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It.lrc !.__,c~,tiJ lhciltlal ,,hltt'l, (IrLwlllrC) IC'.,I'.,IUIICC. 

IchIII~dV hw, den'~tLv p,ti~d cI~'int<ul ,ilablhtv aim 
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(relative 1~ rrlulllte ~)1' a densilv (~1" ;.tb~tll 96",, ~fl' ils 
lhe~uellcal valtle)~n flexural slrellg.th b~ lhe addl lum 
~fl'X phase 'T'he latter was imMuced m .s'm¢ by the 
tea,..'lt(m slrllerlrlg (~1 nlullllle,,'/l' slahm (: = 21, but tile 
aulhors,+ iii reported a negll!.,lt'fle IInprovemerll II1 Ihe 
I,~)()Ill tetnl')er;itllre I'raetttre I~l.lgllrless. 

The w~rk (~11 addllr~Hls ~fl',.Ri ~N,~" and Si(. 's was tw 
II(H rHesslng arid with Lllllaline starllnl] D~wders ~I' 
X() l l l l l ,  ~hlle thai ~>I' '~'altlaglslll +'1 l l/. '+'lql was  by 
presstlt'eless Slrl lel I l lg, w l l h  gra in  S l l e S  belweerl I al ld  

I ',itrrl In tile piesenl w~uk, a Illearls (fl' adlleVllIp. 
ch~se b~ ILIII derlslhcati(m by i_m.'Sstlreless Sllltel IIIg ~)1' 
Ihe Ix.~,() nlalermls t l l l d e r  !)II.ldV IS irlvestlb, aled A 
O, mlp ; . l l a l l ve  !.,ludv ~)l' Ihe nl;.l letl;. l ls is aI'.,~) t l l lde l  

taken, wl l l l  a x.'tex~ h~ urlderstandlny h~x,~ Ihe X 
phase addit ion and lhe nlelll~>d ~fl'addlny iI Ittlpr~we 
Slrlletabill lv I1;~rdlleSs arid indelllall~m I'r;.iClLile 
hmghness. 

Relallve t~ S~C anti S~N+ addllums, X phase 
add ll i~ ~llS ~.'~ ~i.t hi pn~we I~ be in~ ~re c~ psi efl~cl ix.'e 'T'l-iis 
I,, because the X phase ~1 Ihe plesenl x.v~rk is 
lelallvelv inexpensively pn~u:luced by Lhe caIN~ 
Ihet sial le~ltl~.'11~)11 and nltt Idln b, ~fl' mulll le, ~d~lalned 
m wl ,  I'r~lll ka~flln~llC clays Am~lher o~sl relaled 
a l l r a c l l ~ U l  ~1 Ihe Il lell l~'~d under I l l V e S l l g a l l ( U l  in t h a i  

If tile ptessuteless slnlelln b, le,,.'hnlqi.le i!, talh~red to 
achieve tile M.Illle rtllCrt)slrticltlral c'(Ulll(d UStlaJJv 
~flered b~, file I1~1 l'Uesstrl?, technique, Ihe I'otmet 
w~u.lld I',e pneferable 

2 Experimental Procedure '-,nd ,'Vluleri~ls 

X phase slahm ~.,a!, prt~dll,,.'ed by Sllllultanet~us 
canb~>llleuln;.ll nedtlcllOrl arid rl l l l ldlt lg (~l kat)ltnitlc 
clays 'The e,,~pelln|enlal delalls ~1 tile producll~m 
schedule Call be I ound In pnevl,,tlS w~rk I I 13 by Ille 
aultl~rs 'Tile C~mllnerclallv pUle rrlulllle (CPM) was 
supplied by the Balkah~x c~unparlv. France. Its 
characteristics are given ill Table I 

T'~ ach ieve  a l r i l e  ~.'(Hllparls~Hi ol ' the two) 
materials C P M  ;.Ittd I~wI",, X phase,,XSwt",, 
CPM--b~f lh  were slnteted under the S:lrne con 
dlll~mS Prl~u h) slnterlng, Ihe D~wders were b~lll 
C~mllnll~uled I'~u 7(Ih by ball nlllllng {using alumina 
ballsl in a wel {l_m~pan 2 ~,1) medlllnl and then dried 

T',,ble I. ('lMrach'rl ',ll~.,., ~,1 Ihc Ball,,iJh~, ~.',~mlrlerclall'., pllr¢ 
m u l h l e  (SA I~.~ L'R) 

7 . .  m ' h ' ~  IX Ih '~  l ' l l l l t+'s I~471101 ~ 
I 

(I(l|l~'('r~tll)n r;jlc c)q.. MlrllmLIm 
(.'helnlcal plli'll5 ~4q4 2 " .  Mlrl l lnlJrr l  
Sp~.'cII-IC ,,llrlau~' a r e a  ~'~ ± I ~,m'  b' BET 
A p p a r e n l  dt'nMI y l) t~l) g.,'cm ~ --  
(.irlIt'll dl'rl,,ll'.,, I {", I.',.cm ~ I 1 X M P a  pre,,,,ure 
M e a n  a l :gh~merale  ,,igv ,.1/nn 

