arid Q l~getller 
wilh micr~structtiral ~)bservali(ms, suich as grain 
morphology and d~sh.wat~on ,substructules 

The research on Y-TZP matermls ha.',, ahnost 
exclusively been focused ~m c~mmlelcmlly available 
rnatertals (mainly supplted by 'T'os~fli (.-'(~ or Daiwhi 
N~pDm Kigenso Kagaku Kogy~ C~>.. Japan). These 
c~)nlmerctal matertals carl be s~ntered asrece~ved 
t~ (nearly)rull densttv at temperatures start~ng rrom 
141)1)' C, leading to ,'1 rn~nunum g, ra~n s~ze (fl'().~Inn. 
Only by hot pressing ~' (~r elaborale c~fllmdal pro- 
~.'eSSlllg TM carl Ihe s~rlter~ng temperature be hlwered 
to 125(~ I ~,O()"C, resulting in a decrease ()1' tile grain 
stze t~ ()'21-()'251ml 

In thts paper ~t will be shown Ihal, by using an 
ultrafine powder prepared by a wet chemical 
method, the smlertnl-.~, can be lowered to I 150' C for 

Y-TZP. In this way a reduct~m or the mean grain 
srze to 1) 21 lml by normal free sintering has been 
reahzed. 'T'he reproductbdlty of tile used synthesm 
method in such tllat Ihis result cart he obtatned ill ,'l 
r~utlne hke way with all powder batches. It has been 
Investigated whether  use of  Y T Z P  materials 
fabricated wa thin route all~)ws a I~wenng ~)1" tile 
superplast~c form~ng ternperature (defined as the 
rnin~murn temperature required for obtaining strain 
rates _. 11)-'4s - ~ under 2 ( )MPa)or  alternattvely a 
reduct~m ~1' f(~rming tunes due t~ an increase ill 
stratn rates, c~lnpared to c()mmerctally available 
matermls F'urtherm~re, ~t has been examined 
whel her the del'~rm,'lt~(m rates of these materials can 
be lurther enhanced by addtng a small amount of 
F'e,(.)~ an a s~,lld solut,m addiuve 

'T'he result.',, ul' c,~mpress~on tents perl'~rmed on 
these matermls are described here :lnd compared 
w~th earlier results (~bla~ned by Nauer & (?alry~ ~ on 
'T'~soh matermls. 'Tile grain boundary chemmtrv has 
been I'~mnd to have a slr tmg tmpact ~m the 
trlact~s~.'(~pt~.' del'ormatt~m behawour.  (3rain bound- 
aries of Y-TZP bel'(~re and arter superplastw 
c(mlpressum have been intenswely stud~ed us~rlg X 
ray ph~toelectron spectroscopy (XPS), ~mpedance 
spectn~scopy (IS), scanning Auger rntcr~scopy 
(SAM) and transmtssion electron nl~crosc~)py 
(TE.M). The rnatn resl~lts of tilts gratn boundary 
analysts, whtch are or ~mp(~rtance ~n ~rder to 
understand tile superplastic fl(~w charactermt~cs, are 
given here. 'The rull analysis w~ll be reported 
elsewhere ~ ~' 

2 E x p e r i m e n l a l  P r o c e d u r e  

N:lncwryslalllne (ctystalltte size X nm) ztrconta 
p~,wders doped with 2 6 real% Y,,O ~ were prepared 
by a gel precipttatt,,n techntqLie, ustng metal 
chh.~rldes as precurs~r chemicals. This s~-culled 
chloride method yMcls very stnter-reactive p(~wders 
with a low degree of agglomeralum Detatls o1' thts 
synthesis meth(~d can be I'qmnd elsewhere.I ~ 'T'hree 
'chh,rtde' powder hatches (codenanles Chl ~, where 
is I, 2 (,r 3) were investigated, dtffertng only in 
residual ~mpuntv content (an analysed by flameless 
AAS). 'The irnpurtty c~mtent of tilese Chl powder 
batches and or a ~mol% yllrm-stabllized 'T'osoh 
powder (codenalne 'TS'~/2 t4) ts g.lven tn Table I. A 
part ~)1" powder batch Chl'~ has been doped with 
1) 6 m~l",., F'eC)~ ,, A chemmorpt~on technique utihz- 
tng iron acetvlacet~,nate (F'eC~,,H, ~(),) wan empluyed 
Io ,,blain ,'1 h~un~lgene,.,us dmpersion of m.,n. Details 
of this procedure have been described in Ref IS. 

Green compacts  were prepared by cold isostatlc 
cornpactton in two sleps (I()()MPa, I'ollc~wed by 
400 MPa) Dd:ltometrv (Netzsch 41)2E dtlatometer) 
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w;Is LIsed l~ c'(~llTllpall'e the delll,'~lficatl~m kl/nellcs ~tl' l l le 
chlor ide pm,vders wl lh  lhllse suppl ied by T'~lsoh. 
Chh.ll ide samples I(ir c l tmpressl l ln lests all received a 
final sinleril l ig i le : i lmeni  in,' i lr al I 15() C I'~r 12 -I.~ Ill 
(heal i i ig and eolilinL., rule 12()C,,'h). fo l lowed bv 
inaelliirin~,. Specilnenls o1' Ch l l  arid Ch l .  ~ were I-}rsl 
presinlelled al I I I i I ) 'C I'ol 12 Ill. 

Ullll iaxial c'~.npre,~,~lonl I~ok place Irr air  at 
I l l i l ) - I l l i l l  C ii/nder slllessen In t i le ranL.,e 16 
12() M P a  'TcM~, were le rmlna led al l r i le .~irairl~; i l l  
l i~  1(~ av(~id l i l l i i  I.IllllaXlal ~;Iresse.~ and I 'r icil.m 
c'¢~iidlll~ll~;. A,%lal dlsplac~'lrllellihs were nleasulled 
inllerllllallv durinb., Ihe le~l~ Specimen leirllperalure.~ 
welle llrl l l l l l l l i l led bY a t t lerm,w,~uple h~caled i11 lille 
imlTledlale ',,iC'lliilv o1' lille defiirmlll i.~ ~;pec'lnielll~ 
S;/l~phlllle dikk~ were tl~ed hi  av i l ld  direcl  conlac l  
belweellr npecilltlen arid SIr." [_~lsltilll ~, (J imslant  ~lres.~ 
exPellnllelll ls were pel'r, lrmed l in llet.'lalll.l~ular 
(7 , '7 , 21 mii l l  speclineris using arll Inslr~m lestlnlg 
lliacJlllnle Speclllirenl~ were healed al I()lXt'C..h. i'~1 
I~wed by heatl!nl~, al I.~()() (~,'li i~ the de.~iled ellld 
iernlJeraluie I.J~,lll12 such hi,,Jr hleulllllll:, r;.lleS prevents 
mlcr~slrLiClt l l lal c'tl~ln[_,e~ llonlr c~ccLirrinl7 dtl i l inQ 
healllll7 Add l l l ona i c~ lns l a i l l  h ladexpe l l l l r le i r l~were  
l~erlilllnlled oill c~,lllidrical ~;alriplek (hel~i l  I t lirlllr, dlanr 
elell .~ mill)i i~inl~.' alll Eialec hydraul ic '  Clllrllpit.'~;l~tn 
i}lllt'hlllle Th is  nlllachllne is L'tiHlllecled i l l  ;.I Etlr~flheHrll 
F'I(.'S I I  o m i r o l l e r  al id ;.I l.'i)llTii~tllel equll3ped wl l l l  
Ihe E"lll(llhlernll sll l ' l~.are P:lekage ESP (~er~;lilllll t 22) 
III U il la,,i ler-Niave ¢lllllflLZur;.lllim A cascade c'( i l i l r t l i  
,,v,,leln I lna,der hlad. slave, hydrauhc  prek.~ure) 
enable~ lille perlormarlc 'e i~l' c~lllslatnl h)ad e.%perl 
illelllls T'he re~p~)nse ~fl' the h~,draullc nyslem ~,as hal  
k]()~.~ hi [~erl'(trlllr c'(llllSl;Jllit ,~lre,~s e,%perlllllelllls Spec'l- 
nlens c(.tllpres,,ed iii Ihe Elaiec liiachilllle were heated 
al 1 2()()' C Ill h~ lhe desired end le lnpera lure At  tire 
end ~)1' all c~mrpressl~m le.sls lhe h~ad wa,~ q i i lck ly  
rellill~wed allid suinl'_~les were cooled di~wn ill.'ilurallv. 

