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Surt'ace Scaling in SiC-Whisker-Alumina 
Flowing Hydrogen at 13(I)(I)-15()0"C 

under 

W~lllg, Deqlng & Hug,~ F Lopt.'z 
N lnlcrlal ' ,  L)¢parllm'Ul (_~dle!2c ~1 I-rl!.lnc~'rul!. ;ind A['q'dlcd ,%<lCm c I_!nl',cr,,ll', ~1 Wl,,C~m,,lli \lll~nllkC~' 
I ' ( )  Fh~x ?~,-I \ . l l l~ : l l l l ,  cu WI ',~2()1 I1%.,\ 

ReVl ' l ' ,¢d I,-I .'\1~111 I~)')~ r~'~l,,,'~l ',l.U,.,l~m r~.'(.'~.'l',~'~] 21 ()cl,,l '~tu I ' ~ l  ; IvVeplcd I"~ N~,~(.'IIII'~'I I ~ ' ~ i  

I b,strucl 

Ztl l/It~ 11¢~IJ~ I/1~' /11,I~/I I~'tlI/h'I'HIIII'P d~',t~ltlddll¢~ll ¢~/ ~1 

¢(11¢~/",, .'~'1( II/11~,/~"t I i ' l l l /O r l 'Pd  ,.~/2(_1~ Itl I I ,  ,u 
t ()()-  / '~l)l) (_ It ~1~ l i l t  ~'~,ll,!.Idl~'d , I h ,  p/Itd~,~.~l¢ ~1/ 

I'/I¢lll,tt~", (I.~ ~,¢1~ 'IUI~ 'd I r l l ] l  .s('d/t' i ' l  O/ l l l lOl l  I I Id l~ 'Uh 'd l / l~l l  
~1 /11,~/I/I pol'~ll.~ .s~'¢l/~' i'~ll.Vl.S'llll~ o~ IIIII//11~' m t d  ,~.~/~l.S.'~ I 

i~/1¢1~,~"~ I ~, /¢11111~'d ¢hlt II1,11 t t ,  ~' ~p~Slt l  ~' h i  /~al ' l l¢ 'Hhu 
,I ~I~I~ /¢qt lh /  / h a l  l/l~' I I Inur  ll l l~'l '/d¢'~' ¢I/ I/1~' 
'¢'11/¢' IIIII I ' l l l I l ( ' l /  IIIHII I ~ II ¢1,~' IlOl p /a l lUI  /llll I' ~ / / / /q l t ' d  

~ 'mHg mcas'/tr~'Ht~'Hls'  H U h  Irma' / o / / ¢ m ~ ' d  N H~'a~/I 
/h l l l l /h lh l '  ll'PIId ,ql I'~(ll) ( ' ,  I/l~' ,%'l ,q/ l'tlllO III I]I~',S~'U/~' 

'ltl '/d~'e' ¢I¢III,W,slPIII/I' [ll~'l~'Lli~'d II'll/I IIIIH' l ip Io ~1 

ItHI~IItlIIIII 'J/,~o, ill  ¢1 ,i~ll¢'tl fillip', ~1 ~'¢IIH'I'IIII'IlIHIII 

/ . ~qd , '  m , ' / . '  ,"h ,~/ r a / m s  H a,s l . m . /  h~ dmt'lo/~ 

I~'IlI'P~'II I]lI' IIIIIPI HIId Olllt'l ' ~ ' l l /P Ill[~'l/ll¢'~',~ ~/ll~ 

tt,~l,~t',sl¢'~/I/tal a ,%_'1 rl~'/I I~/a'~,s I' p / l a ,~ .  ' u a~, ¢'¢Ollllltla//I 
t~t¢'~,d /el ~¢III /r¢llll I]1~' I~'11¢'11¢111 /1¢iii1 lt~ I]1~' ,~'ll/~' 

lit/(l~'l'. 

,I/I ,/ l ' l  t 'ol '/ l~'[t~'l ld~'n ,'Jl t~ ' l l  u I r d  ~/ll' Ho~ ' / Ih ' l l l l ~ ' l  a l t l l  
,/~',t ' l '¢ldh'llttl,~ i ¢ol I I I l l  t(]",~ .'~'1( " II I .d~, '~ .  ~,'~ ~hnl, 
, I ' l l /  ,q/ 2( ) ~ I I I  t ' l l l l ' l  H 2 .~ltl lo._~p/IUl~' t~ ' l  I ?l l ( ) -  I '~l)O ( 
HtII~'I'.~,II~'/II ."i/Ol'/~/l~/~.t~l.~l'/l~' ] ' l ' l ' t l l l¢/~' l l t l l l .~ ' l l  lit I'~'t 

HI,~VPII ~'¢hh,'/h'., dul l  ,wl'/i cul~, hochl,m'o,v,' ,_~'¢'/u~'/tl, 
i~,~,ll,lll,lld ¢111 ~, , l h d h l  trait ,'m,'~ {;la,v~ha,s,', h~'t ,/~'~ 
lmvc ,~ , ' . / .w  t 'o .  H., t,Ed~v t.,;s' :,,~,~.~/,, ,~.'h, da/t 

~,~'~m.h'r,~ d~,' < , '~ ' . : / la~ ' l . '  :n~,vr / . ' .  d~'r Zm. i~ ' r  
,~'im'h~ toni  di'~ mn i'raml,'~ h'u ,~hm'~ ~ m~'/ll ,'/~l'll t,sl, 
' ~md,'~. ~'i., ' ,~,'u ~,~',s~' Ra .h , ' ~  ,m/., '~,~t FI'~ .,'~ :,'~,~,' 
dll.% ,%'i']ll~']llll ( l¢'] l.~ll l l l l  ~'111 IIUJI('EII [)UI'¢I/~¢I/I.%~'/I~'.S' 1'{'1 
IIU/I('II l~l'l /~ ( )0  (." I,'I',L~I'O/I, Th '  ,~l,'h dil,S ,%'1,,,I/ 

I ' , , r h a / l m ~  di'Hl~'Hl,~/o~'~'h, 'Hd l l / l l  d~'~ Z c H  ht,~ :/~ ~'//I~'HI 

[tl  ~/Dlll/I/ J l 'Plll ' / 'hll l  t'l',L~tl[l ~1~'/I I'll~ ]k'OIl-t 'llll ' tl/llltlS 

,'.'~ffT/ mt ,%'t ,ql I ' ivhu/ lm~'  :u  ~,~l'hi'u dt'~ mm'~ 'u  m~d 
I llt/)'~'l'¢'ll ,/tllldi,t.~.¢./ll~.hl.l~lt,lls./ltl~./l,, ht,i ~OII.~I~IIII~T Z t ' l f  

'111111~'1 I l l ' / I  t ¢~11 dl ' t  R~'~I/~ f lO l l / , / l¢ l l l l  - i l r  ._~'l'hl¢ ] l I ~ l~ ' l '  
, ' ta~'h, ' /h, ' / t , ' .  mH/¢ 

