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, |  b ,~ l rucl  

T]I4' t 'Ot l l / /Ht ' l iOl l  l i t 'h i / I l l / r i l l  I l l  I lOl lO ~ l '4 'd  - I I ' t ' t / l l lH 
p / I l l  t/t ' l 'A /~r, 'pUl ' t ' t /1~1 I l l , '  i ' l~p l ' t ' t ' l / l t l~ l l l t l l l  I I I t ' l /H~d u tlS 
~/ l l ( / l t ' t /  /~l' ItI, ' I ltl,s I t /  /H I l t '  ,~l:t' I ] I s ' I l l tH I I I t l I I  IIl~'tl,s'lll't' 
t l I~' I I Is ~ll lt /  t /4 ' l ls l l l  I ~'I'WIA PI ' t 's 'WtlC I ' t ' / l l l l t l l l  I /Cl t ' l ' l l l l l l  
t l l l tUI ,  ,q,L~,L~/tllllt'l'J/t' s'It'~'II,[~/]I t ' l l l l  I l f '  t ].11 ~1, ' h ' l ' l : , ' d  I I ' l l h  
//1~' t / t ' / t ' l l l l l l l l l [ I t t l l  I t /  pl't's'Islll't' I / t 'pf ' l l t /~ ' l l t ' t '  I I /  t ' t / l l l  
[~l l l ' /4 ' l /  t / t ' l lAl l  I' t l l l J  /+OI 4' sl-4' dl Is l l ' l /+ l l / I t t l ls  t it  t ' l l l t lPt l t  IA 
[~1 , ' t . l l ]u l l l l l , t l  l/+,',s<' /u ,t h ' , ' / l l l l t l l l , ' ,v /I u ,I,s /~1111~] l / Id l  
/ I l l ' I t '  I I t ' / t '  I l l ¢ /  ,sll't'll,IP//I /H I I I I /s  I l l /  llI~,E[/Itllll'l'd/4',s I I I I t '  
t l /  / / H I t ' /  / ' l ' t 'LWI I t '  (11 I I ] l l t ' / I  ~lt~]Olt l4' l ' l l l~'s'  t~t ' ,~ll l  lt~ 
/l '~l,L~lllt ' l l l t l l l l /  IIt11~1]1~'1 ttl14' t / / ] l l ,~ ] l l ' l  / t t ' l 's s'It14' I l l  I I ' ] / / l ' h  

.,Ib~/t.ll, '/ '.l, ',s w,'r,' / l t l l l  / I . , t : / l l , ' l l / , 'd TT.' s/r t ' l / ) l l / /  
pt / I / l l  / 0 /  t 'O/l lp/4' l~'  ~l,L~l~/OI/ll ' / , l lt '  / l ' , l l~ / t l t ' / l l t l l l t t / I  I I~ IS 

/ / l l l t ' / I  I / I tH t '  l IA r ' / I l l / 0 / '  t ' /H I Id t  / t ' l  I-I/I,I,~ I/1~' pl '~pt' / ' / l~',~ I~I 
tl,fl)~It~lllt'l ' lll~'s 

th is '  I 'd l , / / , ' / l l l / l I ,LbSt, ' r / /~// / , ' / /  l~ I l l  ,'\'¢ll/t~ Z l l ~ O t l / / l t l /  
t ~ ~ . I ,  / . ' l , t l , ' sh ' l l l  ,/I// ', '//, '/I/, ' A',,,ll/,s,s,'/i,'ld/n/~.b~ttl,'l/../,', 
u i t ld , '  in /h ' r ,~m'h l  [b, '  ~ '/r/la/~l¢'l'l,sl,'/ltll,ff ,/,'s 
l l a l d l ' l , l s '  , ' r l . / f f h '  d/// ' , ' l /  ,//,' B,'.~////It/II///.~ d,'r 
Pt,,.,.=~l',,lh'l/i,'/ ' l, ' lh//lt~ I / l id  d,'/ D / , 'h / , '  D/ / t , ' I ,  
B, u/ul/I/.,l~ D/,' F~'sl/,~:A,'/t ih'/' ,,~,,.f,~.~l.I/I,'l ./h' A a im .i/s' 
d~'l [hl/t'l~.l,ll.//.ff~,~IA,'/l d,,i D / , ' I I / , ' / / I . I d , ' l  P.I','tI,L~I. 

l i t ' I l l / ' / I t ' l l l l l l l  I l i t 'S / I l l / I l l /  It t ' l I/~'11 ,'~ II.S t/f ' l '  I t ' l tq l l tht l l , t  I 
,tit',s,'/' /~,'h/,' l/ T~'t '// l l //,, ' /I dlz~.b¢' l /  ,s/,'/t : u , ' /  FI',s/I,I.~ 
/~, ' I / ,V. t / / / . / , '  //// ~/I,' , , I , f f , f f / . / l l , ' ral , '  d, ' l  , ' l 'sn' ,  I,, '/ 
i / / t 'Jr / , t : , ' l l /  D I I . ' A ,  I,, ' l J c . /  ,1,'/ Z~ ' / ' I . I I  J, ' / '  ,,~,~,i.:l,,ltl,' 
l / l i t '  , ' I l lS , ' / : /  / t / I t /  ~'1'// :11't ' / I , ' / ,  /,¢'1 ]/~d/~'t// [h'/tt' /~, 1~,'1 
,h ' l t l  J . '  , ,~,tL~/./ l l~'r .n'  t'.//~/Ul/,/i,,.~ : , ' /  / , / /h ' t l  ,~lml Ih ' /  
:U,'ll¢'  PI/I/~I /,s/ l/I/' d/¢' ('/i,m/A/,'/'~sl,'I'l/I/,~ ,h 'r  
,,i,t[,t[l.///,'ral,'lt~,'/is,'//ul l,'ll u , 's, ' /ll// , ' l/  tl//l : l/,'l/,'/ 

/_)11 ~1 ~-"/lld'l~" hi  t 'O I I I pU , ' l l o I I  d~' /~OIIJ/ 'ds dr '  . ' l l ' t  t~ll~' 