(-'~lnipre,~si(m of  m;i ler ials Ch l l ,  Chll2 allld T'S ~..,'2 
~.,'is l~erl'~lrllied withl the Illisllltln machine, whi le Ihe 
pure arrd Ironl d(q.~ect C h i t  inaier ial  w:is llnlalnlv 
clln17ressed irl the Elaiec llriat'l i l i le Clll lrl lparable 
le~,l.llls v,.,elle t~blalrled w l lh  b~lltl illlachllllleS dul l l l lg 

I 
creep lesls perl'cul lined ~llll Ihe Chl  t nralel lal, inldical 
i l tg lhal  idenl lC: i l  les l lng c(indl l lOii .~ Liquid be 
in iposed w i th  bcllh llnachlnes T'he nl~lSl i r np i l l l a i i l  
ctla raclerlslic.~ ~fl'salrrples used I'or conlpre~,Mllin lesls 
are L21veH lilt 'Table 2 

Tire load arid dlsplaeellnell~l readings were conver  
ted illlhl true ,qress and strain rate data.  Stress 
exp~lllellrls were deduced I'r~mll slrain rales urrder 
vari~t ls slresse~ using eqlll ( I )  or  I 'nmi irrdlvidu:il  
41res4 lUllirp4 tlSlrll~2 

. = log IL!i,,,"l!.i,,,'ln i,,,n:)l ( 2 )  

where t_: is the sill'allll rale al I]OW stre,~s n= and if: I.~ tire 
Mralir  llale ~11 I iow sire~.~ n,.  The val/le~ f roth bl) lh 
techlli ique,, were illll ~l l~.t agreemeir l  w l lh  each l l lher 
A ~irl~..,le specllrllenl was ~fl'len used I'(ir .~traltn rule 
delermiillali()n,~ ullllder se~,eral illic'rea,~ing t](~w 
,,lles,~es 

Densi t ies welle nleasulled by lhe Arch imedes  
technique (iri HI.:i. Grai i r  sizes (d) were delerinil l ied 
by the lineal intercept lechrrlque I'rllrn SEM (Hi lach l  
Sl'l()()) rnicr~t.,raphs (fl' Dfl lnhed, thermal ly  eMled  
euis u,~ill~ d = 1 %  L, ~ l ie re  L, is lhe average lineal 
inlercepl 

Detai ls ill lille expelllme!nltal pr (wedt i ie  Io charac- 
lerize 17rain bl luirdarles o1' lhe Chl  lln.'ilerials li.sirllg 
XPS.. S A M ,  IS and 'T'EM are .~ivelnl in Rel. 12. 

3 Re,~ulls 

3.1 I.Jndoped Y - ' [ ' Z P  
? I I Smh'rm,~.~ ~mellc',~ 

Time relallVe ,,,hrlllkage dur ing  heallr lg at 12() 'C/h I~ 
145i) C, a,s llne;i,~ured by dilaicurrelry, ltl' a Chl  
I/L. .... , = ,4'~"',)and a 'T'S.~ (llll...r,en = ~2'!.',,)~.'l~inpa~.'t i.'ail 
be ,~een illi Fi~ I, A slgnlfieanlt di f ference in 

I~11',  

,H  , ,  . , = , - , , , ~ r . , , ~ n . a , ~ = ~  = I l l  

J l~ , ' , t ~ r l  l i  r~ l i l l l  

'_I %~ i t  T'.,.t 
I i  I l l  I!1 II 

t ' l  q. I'll iiizl i 
l i I l l  il i 

- l i L h l  ~ 

- I  I J I t  [ 

I( i I1 II II I li1¢ II ) 

Tl-' lTil: i l-:. ' l  , - thJ I  t-, I"l" I 

F'ig. I. Rcl,illVe ,.,hrlllka~l. = a~, ;J IllrlC'lllln of lenlperalurl.' dunrl~. 
healing al 120 (.',,'h ill a Chl (p,,,.,. = "lkl',l) ;.Ind 'TS~ 

(p,.,,,,. = "12"'.) L'l~mpa~'l 
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stnterabthty is fotmd: whereas the 'T'S.3 sample only 
starts denstrytng above t;50"C, the Chl spectmen 
denstfies already starling from 5()11"C. The max- 
Hr~um shrinkage rate equals ~ , 1()-4s-t  I'~r both 
spectmens (equivalent to a densihcutt(m rate ~l' 
5.4'!,,/'mir~) and ts s~tuuted at I 15(1"(.' and 12 ~()' C ror 
the Chl and the T'S3 specm~en, respecttvelv. F'tnal 
denstttes eqiial 97-t;8'!,, i'~u both matertals after thts 
stnterinL2 schedule. 'The denstficutum ~fl' all three 
invesllg:lted Chl rrlutetlals was similur. 

The Chl specimen reached ~6-9N% ~1' the 
the~retlC,'ll derlstly (6.()hg/cm~) aller ts(flherr'nal 
slnlertng at 115()'C dur ing I()h (heating rate 
12()'C..'hl By c~mlrast, 'TS3 sumples ~mly reached 
'7~,'. alter the ~alne heat Irealmenl 

I l l  

I. 

I i i  

,ii 

q 

, , , , i , , , , i , , , , i i , i , 

I h ( II I h I ' i( I ? I It I ? /'1~ ) 
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Fig. 3. Tempera tu re  deperldence ol ,,dram rate.',, ul'|der 20 MP;.~ 
,,I ( 0 ) ( . ' h l l  and ( ( - ) )Ch l2  (p jum ,,tze II 2,am) and II-I) 'T'S'L,2 
([.q alrl ,d z~.' 1),4 Iml)  S l ram late. ~,, ,d' Ihe (.-'hi rnalenals are al st ratrl,~ 

'_ l i l l~ ,  whi le  Iho!,e ~,1' '1 S'U2 are sleadv Male ~,alues. TM 

3 I ? Cm,prc.~'.wm~ I('.~'ls 
Struts rates ure sl'u~wn :ts a I'uncti~m ot'true slrain in 
F'tg 2 I'(~r all three tnve,qt~uted C'hl tnulertals during 
c~m~presslOn at 12~,() - I t()()'C' under a constar|l stress 
of 2()MPu (with slress lumps 2 ( ) ~ I 6 M P a  and 
2( )~24 MPu h~ determine Ihe stress exDment, the 
~esttll ~1 which ,.,,,ill be mel~tl~med laler) 'T'he rn~sl 
irnp(~rlunt obselVUll~m ~1' Fig. 2 is tlu.lt n~ sleady 
s t a l e  IS (~bserved, Stl lCe t h e  s l t U l n  rule ts decreasing 
cunttnu~wsly I'~r all lhlee mulertals. A similar 
behavu~ur has been ~b,~erved at III)() and 12()()C 
under t'~mslanl stresses uf 2()-41)MPu. Dur ing 
c~unpressi,)n at 12()I)'C under higher stresses (~1), 
12() MPa) the  .',,truttl rule tertlutns essent~allv const 
ant. T'hts apparent work hardentng cann()l be 
exr~h.tlned on the basis ,fl' grain growth (see Secti(m 
'~ I '~), hut ts relaled tuchunges trl the .~tatn b(mr|darv 
chemistry as will be discussed in Set'ls~m 4.4 

In the teinaintng purl ~l ' lhis sectt~m allenti~m will 
be I'(~t'iised ~)r| Ihe flow bella~,t,mr ~1" tnuL~tials Chl l  
and Chl2 and tt will be c(m~pared t(> that ~1" the 
c~m]merctal malerlal 'TS3..2 

Initial ',;train rates (at strains ._ tH)~,)ol Chl l  and 
Chl2 urlder "~() M Pa are sh()w'n ii1 Fig. 3 an a i'uncti,m 
~1' nnverse lemperatLite Steady-state slralrl tales or 
material T'S.'L,"2 are .'~ls~ inserted tn this hgure At 
13(11) C the (-'hi malerlals del'~rnl tnllt:ll ly at strain 

d l  

I~1 - . 