[)t i l ls  ¢'~' ll~ll tll/, Ill d~"I~l'ad¢lllOll ¢1 ]ldllll '  [~'lllpt"t~llllt¢ I 

l/ ' l l / l~' ¢l/ l l l l l l l l~'  I¢lll/()l~'I"l ' pil l  ~{1.¢, I'll I tl/ltlllf '  t/~' 

lr l~' / l lh 'S i'll %_'1(" ~1 (%'  ('llh/l~",' ~'1111~' / ¢1/(I ~'l / ' d t O  (" 

~ I / I¢l'I ~/11[11111 ~/11 ¢/~"/1¢11 ~'tl ('¢Illl,S I/~' [1111/1'111¢'tl1 IIIdl~[ll~'lll 

t /I t)I l l  d~"p¢~{ ]1¢111[~'t11~'11l I~¢O'PII~ ~OII,~I,SIHII[ I'll dl '  /fl 

HlU/ / Ih '  ,'I ~/~' /a  p/lU,~¢ I III~'N,~¢ I~"SU/h' ~/~' / ) '~pO,~l l l~m 

V¢III,S H ,  [,11 /Itll 'll~'ll/H'l, cHI ~1 ¢1/~'t '1t" ¢/11~' /I111~'t/~1~' 

Illl~'lll~' I'llll~' /~' d~"/~¢)[ ~'/ /~1 Ilhllll~'~' IIIIU¢'I~' (t1¢01 

I/'¢I,L~H' ) t1'~'~1 ptl~ /~/~111 II1¢11~ /II~"V~'IIII' Htl ¢'~'t 1~11/I d~'t~l'/' 

¢/'I"/OIlI~V~'III' ¢/1t ¢/l"/l¢il UI~'¢ /~' I~'111[1~ ~lll l l ' l l[  lull '  

h ' l l d a m ' , '  /u~'S'ql . '  pt l ta /~td lq l t~ '  ,I /'fill~ ( ' ,  /~, l a /~p~ t l  
,%'1 ,]/  s¢' d~'l~' /~pp~' ~'llll'l' /~'~ Ul&'l/a~'~'~ IIIh'll/~' , 'l 

Ih'/ll '  ~'tl ~'l/h'l' ~',~1 i ¢ltllllllh'//~'lll~'tll /¢U'¢'~"~' ~1 IIIIL~It'I' ~[1t 
/I'¢UI[ d~' t~'lll'[I¢lll t¢t,S hi WtI'/¢I~'I' d l l  ¢/~"p~il 

I I n l r o d u c l i o n  

I l l  I~.'Cdlll x ~.','ll ', c~ui, , ide1~it~le Irll~'l~,.,I Ina,,, twen pluc~d 
in I l le dc~ehqmle l l l  ~l , , l l l lC l l l l l l l  Cel l inl l¢, ,  Ic~r I~ll, ll 
te i l lp~ ' I ; . l l l l Ie  ap l l l iC ; l l i IH l~ ,  In p ~ l r l l c l l h l l ,  o u l v e n  

Ii~ll~.lI ~.'t'l;lllil~',~ F~'llll'~lr~.'L'd InV ~l( . '  ~. l l l !~kei ; Idd l l l iH l~ ,  
c~ ,h lh l l  ,~ l lh ,d ; in I la ]  i i p ~ r a d l l l g  ~l  I he l l  n l ~ c h a n l c ~ l  

pr~q~el Iit".~. AITIOI I~ Ill~!.,~ clunp~,~l l~..%1(. '  I~lr l l '~HctI 'd 
~lllll111lHI d l~ ,ph lv~ .M!JlllhL'LIIII i l l l l~ r~wel l le l l l , . ,  II1 II~tl!J]l 

ri~,v,, ~ *' c l ~ ¢ p , , [ l ~ n ~ , l h ,  ~''~ ~ ' L l l  Lind I h ¢ l m a l  la l lg l l~  ' 
Ne~erlhele,,, , .  Ihe~e t ' lu l~p l~ , l l c , ,  ~lF~' I1~1 , , I ; Ih le III 
~ x l d l / i n l . , , , - i ~ ,  i~  r e d i l c l n p  I I  i i l n i ~ , , l ~ h c l c , ,  FLll 
Ih~.~lrll~flL ', Ihe ,,~¢ale p l~dL I t ' l  I'., I1~1 III¢'IFII~ 
d~nan i lC ; l I l~ ,  ii1 Cq i l l l ~h l l l . l l n  ~. l lh Ihe ~Lll lt~l. l l ldlIIL, ' 
LllLII|IIII;I i ' l ' |Ull l  v, ThLI",. L ldd l l l l ) rK l l  rL'dCIIIHI,.~ ; l l~  

I~, [ Ind f~ ~ ¢ c l l r  '~ w h i c h  In t ' [ t l de  Ihe d e v e h q ~ l n r ' n l  ,,l 

!i, las'.,V I_~ha~.,c'., UIld Inul l~le Il l [hr '  !,¢ale p r , ,duc l .  
T'lle klrlcI~c a_~p~¢(!., LI_~,IwILII~d ~ l [ h  Ihe I~.~IdLIIIIHI 

,,l ._%1(.' rc I i l l l>rced a l l l l n l n u  have heCll i i l~r 'Migat~d h~ 
', url~ll~., a l l l l l iH, . ,  " -  ii i Ne~  e; l l lele:, , ,  [ l l l i e  I,., ~ I1()~,'11 i~ll 

I Iw I~lalerl;.ll , . , lahl l l lv ~l~ l l lgh I tu l lpe r ; l lU le  hvd l~ye~l .  
K I m  & M ~ r h e a d  II ret ' t ' l l l l~ I~ l l l l d  Iha l  ;ll ;i 121V~II 
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le lTl l )eral t l re,  a Crl l lCa] wa le r  val~()r p lebSl l le has I~ 
be exceeded I'~r aCllVe ~)x lda l l~) I r  More~,ver, rela 
l i ve ly  I~w ~a l '~r  pres'~ures (PIH,OI, I()-"MPa) 
re~,,ulled ~lr ~evere we~?,lll arrd s l ie l lg . th h~s'.,es Unde r  
Ihe,,e t. ' l.Hldlll l)irs SI(." eh.'hlll~.J, by II,~wlrlg tlvdr~_,geir 
v,.a,, c~,nsldeled us Itre le levar l l  deL.,,l'adalleUl i'iFlechall 
isln AI  t e l a l l v e l v  hl~?ll wa le r  '~.';Ip~r presst i res 
( P I H , ( . ) )  . '~ . I l l -  ~ MF'a al I,-I()() (.'). K i l n  ~.Y M~,~,r 
I lead II Ieulnd SlLJnlfiCarll Wel!:.,.lll i l ]crease,, v, l r lc l l  
were ~iss~,ctal~.'d w l l h  I l le devel~l~nl~.'lrl ~fl'a stlr l 'ace 
scale AIs~,  Ih~.' wei!..,hl l...',airl e x h l b i l e d  :l pa lab~d lc  
I ler ld  X R~.I\.' d l t l ' ldCl lon a l ld  in lc i~)sl i l tCl l t r~i I  e~,allI 
HII~HIS ~)1 Ihe ~,cah.' ('~u ri led I l l d l ca led  tile p r e s e n c e  ~l' 
a l l . ln l ln~,s l l lca le !..,las.,, and n l l l l l l l e  Neverlhele,,,,s. lhe 
Ir ledli l l l lSl l~. '  a', l)ecls ~,1' thk' du'!) ladall~HI pl~.'e~,s al'e 
11~,I c leal  and l u r l h e r  v,',~k is needed irl ll~ls a lea I l l  
f i le presel l l  s l l l dv ,  H ,  de l? lada l I ,H l  ~,1' ;..l 11)v,fl.",, 
~1(." ~,hl'.,kel le l r l l ' lHced AI  ,(.)~ al I ',()()-I .~()l) C was 
IrlVeSll,t_.,Hled I l l  p a l l l u u l a r ,  p~'~slble de~,radal l~m 

teacl i , , t rs  are sug.g,e.sled Lo explavn l lre exper in re l r l a l  
l)LIt~.'~)llle I l l  Ihe scale e',,'~)lLlll4)ll 