Subsequent X ray analysis ~fl' tile dried D~wders 
indicated thai lhev wele m u c ,  mlamlnated by tile 
alunilna balls 'The dried D~wders were then tlnlaxl 
ally c~mLpaeted with a pressure ~fl'ab~mt 14 MPa and 
is~sLallcallv c~fld pressed inh~ pellets ~fl' 14rnnl 
dlanleler al a ptesstlre ~1' "~4 ~, MPa Sinlel lng was 
carried ~tlt in a rlltr~gen atm~sphere at Ib6()'C. 
1'7()() C and 1'72() C I lor different duratl~mS) t'~r tile 
milled c~unD~slle, and at 1721) C and 174()' C I'~r Ihe 
CPM I,~t 2 h The unmilled c~unposlte, a llllXltlre (~l' 
(Srnln) vlbrat~rv inllled X phase and as received 
CPM p,~wders, ~.as als~ slnteted at I~ I ) '  C I'~r ~ h 
and al 1'7()I)' C l'~u 2 h with a view I~ quanl i rv ing lhe 
effect ~fl'llle mil l ing opelall~m ~m the SlnLelabllltV oI' 
tile colnru~slle A rrllXtute (by weight) ~fl' ~X,~,",, 
SI(_),-~,8,",". SI~N,~-2t" .  BN was used as the 
sunleu ing beddill~, D~wder. The densities ~fl suntered 
I'~dues were delermuned tusnnlg the Archimedes  
met h~ u.t 

Sunlered samples wene analysed by X ray dill'rat 
II~m (XRD)t~>r ally I1arlsf~rurlatutms during sinler 
illj..,.. N~lle occurred,  bill ltle omlp~)slte s l n l e r ' e d  ;.it 

1720 L' revealed m~ X phase This led r~ the 
deler m l n;.It I< HI o l '  I h e  n i l  i'~ ~]e l l  L'~, HI t e l l  I ~ fl' I.I llSl I1 [ e r e d  

inulhre and X phase, as well as ~fl' s lnteted n~tllhle 
and Ille c, miD~slle Ib~Hh strllered at 1'7211'(.') 'The 
aim was I~, ascerlaln what Ilappel~ed t~ the X phase 
;Jddl l lon A L.ec~ I l l e l l  gas ftlsl~m machIne Was IJsed 

I'~r this ptltD~se 
Hvdr~fltl~HIc tHF)  acid (4()".1 was tIned I'~r ltle 

eh.'hll~g of lhe sanlples A sallsl'ach~rv etchIng was 
,dflalrled al'ler l()()InJrl (_)pltcal Inlcr~,graphs were 
rrlade V, llll NIk~ul (E.plpll~H)mlcr~sc,)pe and llle 
nllcr~sl rllq.'lllre ~>l'llle sanlples was als~ Sttldled using 
the bL'al1111ng, electron rt~lcr~sc~pe (SE',M), Phlllr~s 
S()(). With tile aid ~1 the ill;ier~slape ~>1' an inl.'ige 
analvser. (_)lVlrlpus. ( )2M,  tile SE'M mlcrographs 
were used h~ delel nllrle tile grail1 sizes ~fl'llle samples 

'TIle hardness values ~1' milled salrlples l l lal 
slnleted I~ above  c)X" ,, ~fl' their Ille~retlcal densities, 
and the unlnllled C~mlpOSlte sample Ihal stnleted to 
c)S,,,, ~I ItS Ihe~rellcal dellSlly were deterrrltned rising 
Vickers ~ndentatl~m lester, with a load ~fl Ill kg F'~r 
each sample five indentatl~llS were made. 

2.1 Remarks on Ihe melhod I'or Ihe ealeulolion or lhe 
[rut-lure Ioughness KI~ 
'T'tle Indelllatl~m Il lel l l~d was .',d~pled I'~r Its 
stmplictlv, raptdrless and lhe size ol llle samples. 'The 
slmpltctlv and ruptdness or tile tr ldenlalum trlelhod 
have Itu]de LI veuv wIdelY studIed arid used ror Ihe 
deler( l l l r la t l~HI  o1' /~'1~' t~ 

(_;eneralls,, Itle vIew lhal lhe tndelllall~)ll rneltl~d 
g, tves u relallvelv ~weresLinlaled v:IILle ~)l" h'lC. has 
always been held H<~wever, f i nd lng l t l a l t he lnden t .  
alum tnelll~d, irrespective ~1' Ihe eqtiati~m used, 
consnstenllv gave a lower value than lhat obtained 
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i l l)r~Clll v~llell I~,~ h~iId', i l l~¢ II',,~'~l c , , i h l  ~ ' ~ 1 ~ '  I l l l~,) 
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d 

I 
~i L IT 

I h i I ,, ,li, ,I l#-q I I h ~lif,llI~J 

(,If 

,J 

- I  I - ~  
i 

I '~ Pill ,I I~:l 

(h~ 

F'i~ I. ( i l l  \h '~ l i , i l i  i l i ld  l id  F' idri lqvi. , l  ~ i,i,'l., , ,~.,Ir i l r ,  l l i~I l l~',J I~s 
I~ k~'ll, Ir t lJl ' l l l~t l l~rl  

},.8. 2. \ l i~i , , l .u. i lql ,  ,d .IlL l i .h ' im', l  ,,i. l ld,' ..i , , , .ml, ' i~mll~ 
Imir  imlihh' i( [ ' \ I I  ,,ll.b~lii,, ,i ['.liillql~l,,l ~Imi, ,,~'.h'iil i,ll 

mil,dl,,lir~l . l i , l  Ii~b i~.,li ,h,'~l 

E 
E 

J 

0 

0.!'1 

I).7 

0 b 

LI..~ 

, I I , , I 

}{ 
] 