ITIII T 1 i l l ,  . . . .  " T  

i r ) ~  , , , , 
I l l l ( I  I I  I I )  ~1,.11) I )  I l l  ( I d l l  I I ¢ l i l  

I"il~. 2. Stra in rail's, a,~ a lurlt.'ll~m o1' let.it' ,,,Irain at I '~(X)C (IZI, 
L'hll,  ~ ,  Chl l) and 12~1)' C I~ 2,), Chl2) dur lnf  cornpresst .n under 
a emls lan l  ',,Ires.'., ~l' 211 MP.'t ( t r t le r rup led hv sires,,; jump.'., 21)~ It~ 

and 21)~ 2,..1 MPa h) de le rmtne Iht.. '.,Ire!,'., exponen l )  

rates ',() l imes I'.'tster than ubserved I'ur the T'S~/'2 
material 'T'he apparent at.'tlvatlon energies at 
20 M Pa as determined I'r~)m the slope or these curves 
equal 5X() _+ 2(L I 1.14 s~e~ _+ I~ and 541) _+ 42k J/tool 
I'~u TS3/2, (Zhll .'lnd Chl2, re,spectlvely. The tempera- 
lure dependence ~1" the del'ormutsorl rule t~ thus 
similar Fur all three rnaterwl.s 

F't~ure 4 illustrates the w.trtatt~m ~fl'slratn ~ate with 
stress observed durtnL.,, ~.'Ol11pressttm under stresses 
ir|t.'reuslng I'r~rn 20 t() 12(I MPa ut 12(.)()' C ~)l'a C'hll 
and Chl2 specimen. Slightly higher struts ruLes are 
~t~served I'~u mulertul Chl2, which has a ht/:.,,her 
tmpttri lv conlenl lhun C't~I I (see TuNe I). A sire,,,,,.;,,., of 
",t)-b() MPa ss required t~ uhtu~n strain rates lurl...,.er 
than 1()-4s -~ al this temperature The sltess 
expunent cah:ulated I'rum the slope (~1" these curves 
eqlmls 22-2 + I'(~r b~th mutetmls Sudden sirens 
lumps l.~etl'~rmed at I IOtI'C (2()--,4()MPa, Hot 

.,1 .), shrews) and 13()() C ( I f~-.()-..4 MPu, see Fig. 2) yield 
identtcal values (2 I-2 2) I'~u Ihe sires.'., exp(ment. 

? /. ? ~ l l r ' l ' o .S l r l l¢ l l l l ' ( l /  o t ) .wr l  tlllOll.S" 
Exunllnatl(m of the mlcr~structure hy SEM al'ter 
del'orlnatl~m reveals that the grains renluin equluxed 
at lrue strains ~1" ()'.~() at all inve.stigated tempera- 
Itires T'hls ~bservatl~m already shrews Ihat grain 
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Fig. 4. Slre,,'~ dependence ~1 Ihe h i ram rate ~1 a ( O )  (. ' f i l l  and 
( O )  Chl2 specimen :el 12(X)"(." du r i ng  compres! ,um under 
mcrea,, tng ,,tre!e,e,~ q~l' 21)-121)MPa Stratr i  ral.e.~ ~h,.,erved 
tmrnedta le ly  after c~ ,np l t ' lmn  o l a  sires.,., l ump  have been used 

here 
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h,,umldary sliding ~s the dominan t  flow ni,ectlanlsm, le. 
AIIil~ugh ttle final defi~rmation temlwi,alure w:m 
always s~tualed ab, we the sinlermng Ielnperature 
I I I S() C). tile grain size remained qtute stable even at 
the h, vghest del'()runatiorl tenlperature (I ~()(1 C') F~)I, 
II,i,slai,i,¢e, under 2( )MPa at I ~()()'C (Ch, l l ,  X()rllln, 
~: = () ~)Ihe b.,,raln size increased I v~i,ri the ii,1111al value 
~1 () 21 pi,Ti, I()()'2~ I/Ill, ai,i,d at I .'h() ( ( C h l 2 .  th() mill, 
1: = l i b ) I t  Jmwreased I,~ ()'24pnn N~ signlmfiearll 
dmlt'erence has beei,ii i'otmfld helween, sarnples thai were 
C~lnpressed and lh~se whwh  were ',tlhle¢led h~ Ihe 
!,~lnle heal Irealmei,1l ~llhuLml being C~mlpressed 

Al'lei, Ihe I'(~r!.,irlg l leati,nerll aim Cll l  samt~l'fles 
shuwed ami, Increase Imi, dei,i,smlv Io L)H-tP-) <,",, Samples  
whn,.'h wele stmblected t,) tile same Ileal trearln, ei,ll hull 
II~)l ¢~)i,li,plessed, .,,h~)wed nl~ or eel v ] l i l le ii,l~.'i,eas(.' 111 
den, stir Resultlal D~rosiIv can, thus he relmwed lw 
the I'~rniIUlll ~fl~e~aIi~m iIseII' 

?. I 4 U~ (/in /~Olllld(ll'l' ¢'/Hlrt/¢'l~'l I-dl lOII  

(Sramliº b(~,Ui,ld;llJeS ii1 llle C'Illl and ( 'h i2  1,11utermals 
hel'~ue and al'ler Omll'Ue',sm~m wele ehai,aetermzed hv 
'TEM. X P S . S A M  and IS. Al'ler slnlerlnb., al I I~() (.'a 
thin (9 I()/~) £(mllmi,imous laves ~1 ai,1 am{~rph()us 
ph, a,,e %.%"I.IS ~d~sem~.ed h~ TE, M ahull]  the grain 
h(~tli,ldai,'le% X P S  aii,d ~ A M  iTi,e;isUlel l i ,en[s sh(~wed 

Ihal IhJs phase ~tlS hlk, hlv enriched ill ?[[i, i i i l l l  
,_%lmmcorl wa~, deleclcd b',/ X PS arid lhw hmli,dlng eller)]y 
indic ' l ied thai II V, Ll~, pte,~enl a,, a sil icate AIIll~Ul..,,h 
l'~()~.~ler I~aLch, (.'hi2 o m l a i n s  th, lee l imes as 1,11uch 
SllI~'~li, ;In ba h.'h, CIIll ~.'~)lll[')Llllll~le SIII¢OI1 cur l~I 'er l l l i l  

light,,., were.' ~)hM.'rved i l l  Ihe  ):.,ralll t')oLili,darl~'S 

Dele( . ' led slllk'~)rl k '~) l lk 'er l l lal l (~l lS Vkele q t l l [ e  h ~  
i~ l  Z r  lall~V., It'ss l l l [ l l i ,  ().()~l) ( . ) iher  nlali,1 i i11purll le,., 

derecled ~,ele AI ~' aiid F Alter ~.'~i,11pres,.,vve 
c le lo l i , l i , t l l lO l l  '..,(~Fn, e L2i,alll h~)l.lrldarle_~ wk're l l() hmg~'r 
c ~ e r e d  by Ihe al l i , ()rph()Ll~ phase I.IS ( )hsel 'ved h%l 
FEM Whwh, I'Itl~.'[l()ll ()l' lhe  !~rt l l l l  I l~H. i i ld l i r les is 

'~.'lL'ali,' II/l'~ II,(fl been de le r l n l l i , ed  X P S  )2a'v'e dlrcCl 
I'U(~)l aui,d ms I l l d l l e k ' l  pl,~()l Ill:It Ill(.' ;l~er;l~.,,e 
can, t e n  I i Llll()nl~ ()1 i n l p u i  i11~ '~, ;.i ii,(t VI [i lUli,i i l l  the grail,1 

h()tmmi,d~mrle'~ d e c r e a s e d  ; I f le l  c(_)ln, presslv~.' de l ' u r l n  

all(Hi,. Ti l ls dek'neLise be~.alne stl ~)nlgei, wmrh II,lere;JSIli,12 
", I I, e , ~ s  

3.2 ('onnpression of F'ezO,-doped Y-'TZP 
~II,;lli'i, I iJ leS :IS a I tunctV~Ul ~fl' ul~plled stress 
(2() I()()MPa), as evaluated Iroi,n ~.'oi,ISlarll h.)ad 
experlnnenls, ~re sll~wVn ~n Fig...~ al 12()()and I t()() '( '  
I~. the und~ped C h i t  rtlatei,nal avvld al 12()()t~' I'~r 
( )6n l~f l " ,  Fe(_) I ., d~ped t_'hl.t An ei,Illaneement Ill 
'drain r;Jle hv a I'ach~r ~)1' 4-t~ c lmipared I,, tile 
um]dl)ped material  IS ohserved at 12()11"(.' uporl 
addlL)~m,~l'lr,~ll At 2() MPa slnaii,l rates ,~l' l() " s -  
;ine ,~hselved I'(~r [tllS Inalerlal, while I ( ) - ~ s - I  is 
~e:Jchwd Ui,lder 7() M Pa 