2 E x p e r i m e n t a l  

Ti le  Ilr~,esllL.,aled nra le r la l  wa.s supp l ied  in I l le I ' ,,rnl 
,,I ,.,,lab,, by A d v a n c e d  (.'~,llrl~t,,.,,ile Malernal,.,,, and II 
CtHlSl",,led t~l' a l u tn i l l a  te i i l l '~reed w t lh  I,() v o l . " ,  SI(." 

wht'.,ket s E'irle t [...',v dl'.,,l~¢l st ~ e X rav  ~.111;..11 ~, ses 

I I ldlc;. l led t i le pfeSellCe ~)i F'e. N;.t, {.'a, and ~ Lraceb Ill 
fhts n la le l t a l  Sp¢Ctltlerl.s o f  6 ITIIl't , 6 mi l l  , ,.-1 ii11ii1 
w e r e  CltL a l rd  l l ler l  exp~,sed hT, t i l l ra  hi!...,]l r~urt lv 
i-ll)WllrLJ H : i l l  I I{)1)-1%1)()' C II,r Vat lOLls per i l ,ds  o f  
l l i t re  'Tire ~;.a~ ~.~.a'., f i l le ted ttrruuL~,h (..'.'~S(_)..~ arid 
a l i i m i n a  t',el~re f l~,wir lg ins ide a resistance healed 
I r ~ , l t z o l r l u l  a l l lm t r la  lube  l u t n a c e  'The H ,  t t ~ w  

p le sS l l l e  used WaS she?lILly ab~,.'e ()1 M P a  Weil?.hL 
chan~?es a,s a I'ulrcli~,rr ~)1' Lime a n d  l e m p e r a l u r e  were  

F,~ I 

(:l) 

(1",) 

SF M nm it~!..,taph,, ~1 ,,urluce ,,~ ah ~ aller I'lydr,~l~vn v~p,~,,ure al I'~l)l)C' I,~r (a} I I'i, (b) ( ,h .  1~) :,-I II and td),-IN h N,pll~e Ihe 
de~vl,~pnwnl ,pl rleudle like mulhlelt~hl a,, ~ell ,l,, newly nllL leah'd mulhle !:rain', and p, prL~,,llv(2,-Ih and ,-INh) 



lll~';.i,qir~'d iii ;t Iiil]hJ\. ,.,{'rl!,ill',~ IIIII.'I('~L~;.IILIIIL'C T'III~, 

~,., a'., l',4h~w~'d hv '.,uu k' I h~.'k n~',~,, in~'a'.,ur~'in~nt'., LI'.,In# 

~pilcal m~'ai~,. Sim.'~ flu.' '.,cak'.matrlx int~'rI'a~.'~.' 

~.",,hihit~.'d ,.,(ml~.' r,~u#hi~.,,.'.,, i hi~.'k n~.".,.,, rn~'a,.,tlr~rn~u~i~., 

W~'l~' ITI;J(J~ l'r(tln lJl~' cxLetilal '.,;Ul I'aL'L' t , ) ; I I I  ;.lvcr;J[2,~' 

i i l11('1 i l l l ~ ' l l ; l ( ' ~ '  ~L 'LI I I l I l I l l2 .  ~ ' h . ' u l r~n  I I I IL ' I(Y.~. '~)I IY 

I,_%E,M) ~,~,a',,, tl,.,~.'d I o  ii'l~'~.~t',li!g;.ll~. ' the' n l ~ r p h ( 4 ~ l c a l  

L'hiln!..'.c'., ~)L'~.'LIFIIII!..' I l l  I lK '  !,4.';Jl~ IC!...,l()n,,, v,'i l~'r~,.t ',,, X 

~.i~, ,,Jll l ' I i. i~.' l l(~ll W;.i',, tl',~¢d i'~)l { . 'v ;J i l . la i l~ l r . . ,  ( t l  rti l; i,.,~ ,,., 

, i l l d  ,,,~,.;ii¢ L , (_ ) l l l r l i ) , , , l l l l ) l l  [ - . l l l ; l l t v ,  L,I(),,,,,,, ~,L'L'll(lll ',, () l 

, ~XidlZ~'d ",,p~.'Ul nl~'n',, ~,Cl ~' ~'h.'la~d h v  ~'x I'~ >',Ill!.., I h~ ' l l l  i,,1 

' m 4 i u n  K ( . ) H  i(_tt i i l_ ' t i ' , r ( ' , x ln l l i lu l~  i(),., t>~l~tt~ ' I l i~ ' ,  ' 

,~,'~' i L' u ~ ;.i I'T1 i i'iL~d 20 pm 

t . I  ,_%~.'ale e v o l l i f i . .  

[he  r n , u l~h ( , hu ] i ~ . ' a l  a',,l~e~'l~,, ~1 ',,;c;Jle e v ( ) l u l l ( m  I l l  H,  
iI I '~()() (.' ~Ul~.' 1(4h~v,~'d Iw SE M LIII,CI ()r,~ll~.,;ll II|L'LIII~., 

,~. '~ . ' ( ) l (J in ! ] ly ,  II ~,.;1!., I (HI I I (J  I h ; l I  ; I i ( ¢ l  c~r, , t t . , i . l lC ;.11 Lt'll,, 

lUl~ip~ralll lC I~t Ih .  iI ',u~ll¢ had all~'~idv d~.'v~'htl~rd 
l - I l l  I i a ) )  E.xI'~()!,IlI~' I()I~v(]r'~)p,:'r~ I()l e~h ~];.1~' II~,L ' I~ 
II~'~'dl~ l lk~'  lllLlJlll~. ~ (I-I !~ l i b l )  ;lll.d ~,()rllL' d~'~..'tu~.' ,,I 

i~t~r()~,ll~, ' I- ' t lr I h e r  H ,  uxp , ) ' ,U l~ '  I'(~l 2,4 h iF 112 I iu)) led 
I ( )  ;.I I )(_)r~)tl ' . ,  '..,~.'iIl~' W I I I I  l le~ , l~ , '  rliJ~.'l~'i..ile(.i r l l t l l l l I ~ :  

Ul ; l l r l ' , ,  I r l  I ) ; I r l l t 'uh . . I r .  h m ! .  e, ' , , l~, ,mtte t l lne ' . ;  (4,~ h)J];.l~ e 

I I I . ,C I ( )  ~¢r '~ '  b i l e  l l l t l l l l l ~ '  !21LIIII'., L l I ld  t ~ h l l l ~ ' l v  hl!...'ll 