] 

o . t  , I J I J I i I L 
o l u 2 0  ' .o  4 0  ,~o 

L o a d ,  I",g 

l ' l~  1l I illq',tl Ivh l l l ,~n ' , l i l l ,  q~l l ~ )  / ,fr i l l  ( I f  i Lbl 111(' ( Pr~l 
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2'~() ( " ( '  ,'-DII'tl, ,~ He .d+ r 

,,h~n, ved 41mlllir relats(mnhip,,. The reL:re.'.,.,,~(m eqtl 
;.III( H,is are 

/ = l)'(),..1'7 + (1 ( ) 1 4 / '  ( l )  

(re~..,.ie,,,s <~,i ~.'l~el~l.'lellt, r =  l) 9q'qt 

and 

1 '  = ()()XS + ( ) ( )16[ '  (~ = (14(-~S) (4) 

3 Results ~nd [)iseussi,ms 

3.1 S i n l e r i n g  process  
T n h l t  2 I,, I h t  ',,Ullgll,l;.I t V ()1' t i le leSi.llt~ <)1".i t i l t  ' , , ltllerlll)] 
¢~1' Ihe  F l ta ter la ls  It tl . ldtcale.s I h a l  lh¢  It,ll]lti'll} 
~l~er;tltOl,l  t lT, ip l~vtd l i l t  del,l'.,,tl'v ~1' l i l t  COtN[~! . , t t t  
' , , t l . l l trtd at I 7<)(~ C I~r ~ h by ab~LII N'~,~ F)¢!,,pllt Ih t  
hmL.Jtr dur;. I t l () l l  (6 h) ~1' ~,ltlttrllltJ. ol tile I l l . l i , l l l l led 
c~unp~)~lle ;.ll Ibh()"(_', the In l i led 4alnple. 4 in le led  .'ll 
Ihe 4an l t  lel 'n[. ')tra[Lirt I',~r 4 h, ,,ll~w, ed an i l l l l ) lOv t  
ii,ltl,ll i i i  dell411y ()[ I ( ) " . .  

F r o m  T'able 2 ii tll,ler~,e!~ Iha l  hlll..'hltr ~.;il,i lt l l l l~ 
tert l l~erulure,,  { l l n l l l ed  by Ihe a c h l e v t l n t n t  ()1' the 
I I tghest  l ) e re tn ta~¢  ~I' I h e ~ i e l l c a l  dt l l411v)  a le  
l 'ue lerub le  Io hulL., dv,..el]tn!., I_',ele~d+, at relat i~,elv 
h_,wtl l e m p e r a l u r t s  T']III".,. a l ' t t r  4 h at 16e,() C , )n lv 
4 b b " .  ~)l' the Ihlt()rtll~.';.ll (le.ll!.,llV o1' the in i l led  
,,.'Ol.l.ii')()'.,lle wa'., a~.'hlevtd, as (..'()i"lll_~are(.'l I~) L)(')"-I', 
ac l , l lcv td l'()r lhe ,~alne ll,laltrlal i l l  1'7()() C 411,1[cIcd 

I'~[ ILISt 2h 'T'hI,~ ~ the rt,~LIII ~I' an acc¢leraled 

sll l InkLI~?e l a i r  ThLs I,~ b t ca t i 4 t ,  a,, 11;.14 been 
d e i t i ( u l s t l a l e d ,  I ' '  hli!:,hwr lemper;. i tLiren br]nl.-' ab~)LIl 
]nclea~,td .slll~nkul, e lal¢, whi le .shrinkage lale 
decrea,,e,, Wllh IInle A similar elTecl W;l!, ~fl~4el red ~m 
.',,jl l lerlll~ lntJI l l le x [)l.l;14e ~.'~Hl,lp~41te4 bV t i l t  l~rt.,_,tnl 
at.llll~H.4, I~' c~ulsequent  UI_')~)II x'¢t,llcll be l ie r  b l l l k  
det,l,.,llle',, ;.llld reduced '.,hrlnka~le tah.' we le  ie".;I)ec 
lIvely,' ~d'Halned al hl!.,tler lemper; . I turen and hul! ]er 
Ml, l ler l l l~ pet It~ds HI/:.'.I.I teml~er, ' l t i l ren ther t l '~ re  make  
.,,ll~rl dx~.ell periled,, p~n,,ihle Hence the heddll,11:, 
[~ wdel  rema ined  eLl'el'lIve thr<~tl!ghl(~ul the dt l l ; t l l~Ul  
~i' the 411,1lerll,l~ pll)Ce'..,'., 1)11 lhle l~re.,,el.ll .',,ILIdV 