I l t l l l t t l l l~"/ t / ( I / t ( 'S,  p l  t"[~(/I t"~'l~ / I l l /  ~'t*l/ll'(."t'lpll(llll~ll, Ctl 

t//, ' ,W//c////  /~1 J¢'l/,~ll," I ' l l  /01/~'1/011 ~14' /I/ p/¢',s,WOll L,u 
I U/ ' lOl lOl l  t/('/(I Jt,Sll ' l t , l l l lOll  J,' IUI//¢'S ,'I t/~'/~1 t/d//,WIt" d/ /  
I / h / I t " / l / l i t  t ' l~ll l[~(It I1( I, ~11 t ' l '  /11 [11 f'.S.SlOII [ , t 'J ' l l l t ' l  I]~' 

, h . l l l l n l  . I  I/It' EIn ' . l * , 'm/ C , ' l a m l r  S.rh' lV (lq'~'~ 221'-/ 9,4,b7()() , 
(_;real Ehllaln 

I Itlt 'tlt 'h'l ' l ,%t'l It/ t l"A'lSldllt ' t '  tit'S tltll ' l",l~llS F I I  ~'ot1IIIIi1(1111 
~IIIISl I't'A t / l ' l l~  / t ' t ' / l l l l t l l l l 'A ,  t i l l  l l ' l f l l / t '  ~l l ' l l~ pOl l / IS 
i I i I r t l t ' / l" l  I~,ll,lltt'~, lit '  h i  I'(",~lA/(/I/tIt ' t/l'S II,t~I't",t~IIIS' I ' l l / I ,  ti 
I~tl~,~t' pl't'S ~ltHI, I tH ' l l 'S / l t / l l t /  LIII I l l /H i l t ' I l l  t~li /('S' (It~l't",l~(llS 
I 'OI I I I t lC/ / t ' t ' l l l  ti St' / l 'HL~l t / t ' l lh ' l .  / ' t / l t l / t ' .  ti /q4',SAIOII p//I,S' 
t'I/t'l ~'1~ II j '~ t  t ( '~' l l (~tl~l (I I l l  / l  ( l ,L~ll l4' l l ld/Itt l l  t t / l l lp / i" l t '  d('  t'l'~ 
,/t~l','t~/l,s L,a / t /h ' l / /  It,' It/ ~{',s/,sh/I/,'t' I, ws' d,' lu 
/ t ' t l l~ l t l t ' l l l , l l l l t l l  t ' t / l l l [ I / t" / t '  s't'Al I t"14"/l"t' I l l  plll,s tll l l"¢lllLl/t '  
I / t l l t l  t l l l ' th ' l ," l ' lst ' l '  It's t l~lt"l l l l l ,s 

I In l roducl ion  

[hw~del i'~llq'Wrll~',,,, h;.l~e ;i m;ip~r eltecl ,,n Ihe 
,~lnle=llU.., huha~14~lr and rnlcr4.,Ir¢lCl=lral dcvel,q~ 
m¢lll I ~ and lhll., I Iw p u r l l . l n a n c e  4~1 ceramic 
lUalCrl;Lh, TI,e ;Iggl¢~lTlel;Jle~,, s.~lllch arc IIIL'Vll;.Ihlv 
pre,.,unl In h i l t  D~s~der~, arc ¢~1 vl lal Inlp,~rlunce in 
Illl~l.lellk'lll!2 p,~wder I~(-. ' l l ' l f f l l l ;Jr l~ 'e dLIr l I I I2,  c~Hnp~ IL ' [ I IH I  

; l l ld ',llll~.'rll'l!2 At.,l~.hmlelale,, c;Irl be ch; i ructcr ized hv 
lhell !..,e4_mlelrlcal and phv,,Ical l~rl~l~ertl~',, T'lle 
!~elmlClrlcal pl~,l~erlleS i~1 a!..,ghunclales, incltldln!.., 
Ihell ~.'l~lllenl ,.,Ize LIIld .',,IZC dlhlrlbLlll~ql,~ s~tli,.'tl L';.III 
be delel iTl l l led t',~ ,~Calllllrl~2 eleclr lm mlcrl~,,,.'4~pv 
ISE'VII  lu I tw ,.,cdlll leillLlll l l l l l¢chnlque. ~lle r'uellml 
rlarv lauels ~l' Ihe a~.]L.'.h~iTlerUll~>n ', lale." bul CVUl~ 
I l l iHe IIfl l~H ILIIll I!., .'J pp, ,huncru l¢ ,Ir~:n!:lh. wh ich in 

l'i I I) deL' l ! . , IVe I l l  l'~ll~,'dL~l p e r l ' l . m u n c , :  A!,Li, h_,Twr:~l¢ 
!dr¢ll~,lh dclerll l l l le,~ Ihe ~.'~>lllpU~.'lll,i1 I-,eh;l'¢l~llr Lllld 
l he re l l . e  I Iw : .4nlerahl l l lv, ,~l  D,wder , ,  II agLi, h .ne  
r ~.l I e'., Lll ~' L'~,/,Ill pletd  v I 'rugmen led d I I r ln!2 L'~ I I r l  I~;l~.'I I1 lr l  

LI ,. ' tHII[~;.IClL'd I.J.reL'll ,~U l l l p le  wil l  V l l l l l : l l n  I1~ uLi,.gh~me 
r/lie., de~,l)llL' ;I I;IrL.,e ;.llllOunI ,~1 aL.,L.,h_,merale,. 
i~re,,,cnl II1 Ihc ,.,lartlng pl~wde~ i i  a im Ihe bl l l le l l l lg  
h~huvl(HII ~)1' !~reell ,,ulnple,, [hiP, v~lH.iId n~l t_~e 
at]'ecled hv l tw agLzhmwral~'!., c4mlalned ~u p4w, der,., 
Ag~hullur ' , l le,, lhal can t',.' I'raglTlenled e;.l'ql~, are 
weak ~ll4,rlp aL.,.L.~h,ner:,le~, cannot  he b~,&en dur~nl] 
,. ' lmipaCll lm and I'~,,lh Ihe u'lm~l~acl,, c, mlUlnlrq.., 
Ihe,.,c t,,ll1~lll~ a!.,L.,h,merale~, and inler a!,.L,..hm~erale 

2t,"~ 
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puren w<)uid sh(w¢ p(,(,r S l l l le r ; ib lh lv  I : und micro 
.sI r UU'tLIle deveh,p ' ,even tl agghunera le  k ' l l l l le l l l  IS hw¢ 
arid in ler  al..,.ghmlerale pore size i.,, ,,mall. ~" 