I I 

I I 

, l l "  

I pi 

IJ. 

i ~  , , q l ,  

E 

I h l  " 

h'l~' 

( ,':I ) 

( [ )  ,, 

l i l l '  

i t l l '  

l i  , , , , - , , - , . . . .  i , , i . . . .  i 
ql pll I() all 

2 e  

t • ~ ' ) 1  II 

' ' ' i . . . .  

i ' i ~  ~. X R;I~ d i f l l , JA l i fH I  p , J l l u r r r ,  ru~Ji~",~'li l;l lt~,l ' ~1 II1~.' ( (H i i  
p~',tl~' i ' . ' i ~ t r  J l i d  ; l i i~ 'r  i'~'l(I,.~t..ll'<' ll~ I I ,  i~u ~,iFl~)tl'~ I l l i i~",  ,i l 
I "lI)() ("  ( i l ) ;1 ' ,  I ( ' u ' t v~ 'd  ,Ji ld II')i ,4~ h ' ~ l u l l i h '  l )r ; ik ', i l l  , Ih i l l l l r l ; I  

l , ~ l  ' , lh l~HI ( ,J lh ld~ '  ( ~ ) ,  , ] l ld  ~1 rl~'ll pluv, r  (' ,) 

(al 

I1,1 

I-I~. ~ () [ t l I~, i l  I I I l~l~U'l , t l l l l ' ,  ~tl ',~,ih' i I~) ' , , ' ,~'~lI~rl ' ,  ,,li~w~lII.i, 
i i I t l lhh '  ,!1,1111', ,,ill i, Ulll~h'd It,, i i ih ' l l  ~)llll~'~ Iml I )~ l r  ', IILl~'d ~ IIh ,Il l 
, l l l l lq l lh~HI ,  "l,I',',~ r,h,l,u '%t111{~, IIl~' ~A,I%,, , l[t l l~'; l l ; l i l~(' ~1 Ihu 

i I i i ICI  III1('1 hl~ ~' , 

I'~(~1()'.,,11'~' ; i l  LIK' ,,*.....'ii", '.,,L;liu i l i iUt i i iu~,  ~ {F I~  I(~I)) X Ra'~ 

diI1i;i~'ll(m lli~'m, lii,,'nwiII",, IF'q, 2) u, mflrni('d tliu 

l~t~',,,.~ul~.'~ ' (d tT11illtI~' allot Ill ;It I ~()()(.' ~.'~)li,.'tta tcaIIl,, 

v, alil AI,(_)~ :illd SI(.' A ~I la~.'ll pil;i,.,~ ~ ~,,'ii~,, ;il~.,,~) 

dctcclud, i'uil lhu peak,, ~Cl~.' I()~)','~t:'iJk If} l'i~' l'I~.',.ll I\' 

~li'lu~ ~Xl)(~,,tIr~ ~ ItiTir,., ti~ c,xuu,.,,,, ~,i I I~ ~i I'~(,l (' ,,~ii 

L"~LIIIIIII;.III,,Ul (}I' IIIc CI('~",,'., ,,~ciI~}rl iiidlC;.iIud Ih;il Ih~' 

IIIIIL'I ,.,c;Jlu rIHIiIl',, irll~'rl'LICU w;.I!, II~l planar I)iiI 

~.'xlltl'uh'd ii ~ a ~  p l , thh. ' l t  It# ~) Ill I'~arlt~.'~llal. NERO1 
~4~'.. ,~'r ' ,al l~lr, ,  IFIL..' .4 ) ( ,1  Ih.~' ,.,~.';ih-' I l l ; . t l l iX  Itll.~.ul';.tu~' 

l~';.II~'d ;I '.,L';IIL' ill;talC II I) h', ililC' !21;Illl'., Lllld l'~)I~. ~',, 

~IIIl ~I !]la,,,,v Idl;I',~.' FIi~lllcIi~u~r~ ~, ,,II!.'hl ,,uah.' 

el~.'iIIII~; I~.'III~t'~,~(J t,,~tlIl.e ~tI lhc ;.iIillnlil()'.411~.';ll~, ~ I'~ha,,,r 

and ~T~(t,.,~'(l ~.'(uilIrltI~U.I,., ,.4111] !, ,, ~tl l'~(~t~'t., (FI~ ",(a)l 

Flu~i~ v ~.~I~.'I~in!g u~Ui~l~h.'1.~.'l,, rui~u,vd tl~.' !]I~'..,~.,,,' 14~a,.,~, 

~I,, ,.,Ii~Wll In FI!] '~{I~l h.~a~IIi! • a hlrIII~' p~u~,u', ,,~.'~h.' 

I I I I~'( ~',',~ I ~'~,.I 

,_~1 ,,~1 lalI~>'., I I I  I I w  ~,,,,.'ul,.' '.dlli'ii~.'L' i l l  I " , ( ) ( ) ( . '  wcr~ '  

(JL~tL' l l f l ln~'d II~)ITI UIIL'I)2V di , , r ' )Cl , , i~ ~' X ra'~ arlal~,,,¢'., I l l  

I l i ¢  ,%E.M a", ;I l i i t l~ . ' f i (U l  ~'1' l i i r lU  I I  V,';t", I '~Ll twl  Lha l  



26() II'u.,~l fh'qm,~r H.,t~. F' L. I , ' :  

I'll. 4. S[:"~I inI~. n~!.,raph ~l the ',~'al¢ matrix interlace' all~.'r ,-I~ h 
al I ",()() ( ,.,h~wm!.., I Ile d~.'v~.'h~lm~crll ~1 hm.' ~,u'ale 1,,raim.~ a,, well ~.~,, 

link ~ vVL'll'd r)~rl~hll v 

Ihe~,e ru l i os  sllcces,sl~.elv incle~,sed Lnntll al l  u lm~s l  
¢(HI.SIulll rU l lo  WU.',, reueh~'d (F'u]. fl). M~ue lweu.  ~.ll u 
g iven ll ln~' (2"~h), l,lle S I /A I  p r~ f i le  exh ib i t ed  u 
Omll l~U~mS redLicl l~m I'r~un the .scul¢ s~lrfuee to the 
,,c~ele inaln lX ~nlenl'uce (Fl~g '7) F'h~l,', ~1' ,,~.'uh. ~ l h l ck -  
ne',s ver,,I.Is I I Ine I l l d ic ; l led  that  tI le (~xldull~)ul proc¢.ss 
ex l l l b l l ed  u neuuls, p a l u b ~ f l l c l t ~ n d ( F I g  xa) F'~nullY, 
IH) j'Tlu',% [2ulFI V~;.t',, I'~LIIId i l l  '~l.')e¢llti~'lls exi_x)sed I~, 
le l l lpeI .J l l l l~ 's  I~l I I(1() ( '  I ~ r  I It (F'l!., gb )  