The the~relJcal  det.l.sitv ~fl' m u l l i l +  ~.~,.w., appr t~x l  
matels, 49 '7" ,,, a t ' h lev td  al 174lr L' 'Thl.s i:+ li~ C~UllrU.,,l 

h~ lhe w(~rk by Yanu.~gu.,hi +'~ a/~(' wher t ,  llMll~, the 
4alT,le [~re!,,'.,urtle.4s .~i111erI11~2. lechlllqLl~.', a l l lH l [  i.~ ~ )  
~I lh t  l l le~rt l , t 'a l  dtn.slt,¢ oI' mLilli le was ~htalr l¢d at 
Ib'~() (.'. and al 1'7()(1 (..' the de),ret ()1' denslflCatt~m 
r t d l l c t d  h~ ab~ t l l  ~-}'~",, 'Th t  d l l l ' e r tnce between ti,le 
l+ I t . s tn t  w~rk  and 111;.11 ~I Yanla!.. ,r+,ht c'/ ~.' I,, III t i l t  
~+l'~tll]Ittl ",,llltelll]+~, lel l][+eratLlre ~,I ITlttlllte mLt+' l i t  In 
Ihe beddinl.., P(~wder used, btcaLi:.,t II,l the l a l t t l  e i ther  
l t i i l l l l l t  ;.I](Ule ~l tl(+ htddl I l~ ]  p,',x,¢der w;Ih used 
Full I h t r  ,,tlpp~u I h~ lhr., ,,LII]!,¢:,II~ ul t'~u.lld he I'~ulnd In 
I] le v,~rk bY Ihe pr t ' . , t l l l  ai l l l l~r,,, ,  I '  v, h e r t b v  II'.,t ~fl' 
Il~m ~p l l l t l l i l  beddllUg p~n>,'del h.'d t~ a dt let l~r ; . l l i<u, l  
~i l i l t  del,lsll-ic;.Itlt)ll l',r~)o.':,,, by belweet,l { I~ 4",, 

3.Z H u r d n e s s  .",nd I ' rz l¢lure I o u ~ h n e s s ,  h ' .  
T i l t  lenll l l .s (+1' l i l t  41LIdV ()I.i hard l l tS4,  l l l d t i l l a l l ( ) n  
l'ri.iL'll.lle hHJl~ l i l le~ i l l ld  12rillll 41zt4 o l  lhe lw~) 
ITlLi lel l ; l ]h I11 l h t  m i l led  I~Hi'11 Lllld ~l l l lerecl al 1 74(.) (" 
172() (_' ;ll ld 17()()(.' are .~ul l l lnar lzed Ill Table ~, 
I l l  T 'ah l t  Ii is uh,~ l l l c luded  l i l t  r t , i t i l l  ~h la i l . led l'I~)m 
l l ie  t l l t ln l l led  c()lIIp()!, l te ',, l l l lered at Ibbl) (.' l i .  h h 

It uan bt  ~,ttn I]lal the rnull l te ,,arnpIt v,,ith Ihe 
d¢l.lSll v o1'94 7 " .  ~1' I[~. tht~retlu';l l valLle (~h la in td  by 
',inlerii~!:., I'~r 2l~ ul 17,4(I C) l ind m u r g l n a l l y  h~,~er 
v;llt.le4 ol' haldlle',,'., :ln('l /~'lt . Iii C(mlpa~ IMHI w i t h  the 
4iJiTle n l u l l l l t  . ',,l l l leIvd al 1'72() C I~,r ~h The 
L'()llll'~)411e ' , , , l l l l t l td al I /2 ( ) ( . '  had Iht  '.,anle A.  
v;i l t le, hLII a hardness va lue hl!.,her lh I l l l  Iha l  <_)l' 
mal l l l le  ',,~nttred ;ll 1'72()C' The hll:.,.h¢~t value,., <fl' 
h i ) I l l  I_~l~ p t r l l e n  I I I X ~ I  MF'a al,ld ~ , ' 7 M P a l n  I ' 
resl',ecl]x,'elY I~)r h;JIdlle'.,,, and A'I( w. l luts)  were 
( ) t f l a l l l t d  I'()r tl.l¢ c()lnl~o.',,ite !,,Intertd ;.ll 1'7(~()' (." I~)r 
2 It, wh l t 'h  had a dt l , iMtv  ()1 9Y,-I"(, o1' iIs t l le ( ) le t lca l  
valile I11 e<>mparlson Wllh II-i¢ mull l l l t  ~,amplt ~d' 
;.Ib~HJI the ',;all,le de l ] i e t  ~1 dt l lMh~. 'al l (Hi ~1 lhe pre.'.;enl 
vf lHk, llli:~ lel'~le,,elll~, all Itt,ll'~l~velt,ltHl In hardlle4:, 
, . ind /% valule", ~fl ' ;Jh~ul ,4 4 ' ,  and X X" ~, I t ' . ;p tc l l ve ]y  
m~Wvevel, le la l lVe I~) [ l Ie I l l ln, l l ] led C~Hl,lp,~)!.,lle bll,l 
te r td  al Ibh() (.' l i u  61.1. v,.Ith 4.",",~ ~1'114 Ihecue l lca l  
d e l l s i l v ( I m l d l ~ e : , s a n d  A'I~ va l t l t , , ~ f l 'X f l ' ~2MPa  and 
~,'2 M P a  n,l I " re.,,,pecllvely), Ihle ~,uli.les ol Ihese lx~,~ 
pr~q~ertlen liar the mi l led  c(_)lnl~Slle lepresent  an 
i r l l i ) r~vcr. l lCi l l  i l l  Ii;.irdlle.~!~ a l ld  I~)Ll~],llll~!~ i)l~)l_~crlit4 

Table Z Slrll~Uln!, ¢,,iwllll~Ul,., ;.llld dun,,llW,, ~,I In:llerlill'., 

\ '<) ~ l d l h ' l  I I I1 ( " l l l h / l l l l l l l  ,~ ' I I I IUI  III,f~ 

Tom I, 1' Tim,', 11 

I I 'PM I' .M ilh.'d, 7() hi', 
2 <'PM M,lh~d, 7() hr,., 
I I ~ ",' 84 ( 'PM I Irlrnllh'd 
4 I'~ X 8"~ (_PM I_lIHtllll~.'d 
') IS X 84 (.'PM Milh'd, B)hl~,, 
t, I", X ~ (_'F'M MIIIcd, 7()tlrh 
7 I"~ X X", (_'PM Milh'd, 7()hr,., 