The stress exp,)rlei,1l ¢.'lk'ul:lted I'r~ml the shine ,,r 
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Fig. ~ SIr¢!~,, de[.~endence ,fl Ihe ,dram r:ilC~fl the IJnd,,ped Chlq  
maletual  ~11 12(H) (. ( n )  and  I ~,(X) ( ' ( O )  arid I'nr F'~.'(_) a ,, d ~ p a n l  
I¢'~'1 ~1 ()t~nmd",, dl 12111) (.' 1,_)) iindel ¢on,,fatH h~ad ,.%lrlJnri 
iklh"~ q~b,,,crveFI ttrllnCdu~JlcJy ,JJh'r Vq)lllpJ¢ll;)n ~)l iJ ,,Ire,,,, lump 

h,~vc I-wen u,.'d he'll' 

ltle Culves irl Fib,.. h equals 1"7-I N fur und~ped Cll l  ~; 
and 2 2 lot,' Ihe ir~m d~q.~ed (.'Ilia nlaler lal  Tile stress 
eXDulen]l calct.ll,'lled i'ii~!m Ille indlvndual stress 
lUi,iºlpS :11 121)(I-I q)() C (2() I()(1MPa. F'I~ 5 ai,id 16- 
2,4MPa, F'II~. 2l of  und~ped CtiºII equaN 2'2-2 q 
The sl~ess del~endei,lC¢ ~)1' file slralrl rate thus remains 
ui,i,chmn.~ed hv rhe addvll~m or ir~m 

4 Discussion 

4.1 Del i ) rm. l ion  m . p  
Re~'entlv, N~nLuer ~ (.'arrv ~'4 pr~D~sed a b.,,ravn size 
ver,,,us ,,,Ire:,,,,, del'l~rnlaliqm u'nap It~r 2Y TZP (hatch 
TS2)a l  I ~",()C Thmdel'~rmatn~m map nsc~msidered 
~,alld I¢~1 Y TZ, P nla le l la ls  wi th a relatvvely high 
I l l lpt l r l lV ~.'l~lllelll ( '  'q)l)ppm), Itle del'(~rlnall~rl 
bellavn~)ur ~1 plnner mater ia ls  being marked ly  
dlfleleliºl I ~ (.'~Ulslderiviºg Ihe impur i t y  ¢~)lllelllS o f  lhe 
Chl  itlalen I:lls (Tahle I) lhe del'~rullatn(m nlap ,should 
also apply li~l Illese l l l [ l lerlals The ¢~a~.'l poSlll~)ns ol 
ltle h~tlllda~leS helwcerl the var ious defi~rmali~)n 
ino.'ll~lnlsln,, tlo~Veveu, depend on tile I,lalLire :lnd 
;.li,ll~tiii,I ~1' residual impurl l leS, as wil l  be discussed 
lalev. T'he def t , l l la t l~m map has beef,1 recaleulaled 
I~u I 2()() C ilrld In sh,(~Wli, Irl FIt'. (~ The values o l  Ille 
creepp;irai,Tiºelers anl.,t~,ei,i,ii,i Rel  14, areti,lSerled Jn 

I , . . ' l l l l~ P, r ' J l [ h l ' , l l i q l  

I I =  I I . ' t = ~ b C l = ~ : d : ~ l  I, i i l / r ' r , d  

q.~l ,J  I1"1 bq iqjI I d d l  ')' i~ l  f h I' ,11 ii I 

I - I= I i I J =  _ ' l i l ~ l =n 'H  ff I II I / ITla Pl 

I I " l h . i ' l l , . ' l ~ i (  - '  i i - , d q  I h i q l  

l i : . _ P i r  ~ :  I q ..):A'd-~g I )'ql I / I T ,  d 

in i~qd. J i ~  I(-~'q '1 i a l  uJ¢e 

I q l  I~ lq~ In lC It I 

' i ,l.i, ,,, le, IF',Jl 

Fig. b. I.)elc~rrn,'.llu, m map ;.i,, pr~q~,wcl by NLIIJk'r ~ (.'arry ~' arid 
rc~.~JiCUi,.lled here h~r 12IX) 1' 



1()8 M. M. R Bin+t: et al 

tile d~fferent fields. It can be seen that the experi- 
mental condlt~ons (20- 120 MPa at 0.2/.+m) of tile 
tests performed wtl l l  the Chl malerlals are stlualed ill 
t]le interl'ace reaction COllttolled field Indeed, Ihe 
creep paralrleter vulues delermlned here ( n = 2 ,  
Q = 54()-~9b kJ/'rllol)are in g,(,(,d agreement with tile 
creep pararneters ,,1' Nauer & Carry I'(,r ~nterl'ace 
re.'|CllOn conlr(,I This suggests thai creep (,1' the Chl 
nlalertals is interface reaclt(,rl contr,,lied tinder Ihe 
ii1ves[iga[ed experlrltental corldillons A dlscLiSSl,')n 
ol' l l le character of  the interface reaction will be given 
Ill Seetl,,n 4 "~. 

T'tle validity ~,1" the del'~,rlnatl~m map is supported 
by tile results of varl,~tlS ~ther researchers Wakal & 
Nag oru, TM observed a transition from dltt'tlSl~,n 
control  to interface rea~.'ti,,n control  at I4~,lr C and 
stresses beh~w .",()MPa, when tile grain stze was 
lowered from 1'4 tu l).55pm. Hwang & C'her~'" 
pell'~,rmed compression tests al 11()()-125()'C tn 
tile stress range .",()-X()()MPa ,m a 2Y-'TZP material 
with a L..,raitl size equal t,, <)21 l+m. At 117 ~, C they 
deternllned tile stless exponent t~, be equal to l.b Ill 
the stress range 15(I-7()¢)MPa and the grutn size 
exp~,nent In = I ( ) ( IMPa) was 27 'T'Ills cleal lv 
indicates gl ain b,,urlda rv dilTusl~m conlr,,I, al l l lough 
part ~,1' their stress range is situated in tile irltell'ace 
reacmm field in the def iwnlat lon trlar~ sh~,wn in Fig 
b. Atrlana et al. '" ohserved a transltl~+n Ir~,llrl 
interl'.'tce re.',ct~m t,~ grain boundary dlll'usl~,n 
COtltrtd abe,re I ( )MPa at I~,()(rc III a "~yITZp 
material (d = <)'h(.)im~). This value ,,1' the trallSttt,m 
stress ts slu?.hlly h,wer than Ihe one predicted hv the 
deft., mati,ul map. It is I'tlV thermore w,,r lh merltl,m- 
int~ that  a t r a l l s l l i on  froIT1 grain b,,ulldaly diffusion 
t~, lattice diffusion c~mtr,,I has recently heen 
~,bserved:" fi,r 12C'e 'T'ZP at 12~()"(2 ~1 tile gralll size 
becomes h.llger than 21tm. ~tl t:o,,d at,.reement with 
Ihe del~,rr'nall~m nlap. 

Inlerlace re;.icliorl ~.'~,ntt,,lled and grain b~,tlndary 
dlfl'usior~ conlr~flled grain b~,undarv sliding are 
acting, in ser~es and tile ~bserved stralrl rate ~i can be 

21 written as: 

I.."+! = l//,l!i, "1- l.."+!,~.,,j ('~) 

where +:,, and Iil.,i,,:l are the strattl rate I'~,r respecltvely 
ltle irlterface reaction corltrol led and the grain 
b~,undary diffusion c~mtr~,lled rnecllantsm, The 
sh,wesl process deternunes the del'~,rmatl~,ll rule It 
ha,., been sh,,wn from experlmelits tt'mt strain 
rates tfl' Y TZP are much m~re sensitive tt~ the 
impur i ty  ct,ll lelit in tile interface reactl~,n contr~dled 
than in the grain boundary dtffUSlOn control led 
field ~ 7 (tile reasons for this phenolrlenon are not yet 
clear) Higher strain rules are observed for rm,re 
Impure materials T'he trurlSltlOn I'r~,m interface 
reaction to gratn boundary dtfl'USlOn control  ~s 
therefore influenced by the residual impur i ty c~mtellt 

alld this transltton will uccur at lower stresses for 
more impure materials 'The nature and amount of 
tlnpurtttes will thus not influence the general forrn of 
tile del'ornlatton nlap ,,1' ' impure' Y-'TZP proposed 
by Nauer & Carry. but will illtluence the exact 
D,Sltt~ms of the boundaries between the dlfl'erenl 
fields. 