4 D i s c u s s i o n  

Ao. '~udl r lg  [~ KI I | I  & M~u~lheud.  II act ive ox i da l lOn ,  
and hence the deveh~pmenl ~fl' ~.l ~,cul¢, i'~ ~,lr~nFl~, 
I I l l l l l¢ l lced by the acl.iLal water  pleS~ulres A l l h ~ u g h  
I[1¢' H ,  JJLI,s emphwed Ill l,hi,s W~)lk w u h  o l '  Lillra high 
puritY/, upp ; . l i~n l l v  leMdl.lU] water  in t i le ~,U~ WUS n~ l  
~'f fecl lvelv e l l m l m l l e d  F'l,s~.'hmun u~ , f l~z u,s~rig the 
S ( . ) L C I A M I X  PV c~mlpL.Ilel ~.'~de I~ predlct~.'d l l la t  
2S ppm by w d u m ¢  wa le r  in Ha I,, sulD,.' lenl liar UCllve 
~xld; . l l l (Ul  o1' SI(.' [()SI(~)(1J)and C(_)(g) Accoldln[J,l~,, ', 
Ihe hnd~rlL..,,, ~1' m;i,s,, .~ain and a ,.,uurl'ace scale ~ l  Ihl,'., 
w~)rk ind ic : l ied  lha l  ~,~,iller Val"~()r pr'e',,",;ur¢ ¢(uldll,l~n.',, 
f i)r ac l l ve  ~xnda l l~ l l  ~.ere pl e,~enl. In ttun euse, K Inn & 
M ~ o r h e a d  I I '~tlg~ge'.,led Ih~:' I'o]h~wlnt2 reuct l~m. 

SIC',,,(s) + tH:O(L.,),~---S~(.),(,s) + ('(_)(g) + ~H:(1/) ( I )  

Nevcrlhele.',,s, ~then rea¢l,n~m p roduc t s  uu¢ l i ke ly  t l l  

f o rm ,,uch a,, SIO(L- ' )or CH.~(L-'). M~lre~wer,  kunel i -  
call,,', nl a.s expected Ihal, the ,scale wi l l  be ru le  
c~mlr~dled by c~mlpe l i l i ve  l,ran,sD~rl, Itl~'~.'hanu'~m,s 
l h r o u g h  the ~.'al~:' l t lwkn¢!,n I.Jnder lhc~,e ~.'~)ndul,l~mn. 
reducl,n~m reuclu~m.s etTecl,uvelv c~mpe l¢  w i l h  ox ld  
Ull~)ll reucl , lon~ it] l,he rest i l lar l l ,  ,scale pr~duncl, 

(a) 

(b) 
l-"m~. ~,..~F, ~1 nm. lL~;raph,, aller H, ~'xr,,,urL' at I '~t)(i C h~r ,-IX h 
ta) .SIn!~llll~ eh h~:d ',cah.' L rL),,,, st.~l Ii(m ', ,dl~)~ung r)alll~.ll r~.'m,~,al 
~l !.%,.,,,~ idl~.l'~c ahmL., ',lrlnl~,; ~1 p,)n',, ~Jnd (h)alh'r  ('~nlF)lt~l( ' 
rcm(w,tl ~)1 the L.'l,.I,,',v pha,~L' ,,h,~wnn; .', I.~rg~.' d~l_-'rc~.' ~)1 

() 7I) 

(I h(I 

i.) 

~u, Hh" / 

,-~ 
I.,~ 11 411 
qj'~ 

I) fill 

11 k~lll 
I} 

T IITI# ~, I"h )l,,lu b 

Fir. h. x r , ~  l L,.JnI rate raI,~', h~r ~i AI in the I~.l,, ',~.alv 
tnh'rlact. ~ ~i'fer H ,  ~.'~.p,~uJr~ ~ I~r ~.'arl~l.l:.~ Ill'Tic,., ,ll I "~l)()'(.' 
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I I I  :~11 I l l l  411 ' i l l  ' I1{) ~ ~ 1  I I~(I 

I I lbhJnl  i~l M l i  i i i i1 , ,  

i"II/,, 7. X R,i~ k(ilJlil IahI I,III~)', h~r ,-~I AI Iri Ih(' ,i(,lh' li41i,h 
',~'IIIAHi ailel H ,  i'~rlii,,tlri' ll lr _~,4h ;II lh()() ( 

l l ) ( I  - -  

Hl l 

h l l  

411 

IlI 

( I  4,1) 

( I  I~ ) 

"i-:, 
El () 2()  

',~ 
L'I 

'rl  0 I11 

I.) ( .~)  

4) I f )  
I '%11 

i;, ,,'u ,i',l ,~;, ',I, 
[ l lT l l  ~ , I I¢ l U l  ~ 

~r' 

I ,I'L,I ) I 4'L,U I I , l , I )  

| I~lTi  I I1"1 d h, I I  ~ , '  ' l ,  

(ht 

f i g  I~. I,Ii!'~{ale III1{1~11(",', ~{'1',11'., IlnlU ,11 Ihll() ( i i i idvr f l {~ l l l ! ,  
H I  ;llld lh)i ' l ]{ ' { ' l  ~)I h'll lrli~ralllri ' (Ill lhe rllil',', LMIrl ~'~hlhlk~d 

,i ih'r ('~[lll,,lllV hi ll,,dlly,~'ll I~I II I  

A r m m l ] .  Ihe  p l l l c r l l l i . i ]  tea t ' l l~ l i l~  a l e '  

SI(.' , ,(!,) + 2H,II_-') ~ SIt,~) + CH,41r) (2) 

SI( ' ,{~) + H : ( ) (y )  + H :(!..,) ~ -  SI(_)(L.,) + CH.4{I_.,) I~,) 

,%.'1(.', ,15) + 2 H  ,(_;l[-') ~ ~%1(_)(~2,1 4- ( . ' (_) (g)+ 2H, ( [ ; , )  1,41 

I - ' i i l lh~ ' t t l l l ) l 'C.  ~)ltl~'l reaCl l {m~, .',,t.tch a~, I.Ii~' I '~)rrllaLl~Hi 
()1 aIl.lnlln(~',ilIlcal~'~,, ;.Ire ~xp~'c l~ 'd  | l )  ( iccI.Ir 

~Sl(_), + I 'Al , ( )~  ~-- A I , ,S I , (_ ) , , .  ~, t~) 

ah~l l~  w l l h  Ih~' I (~r lT la l l~m ~_~1 m u l l l l c '  

2S~(), + ~AI,(_), ~ ~AI ,O~ 2S1(_), 16) 

I_ l l idcr  Ih~' cxI.Mlrll...' w;.il~'t VLIp~F pfL'",'.,LII~!'~. ;.i~.'ll~,~' 

L~Id;ILI~'pll l~I' ~I(_' II) ~l(.)., ;JI th~ ,,tale ~,,urlacc I;, 

e,~lX.'clvd I~ ~L'~.'ttl (,,.'qn t l )) Tilt'., i,., l~4h,vc:'d hv ,,,ill', 
'.,,CI..JUCIil i~.';IL'lt~li ~,'~tLJi II'l~' ' . , I t t l~ l t l ld l l l !2  ;IJttrTltl l; i I~) 
I (Hl l l  mLII l l iV III ;II]r~.'t ' l l l~l l I WllJl  Ih~ ,_%E' M ; l l ld X lav  
d i t l rm. ' l l~Ul  (II~I.,CI~.~.ilILHI ',, I - l i r l h ~ l  U~l~(r.,I i iC '.,h~u.lld 
I~'ad I~l ~'~ili[~..,~.'lllll~J ~ll tn i l l l t I~ '  ~Ji~llll', ~ l i  Ille ,,cah.' 
' . , t l l l , ic~. ii', V,.,.~II ;t", I() IIl~,LIl(~ r '~' l l l l~.ql l l (Ul ~ll V<iifCi" 
~.i l l) l l l  ;IIHI ~)", ld~l l l~ql ii i Iti~' '.,c;Ih' I l l i l l l lX  Irll~.'lli.l~.'~. ~ 