Bt¢I/~ d,',uwll 

" t I I I  ~ n ,, [1 !  a 

7,-II) 2 I I', 44 7 
7~I~ 2 I I I  4X,-I 
7(ili ~ ~ N7 41 "~ 
fl(-fli fl 2 9X 47 

fib() ,-I I () ~ 4fl fl 
72(I 2 ~, I() (48 8 
711(1 .~ 112 494 

,,= T h(.,)r~l.,,,11 
~' = (.'~mmTerclally pitre mulhh' 
' = X r~h;.l,.,~ ' , . , laban I %  X4 = l¢ ' . ,p i '~ ' l l~, i '  pL ' r l ' l ' l l l ;J l~(" . ,  ~)l I T l i l l e r l d l 4  in  II"Ii- V~)11llD~,.,lh' 
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I /n ', 

\ l l l l , ' d  
( [ ' \111 

\ l l l h ' , l  
P \ I  

\ l l l l c d  
I , " , ,  \ ~': , " .  ( I ' \1  
\ l l l h '~ l  

. " .  X X , ' , , ~  I~\1 
In l l l lh 'd  
ill II X ~1,(I (I t [ ' \1  

l ~ll() .' 

I lI_yl i ~ 

l~i,~ : 

Iflh(l {, 

l l ~L~ ~ 

F I L~I'~ 

I(I ')',~ ~'li 

I ; uU 

i ) ~ll; ' I ' 

: h  + i I I  _~"~ • I " l ,  (~l~'I, I ()()21 

I " + I I I  ',~ ~1 II',,X (I I',',I', ~l()_~l 

I - I  f I I I l ~ ' , l  ÷ IX ' , ' ;  (11"1 ~ ( l ~  

I l l [  I 'l~ {' I~ I II 4 1 I ) l i r a  I I ( ) l ' , l~ 

~ - ~ ) 1  

, - I I  

~ I l l  

~.~ + l )  

- ~ llllllll~lll I,III~ lllll, '  i l i i l lhh'  
I,~ ,~l l~, ' I I  \ l [ ' , l  I~ l,i': lllIII 
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' I~ I I ~ l  ( l l~l~h I l,~ {) ~l(ll(){'(I ' 

,)1 ~() 7 " .  ;111~1 I'~ f l " , ,  I~"I,I){ 'CII '~L'I~ [ l l u  I I I I [~( ) I I ; I IW~.  ~ {~1 
~ l l l ~n , ,  In ~)I'~l;ll l l l l it~ Ihc  (.'~)1 recl p~ l l l l c l c  , , Izc  d I H I I  ,i; 

I~1111~11 h c l { ~ r c  , . q l l l t ' l l l l ! :  ~ I% I I l ( . ' l~ ' l ( ) lC  c le ; l l l~  e,,I;lt~ 
I I ' . d l~ l  I I  I", I}l~l}~)',,~'~l I l l a l  I h c  in~llln!l ~) l~C l ; l l l {U l .  
'~, I lu . lh  I~;.l~t', I{~ ;I I ( . 'd l lL ' l l~ ) l l  ()111h~ p l l w c I c r  1/ I ; . l ln ,,11~ ~, 

; l l l d  ( ) I ' ~ I I I I l l L ; I I I ( I I I  ~l '~l/~' ~ , l l ' d l l h l l l l ( ) l l  I } l ( ) ~ l d ~  ',, ; I l l  

I l l l p l l i % t l l l C ' l l l  ~l I Iw  I~l~)l_WrllC ',, ~l  m l l l l l l e  ; l l l { t  {~l l i l t  
r~mip~r ,  l l~ II I'~,lhn~,, I h¢ l~ l~ ) i¢  lh ; l l  %~, II(.' l l V(IIIII '~;.II I l l~  ~ 

II1~ ~ ~ll~cl'., {~l i I d d l l l ( ) l l h  ~l C( ) l l l l ~ ) ' . d l l '  I I1 ; I I v I IR I% I(~ 
I l l l l l l l l ~  (I l l  II'l~ I l lcchal l lC; . l l  pl~g'~e'lll~'!~ t w h l c h  ~ l c lwnd  
,u l  I Iw  .ll~l.lllll "d/(.' ()1 II1¢ I I I ; . I IV I I ; I I ) ,  ;.11', I;11 ;.1% I 'n~! ' ' l ' lh l¢ 

' , l l l l l h l l  [.'I;IIH ' , l /c ' . , l . , l l~ l l ld be II'.,¢d I-'~u III ' ,I;IIIcL' I I ' I IK '  
IO, IIIl'., (~b la l l lCd {~ll m l l l l l l c  ' . , ; . l l i ]Plel . , (~l l l l  I ( ) v ~ d " .  

lll{lill'{.i ~hl;IIIle~l ~ill I % ~ I " "  X Plln,,u ~ ,~n %~.1". llllllllh.' 
' , , l l l l lqU" l ,  ,~1 I I ~ )  l l '~,l l l l l  !21;1111%l/L' I I I  i l l  I ; . l l l l h l } J I l ( H l %  