4.2 Strain rate enhancement of (.'hi in comparison 
with 'TS3 materials 
'The grain size exponent p equals I for the 'T'S~,./2 
nlaterml in the ln ler f :wereac l toncontn, I  field ~4.17 If 
tile strain rates of the 'T',,soh material are recal- 
culated (u,;tng eqn (I) with p = I ) f o r  the same grmn 
size (()'2 Inn) as tile (.-'Ill mnlertal, an tncrease m tntttal 
strain rate by a I'ach,r '~, is still I'(,und i'~,r the chloride 
(C'hll, Ctll2) rnatermls c~,n'~p.'tred to tile 'TS3/2 
material. It sti,,uld be noted ttlal strain rates ~fl'a 
secured 'T'os, fll material (TS'UI II) with a higher 
AI,(.)~ tmpurl ty content were faster by a factor o1'5 
c~,mpared t,~ tile TS3//2 materml for all tdentlcal 
grain size. C'learly. tile grain Slz.e is nol the only i'acl,~r 
responsthle I'~,r tile ,~bserved differences In stratn 
rates 'This difference can arise from tile dtfl'erent 
alnoUlIlS ol inlpurtttes Ill the S[:Ir l l l lg p,,wders (see 
Table I) as well as l'r,,in the dtlTerence In mntertng 
tenlperature of the investigated materials. It ts 
believed tllal tn materials slnlered at lift() C (as is 
the case I',,r the Chl materials) Ille segregation t,l' 
impurit ies t~, the grain bL~undarles is nluch stronger 
ttlarL Ill materials slnlered at illgher temperatures 
(14()1)-14.",() (..-',as ts the case for the 'T,~sL,h materials) 
Eviderwe for this Ilypt,thesls can be found tn the 
wL,rk ~d' Badwal & Hughes,"" who used XPS and IS 
h, ctlaractet ize the gralrl botlndal y network in cubic 
Z rOe-Y  .(_)~ and L,bserved that an il 'npurlty silicate 
phase, welling, tile grain b, , indar les at law tempera 
lures, starts to dewet and migrate h, the external 
surl'uce between 1350 arid 1,45t)"C Furtherln~re, 
(.'hen ,'l a / '~  found by IS that tile grain boundary 
resistivity per urlit surface area tfl" lhe gratn 
boundaries ( R,,,r ,1 ,>I" the Cll l  ln:ttet tals Ileal treated at 
temper:itures ahow' I 15()"C decreases eonl lnuously 
wlth lenlperature, Ir ldwalI l lg a decrease of the 
inlpurtty c~mcentratt~ms at the gratn boundaries. 

4.3 Character of the interl'ace reaction, 
pressure-solution creep 
It has beerl shown for the (.-'hi matertals as well as fur 
the 'T'S~,,/2 maternal 14 that deformat ion is nnterface 
reaction control led tn the low stress regnme (the 
width t, l 'whlch depending on grain SlZ.e, temperature 
and impuri ty Cotltelit), characterized by a stress 
exDmerlt  equal to 2. 'The grain stz.e exponent equals 
I in Ihts regime '"t 7 A stmtlar rl'/'d dependence of 
the slralrl rate has also b~'en ~,bserved by (.."annorl el 
,H. TM fur alumina 'T'he character of  Ihe mterface 
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reactIon and the role or the glassy intergranLilar film 
during creep will m~w be discussed in ~realer detail 

An am~rph(~us phase is present at the grain 
b~undarles as a cont inuous film tiavlng a thickness 
lens than I nm (~r I ~-2 nm in the Chl and lhe T'S~:"' 
materials, respectively T'hls film is presumably 
IJquld.lrke at the temperature ~d'del'~rrnall~m and is 
able I~ supp~lt  moderate ,n~rmal slresses :" It has 
been reported Ir,i Ihe I i lera[ule Ihal Ihe addlll~,m ~)1' tip 
h~ ~ wl "  ,, ~)1' sllJcale i?lasses" 7 .,~ ~)l dllt'etenl aIT,IULIIIIS 
of A I,O ; ()r ,~1(_) , I U p tl) 1% W I I+ ,~ (H' each)" '+ . en ha I,iced 
lhe slrain rales, bLIL did II~H vharl~e lhe slress 
exP~)ller,II, which remaIned eqLlaI Io 2 Ill the oiled 
IIlVeSligaLl~H,iN all am,~rr~tlouS phase was present as a 
lhln I 2nm hln,I al Ihe grain boundartes and Ihe 
excess amorphous phase was h~caled al lunple p,~inls 
In the presenl atllll,~rs' exPerimel,Its wlfh Ihe Chl 1 
malerl,'ll it has als(~ beer,i (~b~erved thai addlll~m ~1' 
Fe,(.)~ enhanced Ihe slralll late Wlth~)tll changll,iL: 
Ihe stress exD)nenl. T'he ellecl ~fl' F'e:(_)~ addtll~ms 
~m slr l ler lngand creeP~l Y TZP Isdlscussed In m(~re 
delall elsewhere I'' 

T'he Itqutd like film p~eselll tn v]rluallv all 'TZPs 
II,ilghll LIIII~W creep h_~ ()tour vta a S(!,ILI(I()I1 - 
ptecipIlall(m mecllatliMll Peritlarlenl 'dlalll w,~tlld 
be IU~wlded b~, s~,~,ltchin~g ~fl i~elghb(mtlng grain,,, 
durln~ [.ualn I',,indar~, sliding, while h,c;~l sl~alllS 
dl.lrlll~2 Ihe s,,~,lh.'llln~ everll are LIC~.'()lll~dLIled 
hv a dlss()lull~)n-(llfrtlsl~m-l~reclpllall(m princess ill 
Ihe gralr,i b~l l t ldat les T'he(~rellcal m~)dels I~l 
,~()Iull(m-plecipltall~)ll creep (als() rererred h~ as 
'pres.,.,,llre S~ILItI(HI ereep' In earth SL'lel,iC'e literature) 
have been deveh~ped by several atnlh(~rs u,-,, 
DI~I"IJSHH1 Illu~mlah Ihe liquid phase ~u diss, dtili~in- 
i~ll~,~,fh (~I ihe L'rvsl;.tl. I e IrlleFlac~.' feacll~HiS. 
can be rale lllllllII,i~ T'~ devehq~ Infidels I',~r tile 
illlel la~.'~. • leLic[H)n c~Ulllolled case, iI hills heell 
,JssInlned thai dlss(duli~m or [~r~wlh ~fl'a cuvslal III all 
under.sl ipersaturated s~flUll,m IN anah~p~u.ls h~ the 
inlerl'ace ~eaCll~Uls ~CCLIIIIII~] dLIrlll~2 ~,~luli~tl 
l~recIpllall~m cr~'ep ~'~ 'IlI~ Ihe besl (~l' Ihe alllh~u's' 
kn~wled~e ;Ill im)dels deveh)ped s~ I'a~ have 
assurned Ihal I ] . r~ lh  or ~tlss~dtlLl(m IS linearly 
r~t~p~l II~u,I;l] h~ llle drlvl l lg I()IL'L' I-)LII 1Ill2 
,;(~ll.tllorI-Ptectl~tlall~m cleeP lhls dr lvtn~ I~tce 
c~mles, in ;.I i-it'sl aPl.'q(u~llllall~HI, I'rorrl the gradlell l  II,I 
lhe n~llT,Ial l racl l~l ls aloll~ al,I Illlell'ac~.'. T'he 
L..,radlet,II equals 2n~ d, ~'~ where ~) Is Ihe In~decular 
v(flume arId Ihe ~dher symbols have lhe]r ptevl~-Isl~,, 
defined inealll l lg M(~dels aSSUlllll,ig linear crvslal 
gr(~wlh as Ille interl'ace reacll~m Ihlenel'oie all lead t(~ 
;I sfres~ exp(menf equal I~ I I'~l the inlerrace leaCll~Hi 
c~mtn~dh:'d case 