In L'~)IIIIII,.,I f i le  , , ta lc  ,., l l l lac~' e~, l l lb l l , ,  it ~l h l l l l d  

l ip ~ l l l l  I l l l lk '  ~llcl~'~l~, al ~l !]1',.¢'[I III1H.' iI ,%_'1 A I  
C(I IK '~I I I I ; I I I (H1 pl(d-ll~' I'., de~ 'h ) r~ 'd  ilcr(),,,., f i le ,,cah.' 
I l l lc l , , l lC' , ' ,  T l l v  ,.ll~r~;Irc'nl ._~1 ~'r l l lChl l l~: ' i l l  ~)t I lK '  
IJ;.l'., '.,~.';lle IIil,,'rl;Ic~' ~."¢pI;llli ', Ihe ~h,.,~t'~lll~Hi'. ,  ~l  
~. ' ( l l l l l l i l i~ l l ' . ,  l l l l c l~u. l l l~ l i  ~ l  l i l l l l l l l v  !glRIIl~.,. F i l l  

I I l~ ' l r l l ( l rc '  II1~.' NI A I  [}l~)hl~'% IlL'l()%", IIl~' ',C;IIC I h l c~  

II~',', '.,I.l!]~Jl~'M IIh'l l Ill~ ~ rc' i iCll~)l l  I~l~ldll~.'l l,'lHiM!,l,, i)l ii 
,.,~41,~1 ;.tlld l i q u i d  I l l lX l l l r~ ' .  ;.1", ',l,.I)J!~.'~,le4.1 h~ ~1111¢1 

v,(irl,.~t,.., Thv., ['~l'(Idl.lCl I% I~trced I{111~,.,, I()%b;ll~'l~., Ihv  

Ill ~Hd~'l I();IL'L'()ITIITIt)d;IIL' ~)llIlllk' clI;.III[..'L '', I I t lk~ 'd I() 

~)\id;llllill 
Allh~ul~]ll II1¢ I; l l~' ~1' ,,tale I l l lc l , ,~' l l l l l ! "  letid~, I~) h~' 

I ' l; . l l l i l '~llc. III Ll~Jle~ll|~' l l l  Wl l l i  KI I1 i  ~ M ~ I r t i ~ , . i d .  I I  
Lh~' Ili~.'llalll!.,ll~,' ii,,p~'~.'L,., ~ll~ ri~l cl~'~ti ~,. ,Miinlll~. lh;i l  
/ : ' (H , ( ) )  I'l~'rlll~'LIIl~tll I~ r;.ll~ l i l l l t l l l l l : . '  Ihv r,.ll~ 
~.'~)llll~llllrlL~ r l lec l l ; I I I l ' , I l l ! ,  I~r ,,,c~ll~' g , r ~ l h  'A~HIId I)~' 
Ih~' ,,h~wv,,I ~)l' l~lt I ra l l 'q .~lHI { t l ' H  , ( ) { ~ ] ) I r ~ ) n l  the 
I I ~ l r l ! ;  ~...';1'., I~ Ihv ,..,calv ,.,l/ilLl~.'c ()1 (b) i i~ l l l , , , r '~ ) l l  ~)1 
~l~II.J:tlll Illr(ul!]l'l Ih~' ',,c;ll~' IIIll,.'kll~",,', %VIIL'I1 t"l~'llll~.';I 
l i { ) l l  I I Ir~i l ! . . 'h t lw  ,,C;.ll~' I l l tcl,,n~",,, i,, i ; l l c  I l r l l l l i l i [ . , .  ;.I 
liar m;. l l r lX ,,{.;th' Itil~'t'lLIC{.' '.,l'l~ulht l IH I I 1  In ~.'~lliir;I,,,f 

w l l h  111¢ I)IY.,CI~,.III~HI'., ()1' ;i lUl~,l/~'d IIII~.~II;K'~ ' Tll~ 
k'~mdll l~Ui'., I()l l i l y  d ~ e l ~ t l ) l l l C ' n l  {~ l '~a~ ~ , , ta le  l i l a l l l ~  
ilil~'ll';l~.'c'., %~,c1~' ii l~,l. 'Ml!];.il~'d I')~, ~v' i i !Ji l~l I1! ITi~IHIII~.' 
,.,v,.,l(,llll..,. 14 .,'~cClll{tlli!.., I~l lit,.., lill(Jlll!J'.., ii pI; . t l lat 

alh~v ~'~ ld¢ Il l l~ll~l~.'~ I'., II~ll ,.,I;ll~lc II ~llll~, ~)rl~ 

~.'~)liir~,,,lll~'lll III l l~' alh,v i~, oX id l / L ,d ,  i l r id  dltTI.I,.,I~_HI i l l  
i l l c  a l h w  i,, ,.,h ~ ~ ll¢i1 c~ Hill~;..irl~'d ',vii h ,.Jil'l'l.l,,l~Hi irl the 
~,,id~' Nv~vi lheh. ' , , , , .  i i i  fhc i'uu,..,~'nl case.. I Iwsv  
;JI! ] I I I I lC' l l I ' ,  ;11~ Llll;il'~h.' I() LIL'~.'()IIIII I()l I lK '  ~'~,I)~'II 

I l l¢l l l ; .I [ ~ H II~.'~ HllL' 
B~'~.';ll.le,~' ~1 f i le  c~mll 'qCxll~ ~1 Ihv iu~d', leln lh~' 

I t lec l i ; l l l l ' . , l lC ;.t'.,l'~ecl", ; i lk' ~mlv  d~.',~cr Ihcd  Ul l l ; . i i l la l lv~ ' lv  
Ai2L'(irdlll[.., I ~ ) I h v  l l l C r a l t l l C  " i~ w h e n  S I C  ; l l l . l l l l l r l ; i  

i,, (.",,1~',,¢~1 I~ I h c r t n a l  ( )x IdL l l l ( ) l l  a [t;.11 dLllk I(.',J~.'II~HI 
hlVcl de,,~h~p*, v, I~lch i~., in u '~ l l l ac l  Wllh I t le i i l l r c a c l c d  

l l l a l l l x  Thl~,, h. lwr  is ¢'.,~,~.'l~ll;.lll,, Iv~.'~.' Iv~rl~ l~u~',,ll~, 
,.ind ~.'~lll;.lill~., I, lap l l l l lC  c a r N m ,  il,., wvl l  a'.., par l la l l ' ,  
dl,,,!.,~dv(:d c;. l lblde,, Al, , l l ,  l l l~ c~,lvrr l l i I  *,clih.' lav~'i 
c(m',l~,l~, ~I in l . l l l t le  a i i d  ~1 !.,la.,,,,v pha,,v w l l h  ,.,()ltl~' 
d~'lI',l~'e ~l  I~l~l '~l l~, '  SIIB.'~' ~lCIIV~ ~ )~ ida l l~m I,, i'~re'.,~'lll 
(Jl l l  ll1~J I1ydr~q..',t'n ~,~p~)'.,lll~'. ',,~H11~'~,~hal ar lahl~; .~ l l  ~,, 
r)lic, liOlli~,ll~.i ill.~ ¢ ~ p e c l e d  I~  J~.'~.'~Hliil I~ll lhc, ~",, 
h lb l l ( . ,d  !,Callll[. ' Hence, the  I l la l~ i r  ,dllt~'r~'tl,.'e',, w~H.IId 