Al.',L.,hmlerale s l re l lg lh  can he charnc ler lzed wi th  
Ihe delerlTiillall~H1 ~,1 C~mll.')acllon del ls l lV ver._,,tlS 
pre.ssure I(~ga~llhit~ telall~m.s aim il was pt (q~, ,ed hv 
Nlesz and c~,x.v~,rker~., h a r i d  I'tdhwved by Reed and 
c~,w~ukels,i  ~ I,iI [ , )VI1VS ~.~ Halh, r r l  I ' and Rln,Sel l .  I+' 

IJlal Ihe inlerbeu' l lOl l  (Pr) t,l' Ix'v~, l i l lear I~t~rtl~,llS (see 
Fig I) in Ihe densi ty  w.'rstl,., pte.',,Si.lte relatl~m is Ihe 
agL..,hunerale s t reng lh  Idef lned as the appare l ] {  
vieMinL.' p l , I t l l  ,fl a l ]gh, rne ia len iri thl.s Pa lx ' t l  
H, ,wever.  this pl,I I I I  I'., ~mlv Ihe 1,tie a t  whlc l l  
a!2,[I,h,metale.s I~e!..,in f(, Steak d~wen, whJcll le;ids 11, 
la!_,iel iil~.'lease ~I derl,.,tLv wlLh the increase I~1' 
ple'.,,!~tlte. I',ul n(,I II~e i~l'le aI which all aL.,L..,.h~lnetaie,, 
ate e l im inated E.ven if' at a pressure larger I l lan P,, 
Infer agghmlera le  l~Hes I ~ll,.i carl s l l l l  be present i11 
c(, Inpacts T'he tnve.Sll~.;.lll(HIS I l lade h,,,. Niesz and 
Reed and I h e i r  ~.'¢,x~,.~,tkers w e l e  I~ ,c t i sed  , m  ~,pr;.ly 
dr ied alt l rntr la D,~.de~s, lhe ag~i, hm~erales were 
a~l lhclal  granl l les and Ihe aL.,ghmlerale ptoperl le! ,  
were atTecled by Ihe hinder pr~,perl les HI ,wever  Ill 
cl lemicall~, l'u,,cessed zlt~.'(,nia p~wders, a!?gh,rne 
rale!., ate I'(,rlned d tlrln[i, lV l,eesslnL.., and the al...'gh role 
tale ru(,perlle'., Ina~, be it~l.lch dl l l 'etel l l  I't~,ln lh~,se In 
' , p r : i y  d l lud  al l . lml l la  p~,wdels I~ II 

M~,nl tecenl lv .  (Je ~'t u / I '  reD~ led Ihal  a 1]~adLl~ll 
l lansI I i iH1 relall,i1 I'l(Hn ti le I(,w preNhtlre II I leal 
D~ l l~m I1_, hll?her.l~ress~lre l inear porl~cm ('n 
o ,ncave  upward  i_~l~t Ii,,11 in lhe in~ddle" hetween lhe 
Iinea~ D , r l l , u l - - a s  c la l lned hv Il le aulh(,rs)1,1'  the 
dellSllV velsl.ih p r e s s u r e  h ,ga l l l h l l l  lelal l~m L'~lre 
Sl',~mds tl, Ihe ['l;i!glnenlalllUl pt,_,eeSseS ,,I tIle a[.,L.,h,me 
rale!, I_jill'(,rlLinalelY Ihelt I'~,rlnilla dertx'ati~m I't(,m 
eqn (4) I1_, eqn (s) ~:.ls n~fl c l u l ec l  ex..en Ir lhe 
; iL~[. ,hmlet; i le is irlc~,nlptes.sihle. ;is aS.s~lrned tw tile 
attlh(~ts (wh ich  In lact n leanl  Iha{ the agghmle ta le  
L'all II~)l he cr tl,,hed, tn o m l r a s l  tl~ lhetr resu]l in FIg 
in Ihel~ paper ), lhe 'nel v~flLllne ~,1' p(~wdet ' ( I '~ )  c(mld 
not he reph.lced by I ,+,+ I ' , {1',, here ~s the D,re 
~,,,Ititrle wl lh l l l  a~?gh_,nleratesl~ slmr~lv because tile 
par l lc le and a!:,.~ghmlerale were N , th  illc~,rt~p~esslhle, 
as assuit led hv Ihe auth~us. 'Therel' l,te t i le cah:ulated 
lesl i l ts sl l l~ ,n ~n Fig ~ i l l  theft i,.ir~er based ~,ll Ihei l  
IllL'(HleCl aS.Sllll l ifl l lfl l a i ld li~riTitlia dellVall iH1 do 
m,r tell the lrLilh As a n la l ler  i~1 rucl. lhls gradLlal 
Iranslll~H1 (mJv sIn>ws Ihe sL'allellll~2 or c l iMrlbt l l l~m 
~,1' ag[~hmlelale !,trengtl l  f',. ;11 l l le he~l l ln l i l~  i~1' 
I ' ra~l l len la l l l  HI. 

,:.- 
,,,_., 
i'_i'ql 

I~ l i l t ,  ,,HI ii 

F'il4. Ii (.'~,mpaull~Ul d~'rl,,llV ~,.L'rsiJ I,, pre,.e.,ure h)j].lrlllllTi r¢lalum 
~ll ,s l~ f?.ll HTICI .I le ] p~ )+.'+ d~+l ,, +' I 

T'he present Slt ldy irlveSlll~ates the c~,mpacl i , ,n 
heha~.lOUt 1,1' super f ine c~,prec lp l la ted ZltC,mla 
powdet,s by deter 111111111g fi le pressulte dependence ,>I" 
L'IHnI1LI~.'LII,II dellSllV al ld pore size d ls l r lb lJ I io l l ,  and 
IV¢I~ .~ll e l lg l  h p, )1 ll IS were I'~ ,tl nd usel'u I I'1 ~r c l la rac let 
IZlIIl~.' Ihe a!:.,Lal,m~erale ~,lren[i, lh 

2 Exper imen la l  Procedure 

'Tile Slal llll!] p( ,wders xvele p lep: l red I'W c~,preczpll 
afl~,rl l~l.l(~.'s iJNlr11~. 71rc~H111.1111 ~'~yL'hl~Hlde and 