I I I l u ' l p l ~ l ; l l l { ) l l  Ill;1'~ I)l,' I~,';l~.'ll~.'d t)~.~.'~ll[l'.,c II ~%111 IlL' 

, ] l l t w u l l  I~) ; l ' ,CVl l i l l l l  I Iw  I l l l ~  I ~ ] ; l l l ~  ~ l lec l  ~1 
: l l l  l c l c l l l  ; l ( t d l l l ~ l l l ,  I (~l I I w ' , a l l l l ~ l c ! ~  ~ I l l l  Xt l  n [ l l  ! . . ' la l l l  

,,iz'~'. ' l l ) ( i l l l  ICI I I I~{ . ' I ; I I I I IC '  II~'~,lll;JI 'd l¢ l l [ . ' lh  ; ind  /~l~ 
,RII I¢ ~'l, ~il , lll)l)lll  f l l ( I  .~ l l l ' ; i  i l l l d  '~ ~ M P u  I l l  i ' l~np~ ' c  

II~.~' l ' f  %~.C~1(; ' ~ll')'~.'l%L'(~l I-k',~l,nl ,,IrenL.,lh ~; l ' . ,  II()I 

,leI¢InillW~I Ill IIw lUC',,Clll ~Ik I~l.II ~I', lepard,, lh~ 

~ll] 1¢llII~el;illlle A u vnlil~' nIIh~mph ~I~c,, innv 

, i l l \  ;ILILI'}IIIIII~; I( '  I Iw  I t l ( . ' l l l , ,d I I%¢d t"ll~V ~JLIl l" l() l%l I l le  
' .U l . " l~ l l l  I ~ " d l l l  'll, III~z' i l l i  l i l I I 'H~) "~ . ' I IWI I I  ~)11 I I w  %,. l l l lv ' ,  ~)1 

~vIV,~.'Cli I i l l i (J  I ', \ I1P; I  i t l  i ' r~p, u l ~ d '  " '~ III lh~ 
I I C r ; l l l l l ~  I , u  i l l ~ U l ~ i l l l h l c  l l l l l l l l l ~ '  i,)l i i  ,I, ~ ' { ) l l l l~ l~, l l~ ' ,~ 

[ l ie II11;11 , t e ~ u h g ~ l l l e l l l  ~)1 [U~I~¢1"11¢', dc, l)~,l ld,i, ,)11 

'd[IIvIII11..' ,iiid L'.',,Ivlll ,,I dvl1,.qli~.'~.i[i~,ll ~ii1(I l~,i~iiii 

,i~,?,II1 ~IIIL'II ;Iru' dI',L'II%M..'(I Ill lh~ II~1%L'CIIIHI 

L 3  ~ ' l i c r o ~ l r u v l u r u l  I ' e a l u r v ~  
r i l e  l l l l p [ i )v{2d  Ii;.lldll{2h ,l, ~ll1(J ~IIl( ~; l l l l¢ ' ,  ~I  lh (  

Ll()l}'ll1(lll',lli.~ l ¢ l ; l l l ~ ¢  l~  lli~r.,~ ~)l I~l l rc  I t l i l l l l l c .  {..l;lll h(.' 

( 'xphlil~ed lhl~il~,h llw ll]ICli~%l[lILl[lll;ll C~,~)lllll~ll ~)I l 

IIH; I MIIIClIIIJ 1 I } l { ) { . I L l ' l }  Ill, 

I n  F l ! ;  i~ ;.lIC II1~' ~ l ' f l l c a l  I111~IIl('J/l';Jllll ' l ' ~)1 I I w  ' ld l l l l l ' l l ch  

ICVV; . I I I I I~  I l le  d¢!_.,r~'e ()l p~)l~)'l, ll~, l I I I  I lWl l l  M ~ I ~  

I I I l ' { ) l l l l i l l l i P l l  ()11 I I IL ' I I  ! ~ l , l l l l  b l / C ' ,  I I~p%',u",~. ' l  ~,~i I ' ,  

{ ) l~ l ; l l l l~ . 'd  I1~)111 N I - M  The '  . S E M  i l l lC l~t !Jr ; l [~ l l , . ,  ; l lV  

, ,hLt~n i l l  t IL' ~ A l l l l~n l ! - ' l l  I Iw  Ill!_.'lL~,l dun, , l l~  ~1 
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phase Itlal melted ;11 1'72<) (.' I~, tecrs.stulllze dLIrlrlg 
Ihe rapid <.',~dlny uvcle T'hus ~l ~emalned u,+ un 
addll l~ulal altl(~rpll(~tr,, C~Ulslllilenl (fl the nartlple, 
Ihetchv leadIng I~, Ihe avalhtblllI~,, ~1 In~re areu liar 

Fil l rhet e~, ideli+,'e to ~.'l'~liPlt In Ihat X phase was ,,,,till 
I~le',elll Ill Ihe c~nlp(~slle Sllllered ;.It 1'7211 C wus 
~,l~l~ItI~ed bv unal~,':,lrl~ Ui,l;,ii,lleled X phu.se urtd 
tnt.llllle. ;IS well us n, lt.llltle and c~mrp(~Slte :,ltllered al 
172~ C, I ~  lhelr II,Ili,ogei,1 C~lllell l 'T'he UilSllllered 
,,;llllpJ¢ ~l I,ilulllle had ;.I 11111~l~2ell +,I'Oi,i,[erll ~ll' JblH.I I  