However, av,'lll,'tble crystal growlh lheorles sll()W 
thai cnyslal growlh rates are ~)rllv l inearly propor  
ltonal In fhe drtvlng Force iI the crystal face ts 
gr~Wlllg ab~we Ihe ,,,,()icalled r~t.tgherllr,ip lempera 

ture (~r ira spiral gr(~wth n.ieehanmm is (~peratlng ,,m 
a tlal race .'11 high values of supersaluralKm "" At 
small values (~l' supersatural , )n Ihe crystal gr(~wth 
rate is prl)D)rtu_mal I(~ the square (~1' the dr iv ing f(m.'e 
I'~r sDral gr4~wth as de,lived by Burl(_)n, (?abrera & 
Frank (cited in Rel' '~) Ir thts crystal gruwlh 
mechanNn w4~uld be rate Ilnltttng dunng s(dut ,m-  
l'UCci[')llaliJ, m creep, irlC~Hl~rall~m ~.fl' Ihe valid 
Cl~slal !ll(w~lh h.lw iI,iI(~ the eXlsLillg IheolleS l'or 

S~dlnln~m -piecnpltaln(m creep leads to a n:.,,'d de 
pendence ~1' lhe Sllalll lah." This IS indeed the 
depelldel,iCe ~d2Selved J'~r Y TZP II1 Ihe inlelra~.'e 
le;.iCll~m L.'~lllr~l IMd 

F~)I a sDral L.,r~wlh mechamsm the gr'~wth rate ts 
dltecllv ptl~p(~rtltmal I~ lhe salurall~m c(mCellI 
lallOl,i ~I lhe ]lCiulcl u' (al a coilslarlI value ~I' the 
drlVlnL,. Force) II 'preclplral i~m via sprr:ll gr(~wlh is 
ral~.' Itlnlllrl[J dtltll,i~] s~dUllOti-pleclpitall~m creep. 
slraln rales will scale w'~thl the s~duhllllv ,~1' the S~dld 
~l~ Ihe liquid. The c(m~p(~S]tl~m ~1 Ihe anlotphotlS 
ph~lse ~l~ Y I Z P  ~.lll determtne Ihe s~fluNllLV ,~1' 
Zl~C~mla In II and hlghe~ s(flllbllltles should then lead 
t~ hl~het slrain ~ales It has Indeed heen (~hserved 
~ecerltlv :~ I'~u Y 'TZP d~ped wlLh I'w~ types (fl' 
stlicale glasses ItlaI IIle slrall,i ~ate ~n the inlerrace 
reactl~m c~mLtol field In pr(~Du ll~)l,Ial h~ the s~fltlbllllY 
~1 /IIL'(Hlla ii,iLly these SlJlCale ~]lasses 

The rm..'lu,,c~q~lC i low beha~ ~U.ll ~1" Y TZP in the 
interlace teacll~m c(_mllcd held thus seems t~ tit well 
with ptecipllall~m c~mlr~dled s~fltlIl~m-l'~recipiLaLl~m 
creep with spiral gt(~wlh as the u'tvslal gr(~wth 
tlle(.'har,itstI1 H(~wever, Ill Ihe case ~i superpla,sltc ~l' 
'TZP. the Iiq~lld him has a lhlckness ~i' ~mlv a few 
il;,tll(Hrlelers alld a sl~tlal gr~wvth mecharll,~m ts 
ll,Ielel'~uc nl~sI urlllkelY becullse ~1' geonletrlcal 
leas~ms. TEM ~bservatl~)ns have indeed never 
revealed Sllch spiral slrtlCltltes to eXlSl at lhe grain 
h~u.lndarws II is also que,,sll(mable i I ' the available 
crvslal gt~wlh Ihe~rles I~rmulated I'~u soluLl~m 
gr(~wth Call be directly applied I~ precipltatl(m (d' 
gr,~wlh Unlls ~ttl ~fl' a hquld him ~fl' ~ml.v several 
i~amunelers at L-'.~aJn boundaries unde[ devlah_)rv 
lenslle stresses. If crystal growlh rates Ir.i such a 
c~mslralned liquid film w~.~ld he proD_~rl._m:ll to Ihe 
squale (,r the drlvlrug rorce wllhoull requl, Illg LI spiral 
slrucltlre, lhls would lead to a m,,del For inlerrace 
reacll(m c, mlr,dled s,) lul lun-precipltal l~m creep ~n 
g~,~d agreement, b(~th mlcr(,scoplcally and macr~,- 
scuDcallv, wl lh stiperplasllC ~.'reep o1' fine grained 
Y 'TZP In the h~w stress regime H(~wever. such a 
cl ysl a l gr(~w lh mecha II ism ,,,,till has t~ be esla hhshled 
Mosl expetl lnenlal sludtes ~fl' ,.,~fltltl~_m-precll'Ula 
lure creep have been pell'~rrrled ~)n malerials 
like Na<:'l. ~ u KCI and sucr~se, ~ which have a 
high s~duhlllly in the liquid phase (waler) The 
~d~su'r'ved slre,,,,s exp(menls are equal I,~ I II1 these 
cases and dl[t'usllm Ihlrougl~ the liquid Phase Is 
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c~ms=dered to be rale hrntt=ng durtnt.,, creep o1' 
Ihese rnatermls. '~ Creep sl,ud~es o1' ceramics wtl,h 
an ~nlenlJ~mally 'added' intergr,'lnular INtHd 
phase ~'~''7''''~ ~" sh,~w Ih.'ll ir~l,erl'ace reacl,ions are 
rate ]trotting and ~hserved stress exp~menl,s are rlear 
2. T'he s(fluhililv ~d" lhe sludted ceranHcs ~n l,he 
varums INuld phases (slhcate melts, c~ml,alning 
va rictus ca t~ ms) has ~n general m~t been ttlvesltga ted, 
hut must be qmte low, conmdertn~? l,he chemical 
inertness o1' most technical ceramics. The s~fltlbllll,V 
of Ihe solid in the liquid phase thus seems to be a key 
parameter dtlrint., s~fltltl(m-ptectpltalton creep. 

'The slrucl,l~re ~l' the fluid c~nta~n~ng grain 
b,~undary of matermls w~l,h a h~gh s~flubtltl,y trl the 
liqti~d phase ~s very much d~fferent I'rorn the one 
~bser~,ed ~n ceramws A dynamically stable, 
tsland~'hannel network with a thtckness (~1' 5Ill)rim 
IS Fur irmtance observed at the grain b~undaries (~1' 
NaCI (grain size 1111~27'~ptn) TM del'~rmed in the 
presence ~1' wuler, while the I~qu~d phase in ceramics 
is pt'esenl, as a very ttHn film ol a I'ew nammwtets. 

Future the(~ret~cal tn~delhr~g ,ff creep ~1' eer;,irnws 
w~th an ~ntergranular INtnd phase sh~uld also pay 
al,lenl,i(m t(~ Ihe facl that the phvslcal propetttes 
(wsc~)sity, d~fl'umv~ty) ~fl'a INu~d tn the I'~rm o1" a 
I -2nm film w~ll certainly devmte I'r~m~ il,s bulk 
values 

4.4 Dewelling of glassy phase during compressive 
defl~rmalion 
'The apparenl w,~rk tmrden~nL., ~bserved I'~r Chl 
rnal,ermls (see F'U? 2) canm~l, be explained by gratn 
gn~wLh (see Sectt~m ,~ I.,t) and ts al,l,rlbuled I,~ 
pn)gress~ve dewett~ng ~1" the gnann b~undarv snlwal,e 
film dunng  c~mpress~ve del'orrnat~on Clarke"" has 
I'(~rmulal,ed a I'orce balance I'or a th~n ]ntergranular 
I~qu~d film. WiIhoul, applying an external pressure, 
the equilibrium lh~ckness ~s determined by the 
balance between altractive van der Waals I'urces and 
a ~epulmve I'urce, finding ~ls ,~r~g~n ~n a epflaxml 
~r~entatton o1' Ihe Si( ) ,  4 letrahedra wtth the grain 
surfaces Insertirq..,, Ihe appropt tale numertcal values 
liar the d~flerent parameters ~n C'larke's fi)rce balam.'e 
sh~)ws l,hat a compressive stress (~1 4()MPa ~s 
required t~ remove a hqu~d mhcate film al, elevaled 
temperatures I'rum ZrO: -hqu~d-ZrO,  grain h(~und 
aries. C'or~s~der~ng the large n,tmber ol'simplieam.ms 
~n Clarke's l,heorv, this value ~s ~n ~ ) d  agreement 
w~l,h the m~mmum slress of 2(I M Pa, where dewel,l,tng 
was observed ~n this ~nvesl,igal,~un 

5 Conclusions 

(a) Llstng nanocrvstalhne powders produced by 
the chloride method allows I','~brtcatum ~1" 
dense Y-T'ZP ceramtcs wtlh an average gram 

srze of ()'2()ltm by free sir'tiering at 115()"C 
(l()h). 