V I I r ltl ITI II1[ ra le an I LI W Ina lel la I.s 'T he rn~ xed s, , It l l i(m 
,,l /IIL'(HllLIITI ~)'~,~,'L'hI~HIde al ld VIIFILIITI t l l l l a le  wa~ 
added I(~ all aiTil l l()nla s(~ltl l l~rl, whlL'h resl l l led il l 
c~p tec lp l la l l~U l ,  a l ld  ti le hnal  pH value wns kepl 

. ~-) .~ The c~g_~reCllHI;lle~, Veele ~.aslled w l lh  d iMi ] led 
water (repealed t in,re lhan (L'll l l l l l e S ) I o  lemtwe 
arlliHlS The ~ashed cake was Ihen Ireated dlfl'er 
e l l l l v  [-h,wder S I ~.,,as prepared hy a Si.lbseqLlenl 
e l l ia I l l , ]  wash (repealed nu~re I t ia l l  ,,IX I I ITleS)h) 
replace waler un l l l  I l le water e~mlenl in IJl lrales was 
less l ] la l l  ,4". Pl~wder S 2 was prepaled hv Iw~ 
stlb~eqLlelll e lha lu f l  washe.s I~ leplace ~.alel par lJal lv 
(v,.ater C~Hllelll i l l h l l ra les  akuH.iI ld)"u) Ior "I'SZ 
pl~wdel~, ( '7tool". .  Y .(-)1, ~m( f l " .  '~' .(1)~)bill For Y 
T'ZF' p~)v, del d i lec I  d lspe i ,qon w l l h  i . l l [ I ; is l )n lc 
I le ; i [ l l le i l l  l'l,f ii11He Iil;111 "~()111111 ~)i'lIle ~ALilel ~,a%ilL'd 
cl~pteClpllille!., W,.l!, elnph_)ved 'T'lle Ix~.l~ balches (fl 
pl,~(Je~ were Ihen d~led in nn l~e l l  al I1(I C 
~velnlL.,hl F innl l~.  i'~l,~.der ._S ~ wn!., id'~ln~ned by 
,,[~l;l',' d lVln!,  Itie dll~lle ;iq~elUl,, S~lSl_X'ns~o~l ~,1 Ihu 
ColHeCl['ql;.lle,~(Ihe sol id c lHi le l l l  b;i,~ed i)11 711L'IHIla II1 
Sll%i'~ellMiill ~.~.lS LIbIH.II ~ ~.'vlU.), IH LI ml l l l  Splay d l le r  
USlnl~ a Iwl~ l tuld al(m~ze~ I IB~ lnkman and Bl lchl  
I~)()~ I'1,~ YSZ I_~l~'de~ i~ in a lat!ge sp~av d~et  w l lh  a 
pres,,ute al ( , in lzer I'~r Y T Z P  D ~ d e r  The id'~lalned 
ZIFC~HIlIIlll hvd t~x ides  wer'e appr l~Xl i l la le ly  ~,pller~ 
t a l l y  ~dulped The spray dl~'lii~2 lelllr'~eratttles were 
~2()-~1~() (.' a i ld I1~) I ] ( )  C al I i l lel ai ld i ,u l le l  
re,,peci~velv The dr ied D~wder,., were cah.'tlled al 
,,'~.illl~il,, le i t lpetalLire' ,  I t l u l l  .42I)(.' i~, J()(){)(.' I1~ 
prl)dtlc~.' / I lCtHIla p(,~.der.s 

Ti le D,re ,+;Ize d I s l r l h u l i l m s  ol p~,wder c lmlpacts  
oh l :~ned hv first d~e i_+ress~np and..'~t Io l lowed hv 
cold u+~,slat,.' l'~re.ssin[,, at dllTerenl pre~sules were 
delet It t l l led by illel'CUl v por i ,s i l t le l  ry ( M IL'I ~)meritlCS 
911()), by a~SLllTIIlll~ the k'()lllak'l angle helween 
ZltCOfiia al ld mercul  v ~,1' I ~()" arid Ihe sur lace lensl~,l) 
~1 mercut v or  ~) 4N~N,  m T'he acci.iracv ~1' i r l l r t is ion 
v(dt im¢ and lhe pressure (,1' mercury  Call be en,sured 
as Ihe~e I~,~) para lne le lS  are s(, easy h, iTleaSLile and 
~.'~,t~lt~,l T'he detectable in tn i rnu in  l ' , ,re size {d iame 
lel) was ~lllT't al file 111aximuin In lr l . iSi i ln pressure 
T ' h e  c , , r t ] p a C l l , m  h e h a v i c ,  u r  was determined by  

calel ' t i l lv  measLirinL2 ti le c , ,mpuc l i (m densit ies af 
varl()LI.S pressures i i i  i~'llll dtlrlnl:, L'~HT1paL'IIOII, and Ihe 



c l l l l l p i l ~ . ' l l ( i l l  tJ~ ' l l ' , l l l t " ,  ~ ' l t '  c' i i lc ci l~l l t ' lJ ~ n l l l  I h e  d l i I { I  

~J l , ,p i i lc '~ ' ln t ' r i l , , .  ~ I I Ic 'h t~a,, i l i e l l ~ , l l l c ' d  t~,' ~i d l ; l l  Q;.ILIITe. 

d l l l l r l [ . '  c ' l l l l l p i l t ' l l l t l l  ~ l  IHl idt~l ! . ,  w e r e  l l i . td~'d i i i  

i ~ l i w d e l k  l i l l  t ' i i l l l i _ ) i l c ' l l i t l l  T l )  L l%i i ld  p l~" , ,~ l l r t  ~ II I  
I l l ) I T l i i ~ ' I I C ' I I V .  i ip l )C ' l  , l l l i J  It l t~(~l p l ,~ l t l l l , ,  Wt ' l t '  I ) ( l l h  

I I~l t ' ; l l ) l ( . '  l i l t '  d i e  wi i ' . ,  l ) l t l i ' , l i c ' d  i l l i ( I  l l l l l v  I I I I ) l i c , J l t ' d  

,~ l l h  l i l i ac ' i i _ t  ; l i l ( I  I h c ' l l i l C ' k l i ~ ' ,  ' , , l ~ l d l l i l l i c ' l c ' i  i ; l l l l i l , ~ i l  