I S~l pa rl'., per Inllll~m Ippnl)  'The SltlLt'led Inul l t le h~,d 
;. lt~ll l  I,.+(NIpl+m This Implies It lal dt l r i t ly  Lit+.' 
hllllellll).- ~ l'~I~+~ccss Ill nllr~)~.~'rl )]u,s, ,~()i,ne II,lli,()!~ell 
dlss~dved IIII~) the nlnlerinlg liquid phase 'The 

~.'~)IIlI+~)MIu liad iI I,IlllO)]t,-'i,I ~.'oi,1(ei,11 t)l aN)ul 
'7N(iI)I+Imt Tit.,, lhc iliI+t~!gcn <.'~uIIeiiI oI' the o.n 

I+(~s~le at l t lb t t luhle.  I~ tile l+resence ~ I 'X  Phu,,e WLl,, 
; . I t~Hll bhlllll~l~ln I_.nsli,llered X Phuse C~)l l l ;J l l led 
,4hl 2()ppm ~I' nltt~hgen I ~",, ol tile I,llll~gei,l ~.'~Hlfellt 
~I' ~ln,,irtteted X r, hase SUtlsl'act(ullv il+,.'C(t, Llrll'.; I'(~r Ihe 
I1111~)1~.¢11 C~HIIeI'IL ~d).sel red II,r Ihe Slnlered L'~UTIII~SlLe 
t~r~mt:lll ;Jb~tll bY tile preset,Ice ~1 the phase 
'Tllerel~re tile enl lre ant~urlI  ~fl' X l~tlase ~1' Ihe 
c(!,lllI+,~)Slle ~vl;.l,~ preSelll as un ui,n~)rl~ll~)LiS C(t,i,IStIllleIIl 
,gllh,~tl!,h lh~:' pUlt lal c(mlr~,,Sltl,Ul ,)I i+ttr,,[i, ell it,1 X 
Ptluse d~cs tl,H tlavc u dIrect beu~lnlg ~lt I]le 
I'~HeP~Hllg, rLIIIorlLIIIz~ll~HI, II ,,,,]l~uld be I,TleI,1ll~Hled 
I]ILII ,4 ~wI". N (,hserved by tIll,,., method IS h~wel 
Ih;.llt Ihe l'~Lttllt..l[ Illlro~gei,t .txulterllS indicated by tile 
dtllel+..'tlf iotlnuh.le ,,s~ fat l+r~l~'.,ed trl the IILer+.llt.lte 
Ior file phase 'Thl~, may he relaled h~ Itle purLicle size 
~fl' Ihe D~wdet ulsed, bt'£;lllse higher c(>tltlrs were 
,d_~lulI,led wl lh  finer D~+del!,, l I l t  solId I<~rltls ,.~lvln!] 
Ihe h~es l  C(HIIll 

Fl!,ure ~,(d)shov+s Itle nl lcr~slr t lc t t l re ~)I' u ,,,,arnl_+le 
~I' the I,nIlled c~u+rIt'U~sIte Siilleled ut 171)()'C l'~r 2 h 
'The Itlt~.'t~+g.lapII sltox.~s relulIvcly reduced and ever1 
d l s lnbu l l ,m  ~1 !,ruin Sl,,es, Wtllch led to the .',.ui,nple's 
bellel nleclmnluul i~r~l_+et lie,.,. The average gratrl size 
in F'I!, Ndl  wus I'~,li,td Io be 14 _-/- I lnl~ Hence llle 
l~te,,,,eI,lce ~fl'<.'t vslnl l lne X Phase (c~mfirrned bV X R D) 
Illlpr,~x.'es Ihe Sllllel~JblllIv ~1' ml.llltle +.it h~wer 
telll[~elLlll.lres. +.lnd leud' ,  I~  a i 'nl<.'r~s[ru~.'ture ~,~l' 
I,e]Utlvelv e v e n  d t s l r l h l l L l iH1  and reduced !~la~i,t sizes. 
This ell'eel ,.'~lrl be c<mstdered syi,t~myrTl~US Wllh thai 
~l' +.lddlll~Hl'., <~n ~.r;.lln stabll lzall~m. IL h;.J.s been 
Sll.~l~esled I '  Lllal In L'LlSeS where tile gratn.'., ~)1" ' in 
uddl l lVe phuse d isurelel~,. ~ccupv Ihe pores, u l imi t ing 
!..,ruin size ((-iS) cui,t he uchleved lhr~t lgh lhe 
~hslrucll~Ul ~l' ~fltlerwlse eusv nllgraLl()rl ~1' grain 
h~undurles, and that the (_~S I'~r given volume 
I'ruetl~m (I ',) ~,1 tile addit ive phuse (wll luh I,S X-ph;J,',,e 
lit l i lts cane) and uveru~,e D~re size. ~/, IS ~bt:l lr led 
acc~,rdlnL., t,~ equatt(~i,I 

fj,_~ = IL.' I ' I 1%1 

T'lltlS Ihe Due  size, ¢1. is ¢ll'ectlvelv leduced by Ih¢ 
dfs+,.'lele ~)~.'k'ttl'~Lllf~)ri ~)1' Ihe  l~,lX,'~:'i,1 ~.'~lttitie I't+.lVlton ~t,l' 
X pllu.',,e Ai,l~Ullet method I: thr~ul.,,h vvhluh +.ll~ 
LlddlllVL' ph;.Is~' V~,HJld rcdllce LIlt" ~gtaln size ~d'slnlercd 
k'~:,rtll~lslles I,,,, bY the I~rmer beli,lg ;.ix.'allabl¢ ;11 
InlI~LIFIIV k'~HlC¢i'III;ILI~HI Lind I'~rnlli,l~, ,~(~]ld S~ILIII~HI 
wi th lhe ntal~lX The s~flld s, dul l ,m ~mpLir~ly nluV 
sel..'l~.~lgkll~ ' ;Jl lglLlln b~Hli,ldLIrleS, where II L'kli,i, ;.IIN(~ 