Illr~tLlL.'[I I lK '  ',L';.II~' 
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F",xperlnlerllall~,, rl~ne ~I' t i le ;.ll'~uellleli,ll~,ui,ed 
I'acI~)l',. were vett~Jed ti,i, hvdl~L.,ei,1 e,xp~',,ed S IC-  
a I l l l l l l i la Hence. ;ill ; t l ler l la l lve ~, le~ i!.~ l~) 
ct)i,l',,Ider I l le ell'eel ~)1' t lYdr~gUll  ~11 lli,e scale 
deveh~pri,i,enl Since I1ydt~Lzen l'~ermeali~m Itlr~nJl:.,h 
lhe ',,tale p lOdt ic l  is ~elal lvelv I'anl, II IS expecled I l lal 
;.ll l]I,e ill,net irlleila~.'e, Sl(.' redui~.'ll()i,1 ~.'~ildlfl~Ul~ 
Inll2]ll be d~HlllllilrlI A~.'L'l~rdli,l!2 h) KIIII I'' alld 

Reader,,, TM ;.It h~w / ' I H : O ) a n d  lelli,l'~ei,all.lleS ;Jbl,~,e 
1.4t)() C. Ilall',,p~u I ~ I 'H  ,(_) I~ the ',,anlple I,~; e.',,pecled 
I~ be rate c~mft~fll l l lg Hence, the expe~.'led walur 
pl e,.v,,itle',, lil l]le '.,,ca le lllLI[I IX Illlei, I'i.lc'e are I'ar ",;li,la]]ei, 
Ih, all Ih~'~e exlstln, p a l  lh, e exlern, al 'wale '.,lill'ace. 
Thetel~m.'. [e~l~.'lllHl,~ (~j-(6) illl~.lll he aL'live al the 
III,IIL'I iillerl~l~.'e Ill, ;.l~.'v~'q d;.lllL'C wl lh  Ihe SL)L(_IA M IX 
PV I~ pi,edl~.'Ii~ll~, ~.';.lllled ~)tll ill ~1(.' exl_~'~ed I~ 
H ,  HI(.) i l l l~, [ i . i le~ i iI.~ (.'~m'.,eqtlei,1Ll'¢, IhP,, w~ll leLid 
I~ Ihe deveh_~i~ln, enl ~fl'a ] lql l ld n~lld ;lllllti,IIl~.'.,lll~,.'ale 
plla,,e ~ h w h  i~ lhell .',,queezed l)lll us II IJeI!,, l ulllv 
O.~ldllecI b~,' , , luwlv pelli,leLiIir,i,~. H j(_)(12) 

A '.,llllple cLllclllalH)rl ~t ti le v~fltlnle exl'~ailMOli, 
;i.'.,',~ wla led ~a. iI It, ti le I~u n la l lon ~fl'Sl(_): give',, va lue.',, ~l 

",IF',, l'()r ~,,ll~sker c()ri,t~..'ii,l ~,, ~)I ~i()v(fl " .  lU T'h,i:~ i i i  
Iii111 llii,i..~(k~eh leJall~eJv Jal~e:. L'()irlple'.,~ive ~,lle~,'.ieN 111 
lhe .'.,tale re!~l~m'., Llri,del lh, e'.,e c~mdiIi~)rl'.,, l l le 
iJllle;.l~.'led 111aLl I'~ ,.,ide e~hlhlP., [ell'.,lJe !,,lle~,,,;e~ ~,Jilk'I1 
u~uild lend I~ Ille de~,ehg)rII,elll ~I ctm.'l,,s Nevel l l~e 
le',,~_,. ,,~.hei1 fIle rea~.'li(Ul i~r(~dlicl ~.'~ri,sI',l', ~I l iqu id and 
~.~ll(j ph, a,,es. Ihe ',.lle,,s buih j  1.1[~ I.'all be ea!,II~,. 
.'lllev~;lled by ',.quleezlnL.' ~nll Ihe IIq~lld ph, a',.e Illt~ml?.h 
Ihe I'u)i~Hl'., !.,tale thr . ,  III ;.l!~reenlelll wl l l l  ~)h,,er 
villl~ul,., ~1 ~1 c~)lI, I I I l l loll!. ,  !]];.Ih~,,v hlYel  ~11 Ihe 
,.wLlle ',,Lirlm.'e", ~n '~l~)le~)vel leak'll()ll ~I llle l iqu id 
phase wi th  d l '~ ,dved aliJilllli,a leadn [~ ii,ew ri,i,iiIllfe 
12.1illll',, Ill a~leelli,eli,l wllh, Nurl~,hl ~1~ pu,.,k.'ll illi,d 
Ral i ,a  £'1 i1[ Ji i l l '  plelerei,111111 1,1LIcleaIl~Ul ai,wl ~i, rowth  
~fl'rlrltllllle lgl all,i,,, al illela,,,la hie l iqu id  alult i , i i l~!, l l lcale 
pha~,e~, 'Tile e'~lelll ~1' mLllllLe I '~ri, l lall~ll w l lh l l l  Lhe 
a]llln, l l l~!,t l lcale I Iql t ld I'., ~,Inui,!~ly inlli.tei,lced hv lhe 
imi~t l l l lV u'~HiLelll illICI hl l l i l !  lelllper~JLllre~ In i_mrll 
cl lhl l .  IL I~ I '~l l l i ,d"" Ih~ll N ¢ I : ( _ ) i l l h l b l l ~ ,  Itle mi~lll le 
lea~I'll~li, wllelea'., hllJli lelllperalllre.'., ai,id I~w ,~lll~I'a 
I~ all.lllllrla pl~:, silica iilIl~,.; i'~r~ltl~le Ihe I'orm~lll~m 
~1 mul l l le  

I_lndet eq~llllbr~Lirn c'~>i,ldlll~m',,, inLiIllLe and a lum 
ii,la ate the e~,pected l,ll;i;,e!.; Ill t i le ~:,u'ah.' re[.,,i,~rl 
Neverlhele,, ',,. Ihe I In l l [ed aln~nlri,I.n ~1' ~xldal i , I  
avalhJble I~t llle devehgmle l l t  ~l muI I I te  ',,llgL~e~l I lml 
Ihe ,,,tale I~r lned d~e.s ii~d teach eqLllllhi, lUtrl. Hence, 
Ihe rale ~l ',;tale ttllcketllll/e, I.',, I,nalnlV e~mlrol led by 
Ille r;iLe al v,.'lllch lhe SI rich pha',,e i.s l'~lllv ~x ld lzed 
T'h,r., ii~ lurrl  deperld',, ~lp~m Lhe rate al ~,,,h, luh v,,alet 
',.'a p ~ r  r'., l ran ' . ,p (~r led I r (ml lhe I1ialll ga',, ~lre:li] l I~ ltle 
wale '.,llrl'ak'e (.~)ll";e,Llllellll'v', u n d e r  Illese L'~)lldlll()ll.h 
a plal]at iea~.'ll~m I t~)nt i!, iIOl slahle ali,d iI explatl]h the 
illldl.lJal i lalLlle ~l' lhe inlerl'm.'e,,, and Ihe pre.~ei,l~'e ~l' 
p~wkel~, ~r '.ilrllll]~,~ ~l a L;.la!.,'~y pha,~e acr~,~:, Ihe wa le  