, ' l l l i l p ; i c ' l , ,  ~lc' ic' 1~i'1~I i t",,,  I I i i i l l  I '~ 

t Ri',~ull', 

.t.I Pr imary purticle und ~//,~lomerutl' microgruphs 
and pore ,,is.e distribution,, 
FIL.,iJlt~ 2 ' , h ~ ' . ,  i h ~  l l i i l l i l l l V  p~ . l l l l c l e  l l l l c ' r l , !71 l . ip l i ' ,  

(TI-'Mi ~1 Y T Z P  p ~ l w d e r , ,  c 'a lc ' i i l t :d  , l l  7~ l i  ( .  l l l l  

1 2 1 ) l i l i l l  [I c ' i ln I~c' ,~c'~rl I l i l i l  II1~ ~ I~ i i l l lc ' l~ '~ ~1 I~l l t~dC' l  

.~ I ii l~ ~ l i ; l l l l l  ,,IZC'd i l l i d  ~c' l l  ttl,~pi.' l ',~d w h l l u  Il i~,,c' i l l  
i ~ d c ,  i ,~ I l i lt.' I i l l l c ' h  llii,I..'c'r ,,lied ; l l l d  kli~lll,l:,l~ 
ill..,t__,hllliC, r; l l~:~l i,, .,~ .~l lc ' l l  ;i , , l l l l ~ i l l ~ ) i l  I'~1 ~',%."~_ I ~  
dt~i ,,, w ; i , ,  ~c ' i~ , , l l l i l l l i i  ~c 'C ' l~ l  I~l l  lhc '  d l l l e l L ' i i c ' ~  ~1' 

p i i l i l ; I r ~ ,  p a i l l c l e  ',lZC' 
. , \{ . , ! . , ] l l l l l t ' i~. l lc '  i l l l C ' l l i Q l i l p h ' ,  t ~e i t '  ~ lb l>~' l~ed w i I h  

~ [ ~ 1  i l ,~ ' . , I i t l t~ l l  i l l  I-'IQ l i l l i l  i~ i l t%d~l  ,% l I l i t  ~i' T Z P  

~ind ~ l '~Z.  i t~, ipc 'c ' l l~t~]v ' The  '., l l l l . l~ d r l t ' d  ,,l~h~rlc'~il 
l l Q Q h i l l l C ' l ; l l t  ~',, t%~.'r~' l i l~ l  , , I r i i l i ! .  ~ I~i he iJl,>r_~¢r,~t'l.t w l l l i  

I'll~. :~. TE'M IIIIt rllt_.'il l l l l i ', ~1% TZP l , lwd l ' r ' ,  i i/h irll'lJ iJI 7",ql I 
l i l t  I . l l l i i l l i l  l , l l  I l l l t t l t~'r  S I , ind II-l) l~ l l~dl ' r  .% I 

t. 11~ I hi ~1 IIIl l I~,_,l,ll~ll'. ~1 . I , '91~l l l l l ' l i lh ' .  I~l I i i i  ~1 ~ /  I , ~ l ~ ' l  
% ~ .111,1 f i l l  ~l' T / I  ~ l l l l ~ l h ' 1% 

L I I I l ; l ' ~ l l l i C  l l e l l l i l l e l l l  I~c:l~le ' , l l t l l ¢ l . ' l l l i l '  c~ l i l t  ~ I l l l t . ' l ( i  

17rlil~li '~ ~ t ~ ' , c ' l ~ ; l l i ~ l l  T h e  ;i .... h ~ l i l ~ l ; i l c '  ',iTem, w t ' l c '  

d l l l ~ r t ' l l l  d r ' p i f l l d l i l Q  l l l l  I h e  , , l l l ; l ~  t l l V I I I ! /  l l l t ' l l l i t d<>  

hl. i I  I ~ i ~  k l i l d , ,  ~tl i l - - h ~ l i l c ~ l ~ l l ~  <, ~ t ' l  c' b~ t l l l  ~e l  % ,~ll~lnl.~ L" ,I." ,- 

[~.~Plll~'li.llllll. ', '.,~lld ~.'(llll~lll'., II1 '.,111'.,I~'11",11)11) 
T h~ I~l,rc ' , , l l ~  i I l ' , l l  i b l l l l l l l l , . ,  i l l  p~lwd~r,, c'; i lC'l l lC'd ;11 

t i l r l i l l l , . . ,  I t ~ l l l i iC ' l i l l l l l ~  ~',, , , I , ~ ' ,  I l l ~ l  I I , ~ l e  ~Ai'It '  i I I l t~ l  

~ t l l i l l ~ i r v  I~ i l l l i c ' ]c  ' I ~ i l c  '',, i i l l l l  i i i l l ' l  ~l~..,!Thlli lC'l l l lc' 

i l l l lC, ,  ' . i , Tl lu, ,c '  I~%() k i l i l t , . ,  i l l  i l l , i t  ',,, l i i l ~ l '  bc ' l ' i i  l . t l ' l i l l~l_t 

i lS I~11111ill ~, p t i i t ' . . > i l l l d  h~%'ll l lCJil l ', I~1C"., III I lie' i l l l l I l l l l ' . , '  

p l c ' ~ l ~ l l l ' ,  l l~l l~c' l ,  i '  i~! , I~C'c ' I I~c' Iv f i l ia l  l h l ' ,  l~;IpC'l 

I ~ d h ~ ' ,  I I l i '~ II',ii!:~e Pil-~i.liC ' .4 I', ;i I~ lHC' i i l  <.'k,l l i l l~IC' i l l  

l ~ l l ~ d c ' l  S 2 [-l l i i t~', h."~l, I h l l n  ' ~ l i l l l l l  ~t~'rt '  I l i l i l i Q h l  I~l 

t i t  > i I I I t ' l  p l l l l l i l l  ~, p l i l l l c ' l c '  I ~ l t ' , . ,  l i t '  l t l l l l l i l r v  pl~lt ' ,~) 

i l l l d  II1~ l i l h c ' l  hli..7~'l l t l l l ~  ~,, t t~' l~ ~ i l i l~ ' l  ; i . !717hll i iC' l l l l t= 

i l l l lCt~ ( i t '  h t ' t . ' l l l l ( t i l l~ ,  I~ t i le , , )  Th<' I~ttlC ' ' , l / t~ d l ' , l r i  

bt l l l~ t l i  ~1 I~t t~t~ ' i  S I ~; i ' ,  ' , l l l l l l l i l  l l t  Ih i l l  ~1 I~ t t~d~i  
$ 2  