Ilrlped¢ grain tv ,u l ldaiv  lll l~rall~,n. 'T'ht' an l , , l l l l  ,,I 
X pltm, e siuhm Ii1 Ihe present work  iN ,,s()large thai iIN 
consldetal l~m as II~l beln~ uln Jntp~l,itv is it lsll l ied 

H,,I l'+i,esslrl~. IIslmllv c;Jrtled ~ut al temperatures 
hweer thun ttt~,,se I',~r pressur~less sinlerli,tl~. Is 
e lnphwed whell there is ~1 need t~, achieve LI I'ull 
dell'.,IPiGIlllHl ,,'+'lltl redl.l+,.'ed J]I'LIIll SIZES ~)1' '.,li,rteled 
!.,alrlples Add l tUms ~,l X I+hast' Sl~.llt~i,I ill n lu lh le inlay 
tl lelel'~re ]lll+ll Ihe u,,t' ~l' II~H [!,leSSllll.i, ~l tin', 
~.'~ ~Ir11"+~< >",lle I~ OlllV k';ises ~fl ~.idVallced itll~.'r~,,,,ll tl¢lUr+.iI 
c~mltol: Itlul IS. II1 the lve,,ei,tce ~,I 'X pha.se .sluh_ul. 
leftll+erLtLtti,¢',J hweer lh;.trl ltltV,,~' ~.'tlfrerlflY tri ttse I'~+t 
It,ll pressing, ~.~tlld be required F'~u pressuteles!, 
Slnlerln~., the inuxlntunl  advall lUge ~1' the ~nlpr~n,'ti,~g 
ett'ecl ~1' X I_~huse addl l l ,ur  Is taken I1' file s l~ l r t l l l g  
D~x.~,deis ure ~1 line !..,.ruin sizes, and at le lnperatures 
gleuter Iharl IbbIr C Tlte~e +,'~Uldllt~ulS are evlderll 
I't~mt 'TuNe 2, where even after ,.1 ha I  166()'C ~mlv n 
denstLv tfl'~-J6 f l " .  {~.'~m[~u r¢~.| tt~ t.j9 4" , .  aL 1'71)1} (.' I'~r 
2 It)~fl Lhe Itle<_~retlc:ll den.slty of ' the I,nllled ctmll),,Slte 
W~.I~ l~btallled, while ul 17tllr C l~r 2 h, a densi ty  t~l' 
+I ",",, ~+I' ~L,, lhetueti<.'ul val~le was achieved l'~r th+ 
Linruilled uomD~slte lit Fit-', .'+(e)in the InI~.'r~l..',r+II~lt ~+I' 
LI SUlllpl¢ ~fl' tile unmi l led c~mtD~stte slrtlered ;it 
lhe, t) C I~t hll,  In which cje+<, , tfl' IlS Ihe~)retlcul 
derlSlly wus ~hlulrroJ 'The i.inmllled cotnD~slte 
sit,tiered at 17()~) C I',u ..+h i_+resenled u nl lnl lur 
Itltcr~.nl r t.lCl ure 

4 D i s c u s s i o n  

'T'he meltt~d thruugh whwh X phu~e,.mulll le c~un 
l+O,,,lle is Il lade I,II:lY ;.11";~ all'eel Ih¢ vulue und 
variutl~m ~fl' II'., physical alld meehanlcnl pt,,i'WrlleS 
I_lslllg lhe same Sllllelltllg lechrllqUe, bi l l  wi th all II,'l 
SllU I l lelh~d Lfl" pi,~dllcli,l~, lilt ' X phase ~lah~rl, 
YLIITILIglSlll +'1 d/ '+ I(I ()hlLIIlled LI dt' l lsllV ,,I t~7 ~",, lfl" 
the lheor~'tlcul VUILie ,~I a C~,lID~sIle .Slmilai, I.~ thal 
undel Ihe present ,,,,ILIdV They uls,~ ~bserved, I~'h.lllve 
t~ m~m~flrtliic InullIle. a I(I". II,tlpr~weI,nt'rlt Ill lhe 
I,<uun-lertlpetall.lre flexural slrerl/:.,ttl, hul ~ll ly 5 " ,  
iiTil)rOvelllenl ill Lhe i~t,~i,lg lempelLllUre A'tc T'hfs is 
despite lh, e fact thai Ittc intl l l l te .sample ,f l ' lhelr v,,~r k 
was ~,nlv ab~+u.iI q6"o ~1' ItS lhe~rell4.'al dei,lSltV, arid 
thus must huve relat ively IInl'erl~r nlecllai,'llcul 
pr~pert les Io I,ntllhte samples wl lh  greater thun c;~"i, 
~1' theoreltc;.il dei,lSilV. ~bta~rted by tire same pres 
~,,ulrel~.".,s sin|el lug r~.tlLe 
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