Ih, wkne',,',,. Add l l l~mal  ev idence I'~r the role ol 
hvdtot..,ell i!, ind i rec t ly  pr~wlded by Ihe n~l',,',,li,l~ dark 
leak'll~Hl I~I~IeI T'lle ab'.,ei,l~.'e l)J' all ll l l ler leak'[l~)i,l ILIV('F 
'.,IJ~?[J.e',,l'., lhe lack ~1' ,,ul~',,lallllal ~rap l l i l tc  carb~m ~r 
I'ullll;lll'~ dlSS~dved SI(.',, Ill, [he ,,.c;lle (see t-'lg ,4) 

The de~,e]~fl'~meI,11 el' teI.Jl lvelv large IIm~mnl~ ~1' 
ptu~),;ll~, ~.'illl ~h,~ be exp la ined tw tl~e ICdLICIIIHI ~)l 
whi',,ker,., .~Jll~'e t lw.Jl~]el l  perni,ealH~ll I ~, le la l lve lv  
I;l'.,I IhIoll~?ll ti le ,~cale. lhe redt.lCtl~Ui, reacli~m wi l l  he 
I: l le I iml led by ~l.llvvar<l i'~elMea[ioi,1 o f  Ihe ga'., 
pt()dtlCL~, (CH ~ (.'(). S~( ) ; l i , Id  H :). 'Till ~, expl; l lW, Ihe 
lack ~l';.i da lk  leaCll~Ul laver in the .scale developed 
'TIw exl',,lence ~fl ' lhe InlWr dnrk h.l~/et I,, a l l r l bu led  
I~ llte rel,'lll~e]~, h_>v, pet l t leabl l l lY ~fl'oxlda/nl lhl~,l~gh, 
Ihe ',,tale lh, lckile,,~, (.'~ul,.,eq~lel~llv. iI Ihe ~>xld;ill~m 
r'eacll~Ul v~.ele lale Ilti.11h.'d by I l lward  i_~eri,neall(Ul ~)1 
w;Ih.u ~i.l['~l,I. a rehlll,,,elv Ihtck dark laver le~l~li, 
,.,h~n.lht de~,ehflx F ' l l l l l le l l l I , tHe,  ~m lward  per lnea l lO i l  
~fl 'C(_)ahme W~nlhJ be l 'ued~mlinantl '¢ imf lecu la t ,and  
it w~u.tld n~l Iw i ible I~ m.'C~uln, l I'~r ll~e exh lb l led 
i '~u~,,llY ~' ~ Ti le lalge alll~HIIIt'.~ ()I' p(m), , I lV ai,Id the 
h,.'l,, ~fl'a <In~k ~e;~.'Ii~ll hi,,.er indlcale l l la[ te la l ive lv  
lai!?e ili,li,~lllll!,, ~l' !ILLS I'u~dllcl',, are u~i,ltli,1llallY 
l'~rln, ed F'lli,ilJJv. llle t)Xlda[l~)i,1 leaCll()ll,,, ale au'~.'~)ITl 

paliled hv tile deveh)i'mi,enl ol ~elallvelv ]arl?e 
v~IIIIli,e iii~.'lea'.,e'.~ Helle'e, tll)~n ~L'~Idtlll~)ll, t.'~Hlll_')le!~'.~ 
I're ',,Ires",e!., ale expech.'d t~t bui ld Lip II1 Ille scale 
lel211)lI,,., lq ,,'\¢'k'~'qi,Ilrll_~dall~!,J'i, ~l Ihe II~lernal ,.,Iresses 
I'~ m.'e,,, the SI i i~'tl phase IOWald',, llle u~xlei i lal ',,ulrla~.'e., 
~lnd ~cC~Ullll!, I~u Ihe SI AI  i',t~dile~, de~ehfl',ed acr~,,;, 
tIle scale Ih, lcklle,,,, 

5 ( ' o n e l u ~ i o n , ,  

'TIle tn~rl~ll~>h>L.,zcal e',,'~ll.ltl~rz ~1' tIle surface 4~.'ale 
d t l t l l lg  H :  ex l_~ ! ,u re  was jnve,.,ll~.ated II v,'a,, I '~ulld 
Ihal al I '~(~(~ C tile scale w:.l'~ nlade l ip ~1 IllLIIIIIc, Llll 
alII~HpIHuI',, ~la',,',,v phase, alld p~rcY,.llV Wllh Ile~t~ I 
rni.llllle tJtaln.s c~mlllI.uall~,, e'.'l~l~,'lll B trl lhe '.wale 
,+ul lace AI!,~, lhe '.,tale ev~lt l l l~m wlI ] l  l Ime exhlh l led 
a Ileal l'V l'~al;.Ih~dlc t'~ehavlcu. The ',.~.'ale k'rl~.n ne~.'ll~ll 
Indlcaled Ihat Ihe reacll~m Irl~ill wan tl~t p lanal  hl i l  
exh lb l led  !.,ome degree ~1 rlll., .~nllY In pat tlcLIh.ir, Ihe 
In~llll le !:~aln', v,,'ere '.,tl~t~mrlded b,,, IIItefl. ' lHIllel.' l¢l' l 
~,lrllll]'., ~1 p~r~ , l lV  Illh.'d wt lh  Li, Ins'~v i~tla',,e 

F'rleq~y di.'.,per',,ive X ray ai lalyses i l ld lcaled lhul  ~1 
S~ AI  pl~>file r:lll~t deveh~pud acr~,,,., lhe ~.cLIle at a 

glVell I l lne T'lll,S III lu rn  ~ a s  a s , ~ c i a l e d  I¢~ Ihe d ls l r l  

btlll~'dl ~1 [i'h.l',,',,v plla~,e II1 Ihe ,,,uale Cl~t.ss sek'llltll, alld II 
',,~.an a l l t lb t l led  I~ ~mlwald dla~llellnL.,, ~1' IIIr., pha'.,e 
Ihr~ml-'.h interc~mnecled [~l)l~),,,l[~,, II was Stl~...,,ge~led 
ttlal, l l l l l  ~x ldnl l~m ~1 the SI rl~.'t~ gh.i,.,,.sy pha~e, 
c~uipled will1 leak'll~Hi wl lh  ,',,IIIl l~Lllldlrlg ~lILII111Ila, 
pave:, rr,,e lo rle~, rnt l lh le ~,ralll,~ Ill the gas.,.'.,cale 
illlell'a~.'e 'The rela l tvelv lart..,e det.,ree ~fl' l~Ol~V,,llV 
e,',,hlblled wa!,, a l l r lh t l ted  1o Ihe ~mlcornlr~g ga~,e.',, 
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