3.2 Pi ir t '  kilt" di,~lrihulion t ' t l l np l i t ' l ~ ,  

P l !T I I l ~  '~ ' , t l i lX t ' ,  lhc '  p l t l e  !, i /c' d l ' , t i l b t l l l l l i i ' ,  

I -  I I 

_ I I I l '  

7, i ,  

i:, i t , '  t 

I% l , i  I i l l l f i  1,1111 

["iI~. 4. ['lira' ,,i/ l ' d i , , I r lb i . l l l l l i l  i l l  l t~l 'r l  iJlil~d ~ N /  ll lp~.dcr .%_' .t 
~',Jh irit'l.t ,11 fll)l) { 
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#-~, = [) ,  + m ,  In P 1-' ( I )  
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~ ; 1 ' ,  ; . I c 'h l~ '~ t fd  ~)111~ b \  Ih~ '  I t ~ l l l ( ~ i l l  ( t l  p r l l l l , l l ~  
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where D, Is the c~m~l')aul derl,',,llV I11 regl~m II]., [},, I',, 
lhe densl lv when P = 1'.~ and m~ In tile lille ',lope in 
re!~l()rl III. As n~ seu~mdalv D~re.s w~'re rtle.~elll In 
lhls reg.non the hne .sh>pe in~ rel:,.n~m III  w~.u, '~nmlleu 
Ihan thai in ne~.,.t~m II. i.~' m~. m: 

F~, D~wder S ~. Ihe in~.'rea.sed line ,d~q'te ~fl' re[:.um 
II I,~ lel, l~)ll I I I  nllowt, lhe I'lallm~'nlati~m ~1' held 
a~l~hHtler;Jle',, a l ld  e l i l l l i r la l i~u l  ~1 se~.'~mdarv D,re', i l l 
lhts reL.,l~m, and lhe se~.'~md Irller!,eu'ltnL., P~lnl ~1'/:', : 
In Ihe a p p a r e n l  y,eldinL.,. I_~(HIII ()r the I~ard ug,~hm~e 
lulen in powder  S "~ So t',~r the p~wdels  cornp,~scd o1' 
hald ugL2hm~el'dles. Ihe dennll~,, verst is  pres~ire 
lelali~Hl_n L'klll lie ~ l l l l e n  a',i 

l ~ , = [ ~ , ,  + m ' , l n P ' P , ,  (~) 

I'~r lel, l~m I1. and 

D~ = D,:  + m'~ I11 P /:',: (,4) 

I'~H lel21(H1 II I ,  where L),, and D,: ale  the dell ' ,, l l le~ ;.11 
Inlerse~.' t lng I't~llll'~ ol  /:',t ;Ir ld [ ' , ,  As Irl re b'l~H1 I1 
dell_~li]L';.lll()ll %%,'L1'~ ~lk, u,~mr)al l led ~ l l l v  bV ;.l[,,L~h)merale 
le;.ill;.lll.t;elllerll and ,.,lldlrU..,. whrle in re[.,l~Hl I11 Nf lh  
lhe ueun~:~l ~fl sec~mdur.v and nnlua aF!lh>rnenale In e. 
pnlm~.lr~,) Due.', u~mlr iNi led I~ ll~e dens~li~.'~ti~m 
[ l l ( ) L ' e N %  N~,I I t1 '  I , 111'2 

3.4 Mierographs o1" Ihe conlpa¢ls 
Figure 16 i',, Ihe SE'.M mlu r~ : iaph~  ~,1' dnflerenlll~,. 
Imwen.sed ",' TZ.P D~wder u,m~pacls at d,fl'erenl 
I'~rlTIIIl!2 rre,,,sLite,,, ' t he  t111~.'r~k',,llLl~.'lLIle.~ *~1' the 
k'~HTII);I~.'I.~ ~,~ere ]I(HTI{~I..'¢rICOLIN ~llld m) RilL'to :,igcd 
p~Hen (t ¢ se~.'t~tldarv D~res) ;Ire vr'qble II1 ¢(Hllra.'.,I, 
lar!..,e aggh~merales and seu~>l~dary Dues  were 
l'~le',,elll in Ihe u~>lnp;.,~.'tn I'or S ~ even at ',()()MF':, 
F"tg~ite 1'7 is lhe SEM mturoL.,ral_~hs ,'ll a hnL-'her 
aml_~lnl'vnng magnnlude lhan Fig 16 

4 Discussion 

4.1 Agglomerale eonlenl calculation wilh pore size 
dislribulion dula 
As!,unlln b, the dislrrbiJti~m peak._,, ~fl' van t(~LKs ktndn ~1' 
D~tes cnn he dislrnl, ulshed , and Ihe PauklnL: den.,;llie.,, 
ol'ag~?hm~er;Jle and pr imary  par l,.'les are ['r, and P,,, 
re',,l'~e~.'Llvelv, then ;t',, purll~.'le v(~JUlllle Ib pr ~p~,r l l~l lul  
Lo Ihe uorre.,,DmdrnL., pore voJurll¢ tnndur ;.i ~.'ettLilll 
l~a~.'ktn 1, den',,itv. Ihe aL..,t,h~ntwrale uontenl  (('.,,,) can 
he ,..':uh.'ul.',ted as I~flh_w,,'s 

V~flur'ne o1' :q..,,ghm'~eraled prnu'narv parli~.'le,., 
(.~ j l!l, = 

V~flunne ~1 l~H:ll pr tmarv parliulen 

In l raagghuner:J le pr~mnlv D~re wdume 

V~dume ~1 h~la] p r imary  l~ore,~ 

(I - Pp). V~dt ime ~1 agL, I omera les  = ('~) 
V o l u m e  ,~1' I id;JI p t i r n a I v  D~re~ 

(I - /:'r,)/:', V4fltime ~1' '~ec~mdary pc~res (1',,) 

(I - [ ',) V,) lume,~l ' t (~tul  p r imary  l'~¢~re,s(l'r,) 

Fig. 16. SE'M rnlur.pralfll:~ ~1 Y 'TZP D,w@r ~.~plTI[.'~JL I ~, LI[ (d) ,_~ 
I, I()()MPa, (b) S ~, Ii)()MF',.t. fl.'l S 2, 2",()MP,J ,Jnd (d) S 1,, 