(h) Initial strum rates ~1" these Chl materials 
dunng  c(unpresmve deli~rma(~un arc enhan- 
ced by a factor of 50 compared 14~ a c~mrs~'r. 
grained ((I.4()/.~rn) c~mmercmllv available 
("r',~sc~h (-'~., Japarl) Y-'TZP material. "l"hts 
enhancemer~t I'ael,or decreases with tncreas- 
=rig ~mpurllV cot]lent of the commercml 
matertal 

(c) LInder the tnvest~galed experimental con- 
d~ti~ns (I I()(I--I ~(1(1' C, 16-2.(I MPa) defi~rm- 
alison t~l" l,hese Chl mal,ertals occurs via tnter- 
face reaction conl,r~flled grain buundary 
slidtng, tn go~d agreernent vvtl,h the del'orma- 
ti,m map pr~q.'~sed by Nauer & Carry 

(d) 'The observed a : /d  dependence ~)1' the strain 
rate Ill l,he inlerl'ace reactton control field can 
be predicted I'tom s(fluli(m.prec~p=l,al,=cm 
creep models, ~1" the ral,e hmil,=ng step is 
prectpil,al,lon ()ccurrlng via a mechantsm I'or 
which the gruwl,h r'ale depends on the square 
c,l" Ihe driv~n~ I'(,rce. H~wever, available 
crvsl,al gn,wl,h theunes developed t'**r gn~wl,h 
I'rom a bulk m~lher phase do not provide a 
rum hnear mechanmm which seems likely I'~r 
prect [~ t la l t~m l'r(~m a l i q u i d  L'orl talr~ed irl a 

l - 2 r l r n  th tck  t r l t e r g r a n u l a r  fi lm. 

(e) Addtl,i~m ~I" () .hmol% Fe(.)~ ,, leads t(~ a 
l'urlher enhancement ~I" the strain rates ~I" Y- 
'T'ZP by a l'act(~r oI' J,.-h, wl'Hle l.he slress 
exr'v~t|etll relnains Iderll,lcal Ic~ 2, At 12()() C 
M l a l l l  i : l leS ~,)1' I ( ) -  i s -  i are , ) b t a l ned  al, O = 

'7()MPa with l,hts materml 
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I-I,,l 'Xll' l ,,4tpl~ht'd ,%ell'no'c. I i t l l d i l l i  It)Nit pp t t 7 t  

12 B l i u l / .  M M R W'lrlll l lh,.,I A I A & BUrlTl.,raal, 4 I ,  
( 'h, l l , ' l t 'h'r l , . ,al l~l l l  ~ll l)r,JiIi hiHIIId;IrlC,, III ',uitl ' lplaP.dlt'allx, 
lJt'i~ll+Irll'l] '~' TZ[- I t l ' ra l l l l t ,~  ,~lll 'llrllll( 'd l l l , l  ,Jil l  (+'l'lll#l .I'I+I+' 

I i (_illilil  Zi'~,i.'rl, W I- M Wln l l l l l l h l ,  ,'x., I A , Th~.'uru',+,,Pn,<.; 
,N A %4 & BLIrl. 'pr;lal, ,'~i I . .I , l h l h ' l  .~'1'1, ~5( Ig i i ( ) )  I'4'4 I') '+'~ 

1,4 N,i lJl ' l  M ~ (_'ilrr~. ( '  (_'r¢t-p l lar , i l i lCl t ' r  ', ,fl %llr la d~ipcd 
/irt '4HIIi l rli;JIC'llal,, i l l id  ,.,llpl'rpJa'.dlt' dch~rml i l l t l n  IIIL'Lh;.III 
I",111', ._~l'l . l h ' l  ~ll+lh'l' ~4 l l '+ t i l l )1 '4~  t+ f l l  

I~ Bit l l lZ  I%.1 1%.'1 R ttarll.,~.'r,, F Wll ir lul - i , , I  A I A & 
Bul!.~l,.i.lal '% I .  Efl{'¢l i l l  ; idd l l ixe, ,  ~n dl..rl~,ihl.'.'lll, l i l  a l ld  

dl . ' l ( l l l r l ; l l l t l l l  ill h'lr,l!.~lllidl z i i t l l n l ; I  .~l.ll'trillllVd l i t  ./ .~ l i lh ' l  
._%{ i 

Ih A',hh~ %,1 I- & %'t'rr,lll R A DitTu,, i tm ar~tmUl i t~d: l led 
It~x~. ;incJ ,,up¢rphl,, l l l .  l ly  | e l ,  I h ' t  ~1 11~7 t l  I,-It~-+,~ 

17 l~alJl.'r I%,1, M lc r t l , , I rU t l l l r t '  i.'l ,,u[lulpI,J,,l i~ll l. ' du yllC'lln~',, 
YII i i t ' l ' , ,  P h D  Thc,,i,, N i l  i.)q~ Er td¢ P i t lyh ' t t ln lq l l l . '  Lit' 
L,IIl,,,.liillC La l l , ,a l l l i t '  .%x~ll/¢rl,al id I'-)t-)? 

114 Waka i  r ~ N,'il..,imll T Thu r~l l '  i l l  Irl l( 'rl;It 'U t ' t l l i l lO] ] l 'd  
dll]'il,.,llili t 'r( ' l 'p t i l l  ',il[tl~llll,'.l ',llt'llX Itl yIIrlLI , , lahihzt 'd Z r ( ) ,  
l l td~r rw, l , i l  ,, .I 1/,m'~ ,~'+# L , 'n  " / l l l t N N I h l i 7  II 

l i t  A l l lan lJ  B [ i l l l ' h h  R ,.~ ( ' r , l l i i p l l i i  I ,  .%."lrl.-,,., ilil]llt'ril.'t' i l l i  
Ihc d t ' h l r l n a l l l l l l  iiIt'l. 'hanlMll,., i l l  l l .~ll lJl~ll l i l l  / i r i . ' l l l l l l l  plllx,' 
tr~,',,I;Jl',, {'t'1111tl h l l  18( l , l t+ .+ I tN<> ll(I 

71) I t l r l  MI I IdCi l .  ( ' l~ Hl . lh i i¢r  H , I. rt,l,rt i l l  l l . ' l l~ igl lnal  71rl.'itrll;.i 
p l l h l ' i  ~,,lal', r i ' l r l l iHt  c'd Il,, i lh l l l l l r la  l f lah 'h ' i  ,,, Em+~ ( ','rmm+'v 
I I  %'~11 .~ ed ( i Ziel..,ler ~ H Hill l ,,nl. 'r I )eLiI,,l'he Kt'lLIllil,.,t he 
(_h',,el l ' , th;i l i  c'tv ' I ~ l l l n  l l l l l l  pp  I ' ~h l -7  

+.1 ,,~r/I  I- ,~i,,lib~, 1%,1 I- & Vl. ' i i , l l l ,  R A , l l l l e r l ac ' t ' r l l n l r l t l h . ' d  
dli l l lP,, i lmal t'i'l.'l.'p JI ' IH 111'I t11121 ( Ig l ' l t )  I t t77-glJ 

)? B,id~,~al ._% [I ,~ ~t Hu!,hu,, A [ The t'l~l.'c'l,,, i l l  ' , lnl~rinl. '  
almli ,+riht ' lk, l i l t  i l l i r l l l l l l ~  ph;i,,,c I i i r ln ;J I i l l i l  ar id Q.lalri 
b l l l l nda l~  rl ',,i,,l lXll~ i l l  si',l_l~ l u l h  ,.dahlhzL'd / r l ) ,  ,/ 
EI#I ( 'l'l+llll ,%tl+ i~ i l tJ l l } l  I I h ?? 