~()1) MPa 
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t 'zg. 18. ( a h u l a h ' d  u! . .L . ,hmlcrah '  ~ + m l c n l ' ,  Ii ~ ,~Z  [ '~wvdcr  
~ l l l i l [ , , l ~ l ' ,  N .' l l I ) l )P~ I r ' a )  ,i I, ,i l lJ l l l i l~+l- i  ~I ~;II~'II-I;IIIIHI 

it,rlirS¢,l ,i i l l i~, ,  

t ' ig.  17. SF'M nm'r,,t . ,raph', +Jr hl l ;her .Iml~l l lylr l l . ,  m,Jl.~,nlludc ,, 
I l lan FI!, Ih (a) ,N I, l()4)%lf 'a, (b) ,% 2, 2",()MF',~ ,Jnd (~'J S t 

'~t)() %,'1 l"a 

'The volume (fl' sec, mdary p(~re, I',,, and prH|lurv 
pt+le, Jr,' Call be deterrnirled Ir(+rn tile p(~re ' , , l ie  

( l ls lr lbt l l l~r l  data, and then Ihe agghmlerate ~. ' (~ r l ten l ,  

I '  can I',:' cah.'ulaled ,I },' ~.' + 

( ' , , , , , ,  = A ' I  ,,, I r, ( h i  

with 

k ' =  t', ,( I - P p ) , , ( I  - / : ' , )  ( 7 )  

II'a I()()",, agghmleratec(,r l tent i~as.~ulned in powder 
calcined al 6()() (..', the c~m,,;tallI A' ii1 eql| ( t )  Call be 
determlrmed I'r(ml tile pore ,',,Ize dr,, lr ibutl(Ul data in 
FU ? 2 a,+tl "+NX T'he value ~l ' lhec~mstant can al,+o be 
delernl~ned u.s~rlg the values <d' P,, and Pp that were 
calculaled t~ be ()46 and () ~2, : l  respectively, .,,<~ the 
+,. ' tm' , , lar | l  ~ in  () %~J 

[)epender+ce (~1' ag, L.,,hunerate c l m t e n t s ,  w h i c h  W;.I~ 

calculaled l l ,ml  eqll (hl II1 YSZ i~wde l  t_ '~tnp~l~. ' ts  

S 2 <+11 calcin;Jli,ul Ieiliperaltire I% ,,h(w,.n li1 Fl l2 IX 
Yiyu~e I+ ~huw~ the at+,ghmlerale c<mleiit~, in 
CIHTII.'~HL'I,", S 2 +.11., ~i I I I l l k ' l l I ) l l  ~1 I~>lmtrl!l pre~,',,Lire So 
I'(~r Ihe l'~,v, det , ,  .",; 2, , . I ! ] !J l~Hl lC l ; l l c  u ' ,Hl fer l l ' , ,  i l l  lilt' 
~.'~nl+t_+;l~.'l", int'le;i,,;ed wi th iIiCle;l!,~e,,~ Iii calclnln.~. 
D:'nlperattlle alld £1ecre;i,+ed X,¢llh ii1crea'..,;lll!~ L'~+lllpa~.' 
lllIIl p le ' , ,%l l le  The c~Hnph.'h. + ellmlnutl~m ~d'ag,!.,.hmle 
ILIlel., Ill u'~mll+aclltm I~, I||d~caled by zer~ ~Ul,~lhut+erale 
L'~HIIell[, v,.llere Ihc f l l l n l l r l L I l l l  L'~t, I T I P U L ' I I I ) I I  [ ' l re%'nL I le  

legulred I. ~, Ihe tll.,!~hHtlelale llal.,.n+entall~m ,,lleH!.,lh 
(ul+l'ulrelll Ila!.,rnenlutl~ul slrellP.'lll) 

4.2 Aggh,merale apparenl slrenglh: yielding and 
rragmenlalion ,,Jlrenglh 
'The ;.ll?,ghHTlelale slren~:.,.th carl be aPl 'mlentl~,  defilled 
b'~' Ihe IIIleI~,eL'IHHI~ II1 c~nll'~acI dell'.,lly velbll~ 
pre',',Lire l~!..,aiithlr| lelatiom, T'he fir,d It|tersecti~ms 
I',~u l+t,x+den ,` S I und S 2 are thell ,Jl?.L.,h)merale 
til_+P;irerlt vteldlnY, slrer|~g, th (P,), indtcalirlL: tha t  at lhe 
pres~,ulle aL.,~,hunelales t~<.'l.,lll to I lat: lr lenl 'The 
~,.leldinL., ',tleng.tll!., I'~, S I a n d  .":. 2 a r e  le,,!, Iharl  
3() MPa. ur may he h+wer Tile '.,ec~uld irlfei',.;eCll~m~ 
are Ihelr aeparel| l  I' lagmerllatl~m ,,llell+.,th (P.,) 

I()()i 

"+ 7h 
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Fig. It). ( '+ih.ulaled apphmlerale +..'~mlenl,., in 4a) hi)() (_' calcined 
YSZ and (hi 7'+1) ( ' vakmed Y TZP p~wvder cLmipavl,+ S ? a,, a 

IIJrlt ' l l~+r! o l  h~rmlnj.+, pre,.+,,ure 
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Fr~ml Figs 14 and IS It IS kll~wen Ihal at I ( )()MPa 
there were ll~ apL.,.hmlerales presenl Ill D~wder 
c~Hrlpacls S I, s~ the apparen l  I ' raglner l la l i~n 
s l renglhs ol ap.glolnerales ~,e~e mH higher than 
I()()MF'a. ;Js verlhed by Ille D~re size dislllbllll~)il 
lestl l ls sh~w~'n III Fig q. 'Tile I 'raglr lel l lat lol l  s lrel lgl l l  
~1' a.b, ghm~erale:, I'~u D~wder S 2 were ar~und 
2()() M Pa. as c~mhrmed by lhe plessl.lle dependence  
~1' tile agj?h~merale c~mlel|lS sh~wn Ill Fig II#. 