t ( 'hen I ' .~ [ ' l l l l l lZ M %"1 R ~hllJk,' l l l lp, ~ A Wlnii lJb,.d, A 

I A &: BLJrgp, rw',l, A I ,  'T'h~ ~:h:clri~:al charad~:rnzaln~m of' 
L.,rann h~lind;Jrnc:~ in ullra hm: L.,ram~.'d Y 'TZP ,Aluh'P ,~'m 
£;'A~ ,-I, 168 (l~-~qll 211-4 

24 Can ta ta .  R M ,  Rl lod~,, ,  W H & Flcu~:r, A H .  Plasll~. 
deh~ rma l l Lm4 f l h r l e  L. , ra lncdalL imma I Irlh'rlaL.',:' c tm l r t d led  
diffuhltmal ~.'recp .I ,4m L','rm, .~m', b.}(l ~)llqN()),46 '~ 

~"~ SIIIILI T. Naue l ,  M & C'arly (.' In l tucnce ttl rL',,Idu;Jl 
IIl lpIIrl l lC,., qpn pII;I,,e pa r l l l l ,  m lng  arid ~1,.1111 p,r<~wll+l plt  Ic'C'+'+C", 
L~I "l' T'ZP nl; l l i ' r lal,., .I ..ira <',,irl,,,,i .",;+,'. "74(111) ( Igg l l  
211, I "~ 21 

.'+h ( 'larl,,u D k ( )n lh¢c 'L]u lhhr lu t t l  llllc'Istli.",;.,itl in lerL. , ranula l  
pl,J,e,, l+ha,,t +,,, in r c l a n m . '  rrlalC'l lal,,, .I A.+ < '+'rrJm ,',71,<', 71111) 
t1'-)1'47) I'~ 22 

27 Yt~,,,hl/.ax,+a, "i' & S;..ll+,Lirria, T R u l e  t,l Qraul  FuH.illdarY ~]la,,,,, 
pl la , ,v  ~tt l lu '  , , ,Ul~erlqa,,llr  d u l o r m a l i , t l l  ,tl ' Ic'll;ip, t m a l  
z l r r ,  u u a  p, dvrrv ' , , la l  ,I , ,h .  ( '+ '+m.  " , m ,  7,'I,(II))1119111 
1( )fit.l_ 7 t 

214 (JU,,l. M .  (J l , I ,  (_i Widh. 'n, , lu le.  I & Ml:' l . 'arlnPv, M L ,  
Inl]Hl..url '  ~1 ;.iITIt~rpllttu,, L-,raln btuJrld,ar+ ph,..i,.;l.' ~m Ih.'." 
,,up~.'rphl,,ll~.' ht'ha,..ittr ~tl t ini~l", ,  yIIrl. ' l  ,.;I,.Jhlhtt:d Ic'lfa 
/.,~trlal .,'nr+..imla p, flvc'rv,;lal (YY rzPi .I l ' m  ( '+ '+m.  ,E+,' ,  
7017) I I'+~-~ ~) Ihg l  _t.)() 

21-~ Ih'1nlan.,,.,~m T . ._%v, arl. H ,-~ Duldt~p. (.i Th{' rt,lc it l l i l t '  
Irllcl/.,rdIHJhJr 1.'la',',~ phase Hi Ihe :.,upcrpla,, l~ d~ - Io l l na l l tm  
,,I Y T Z P Z l l ~ ' t m , a  In E 'm.  I ' , . ~ . . . ,  ~.{ 'd (J de Wi Ih .  R A 
[erp. , I ra  & R Ml.'l,,i.'laar E'l,,evlcr .~tplqlcd ._grlcnw. [ t m d ~ m  
I~-~g'+ i+r I t21+ 11 

ttl RI i Ih., i .  F. I t  Thl., klnc'lic,,, i l l  rllc'k d t ' l l l r lnL i I I t l l l  h~ 
i+rt'.,,,llrt ' , , l lh l l l l l i i  Pi,] F) . ,s ~'+H'll/._~l,' I I . h D + l l  ,t~t'l/t% ,+ 
) 8 1  f1~47h) ?(11 ll+ 

i l  R,I I R i~ ( 'h l l l lQ,  l.' K ,  StlhJl l~l l i  pICt. ' lp I l , i l l i l l i  t'rt'L'p Ill 
!.,I,l,.,,,i.'cr,lriilr,, ] i ' h l  ,' lh't 2q11'+81) I~g hh 

l? l l 'hnt ' l ,  r K +~ B,i l l / l l lc, I ,  %lilrl eq lJ lh l ' l l lUm Ih¢ l l l i l t d+  
l i , l l l l l t ' , , l l l  prl-, ' , l lr l . ' , . , i thJIl l ln P l i l i '  t,n#~/ f;+,11p#'/i + . 123~(ll iNh) 

I I  ,Npler,, (_' I & ,_Nc'hlllleli,, P M T M ,  r)~'rl,.,ihc'alllm i l l  
i r~,",lalllrlt ' aL.,{.,lUL.,,Ih", I%' Ptllld l+h,ist ' d l l~lJMllnl i l  cr¢+p I i i  
/ ) t ' IHI  t lh l l l l i l l  PI tl('l'll~ll'~l i l l  , l l l l i t ' l l l /S  f "I ' t i I t l I I I 'S fi l l1/ ~t11'/I ~, L'd 
I )  I B a r h u r &  f' (J 1%4¢rt~cJilh, l . lnx~in Hy lna r i ,  li~9(), l ip  

14 I(,i I [4. ( 'r l . 'ur I iri ptd,,'cr',',.,I;/Ihnc iJ!~!]rk'lJLill_", I'1% I1"lLIIll.'r 
I l an ' ,p i i r l  Ihrl l l l [ . ,h a hqu ld  If l la', l '  ,I I',,',~phl~ R+'+, 8'7(Bh) 
(I'~H2) J7~I 'i 

t"+ ~cnril. 'rl i,I [~ ,Spiral 17rt~x~lll . l i ld ,,urlac't' lltulTh¢rlllll=,, 
dl 'xvhql l l lC'r l l , ,  'dllct' Fturh ln ( . 'a l l r l ' l , i  l l l ld  I-'r~lnk .I f ' t l '~ ' l  
( l / t i l l  Ih. 61~ I It iN4) IN2-117 

Il l NIc'l,.,cn ,.~l [ ,  [ ' let I roh,  h' cry, , l i l l  L.+rll~llh int ' l 'hanl,, ir i , ,  ,I 
( i i  ~,l l l l l l l l l h ,  6"7 (l~+g,4) 7Nt-J - t i l l  

17 I~lhir i ,<J M ~( ,~lh, l ib+ m F ( . ) r i c reep¢r l l - l anc '~ 'dbv l ihqu id  
l f l ia ' , r  h 'h t  . I h ' t  Jl  i l t i 81 )  12it 18 

t~ ,~111' L A E'Ht't'l i l l  hLil.lld h i l l l l l l l l 2  , i tJdl l l l ' t 'k ttrl htxl 
Ic+lnpt ' l , i l l l l t  ' , ,ulwfl+la,, l lc dcl ' l i l  l l l J l l tH i  tfl , ih ln l l l i , i  .I ' , ' i ldh'r  
",+ + I e l f  I I ( Ig l+ .  +) I lgh 7 

l t i  .~pit'+', ( '  I 111~/ [ ~ p c r i m l ' n l a l d ¢ l t - r l r i i r l a l i t m  it l c ,m,q i l u  
IlXe pala l i l t -h ' r , ,  !4i+~ell l l l l l ,  c'rL't 'r l  i l l  r t iwkbal l  I% prt'P.?.+u~l.' 
, , l l l l l l l i t l l  I i i  I ) t ' l i i t m i t l t t n l  , l t l ' l 'ht . l l l l l l l l , ' , ,  Rht'tl/+l,t,~r 1l i l t /  
#+'ChmhX, cd R I KnlFte ~.l~ E' H Rulh. ' r  Swrlal 
I:'l.il+llt a l l l m  N.tl %-I, (Jc~flt~l..'lral ,_g,~Cicl~, L~tldt~rl, It-~-Ill, pp, 
J l~  77 