Mwu,~p~aphu.' , i h s e l v a l i ~ s  tF~l:-',s le, and 1'7) 
~evealed Ihal unnli~rm c~m]pacls c~mld be achieved 
~llllV ~. hen tile I'~U ITIIng presstite were hlb'l'lel than tile 
apparen l  t raglnenla l i l~n strer lglh, ~.ll wh ich all 
st 'c~ndarv [)~Hes ~A, ele reD,lOved 

T'hele wele I~..~ yielding presstiles I '~ D~wder S t 
The hrsl ~>l~e al hw~er pleSsule indlcale,, t lw 
be!,lnnln b, Ifl' ~tggh~lt ler: l le learra l lgelnenl  bul ll,~ 
i ragmenlal i~ul  lakes place alld the sectmd ~me in Ihe 
appalet~t vleldl l lg 13111hi I'~r agb, hmlerate I'raLa.menl 
allure T'he slrenb, lh p~unl I'~r Ihe Iolal I'lal..,inentall~m 
(ll' : igghHtlelales Ill ptn, vdel ..q ]; was bevy)rid lhe 

presstl le Il lnll tl~ed, which means that the appalelzt 
fr:lp.ltlelll;.lll~n slrenplh was laiger lJltin tile pressure 
t ipper l~mil i~l' ~()I)MPa used 

4.3 Agglomerate  effective s lrenglh 
Eflectnve s t length  ~ll agg.h~merales In Ihe true 
sllen.L, lh ~1" ag, ghm~erales. AI the apparent  Vleldln!,, 
plessLire lhe effective slless ¢~l| agghmlerales  was 
equal I~ ~r a Inllle laug.er than Ihe brldgnng strenglh 
helween pll l l ' lalV part icles wi l l , In  agg.h~merales 
H~wevel ,  at ~r a l itt le lar~:er than lhe vleldin!, 
pressure, agb, l~llt~etales d~ n~t f lag lnenl  omlple le ly  
and sec~lndauv D~res are sil l ] present ~n Ihe 
clurlp;.It'ls T'lus In caused by iiicrea~,ed h~ad~nL.' alea 
belween parllcles and Iherel'o~e decreased ettecllve 
slress wllh incneased dellSZlV, an lhe elTecllve slress 
acting ~ l  the c~unpacls can be r~mghlv explessed an 
I'tflh~ws 

n,, , i  = P,,'p (g )  

where P a n d  %,, are Ihe apparent  (exlernall press~nre 
and effeCllve stress and p is tile uelatlve density F'~r a 
compac t  c~mlalnlng ugghmlerales,  b~lh sec~mdarv 

and prirr larv D~res w~ll decrease o~mpacl  densit ies 
;.illd increase tile effective stress The hwal effectzve 
stress were dependent  ~n tile i~ca] mierostructure ,  
h,,wever, eqn (~)is quahtat lvelv  applicable I',~r stress 
analysis WiIh lhe elnmznalum ~1' sec~mda~y and 
pri i l l ; i rv D~res iii coinpacts dur ing comp,'lcti~m al ~i 
certain external pleSStlre, lhe e~lecllVe stress act ing 
~m II~e c~ullpact,.; w~mld increase and tllerel'~)re 
I~lgher external plessule Is needed t~ c~m~pensale 
lhns decrease nn ell'ecl~ve sirens and t~ keep the 
efl'ecl~ve slress equal h~ i~u a htl le larger than the 
IIIIIIIlSIC bridgillLi' slrenglh with in  agt:.h~Irlerales Il lr 
lu r lherdens ihcat l~m Anlhepressu~e~ncreased l<~a 
certa in val~w when all sec~ndanv pores were 
rein(wed, agb,.hunerales were h~tally I'l;~gmenled, tIle 
pressule In Ihe apparenl  I 'raglrlenlali~m s t rength(P, )  
~ll' apt,.h~merates 

Aceoldlnb, h~ eqn (g), assi.iminb, tile intr insic 
I_',~Mgnng slten!..,Ih w i th in  agghmleuates is a,. wh,. 'h 
Is I]lIH.i/',hl Ill be relaled h~ C~lltlpacli~H1 presstile 
and ~>r del}Sll~, tile app; l le i l l  '¢teldlllg s l renglh f', 
al ld i'ra,RlllelllaliIH1 i~ressiile [',~ carl he verillell a',; 

P, = a ,, , I ,  (9 )  

and 

wJlele ¢ I  alld 

P,, = ~, , ,  d, (1 ( ) )  

n, , ,  a r e  l h e  i i l [ l l l l S l C  s t l e n ~ l h  ~1' 

aggh.~me~ales at ' f ielding and I ' ragmentatum pl~lnls. 
'T'he delecled values ~fl' apparent  strength /:',. alld 1-'.,, 
and tile calculated values ~fl'a,,. and a,., I'~r dif ferently 
pr~wessed Dw~,ders art' sh~wn In 'Table I An I~,r 
apparenl  strength, lhe ValLles ¢~1 [', ;l ie much higher 
Ihan I~u ; ,p ravdr led alLllruna, I~ wh~se apparenl  
vleldlnL.., s l renglh v,,.as mall l lV dele l ln ined by lhe 
i>~,l>eu ties ~1" hinders i..~ 

5 S u m m a r y  

Agglomerate  strength ~1 superf ine cq~preclpllaled 
z i romia  p~lwdel was chaiacleriz.ed wi lh  the deter- 
minat iun  ~d" pore size d ls l r i bu lums ~d'c~urlpacls and 
jIlL' c~)rllpacll~HI bejlUVII)l.IFS (I e col'npa(.'ll(H1 dellslt.5' 

Table I. Irller,.,eL. lum dcnsilw,, apparenl arid trilrlrl,,l~. ,.,Irerlt..,th L,I ,Jggl~mwrale,., in YSZ and 
Y T/F' lup~,del,,, 

P,m'de; )' f 'T f' ) 'S /  

S / S 2 S t" S / ,",' ? S 't" 

Irlh'r,,ecliorl den,.,llV t",,) d v 27 ."h 42 22 2'~ 
d,, '~X 42 ,,,1) !,1~ ,4 t 

A p p a r e n l  , , I r e r i R I h ( M P a )  /",, 2L~ X2 170 Ih 24) 
P,, ~-~() I X'~ . ",()() '~l) 1,4() 

Irilrirl,~u ,.,Ireril.,,Ih (MPa) et,, I()", I 22 ,..IIH) 7 !, I(l() 
n,., ? ~, 7 440 . I Itllll 2 tll 2 ffp 

,4 h 

17'~ 
, ~(I(l 

711 
, I ()()() 

"Only P,,, is lJ~,ltd 
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