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d .. . ~ "'60 _,__ ~ ~-" 0 " con 1~1ons, 1ros o ~o ~~)0 ~. generally fell into three re~~es. Le.rge 

either of the t¥o surface encrg1es ¥ere o~tai~e5 up to ab~ut 900°C; van 

der 1-Js.als bo!lc!ing then 

/~cute c:onta.ct 

This YO!'~~ -..:e.s 
Corrii:dssion. 

do!le 

existed inter-

~::-ec.ter 

u.s. .4.to::~ic :2Eerb:_.--

P~t the ti"rLe t"his ~·.-::::.:::--;·~ " .. ;s.s C .. or!e t~2 ".-.~ri.JL-e::--.:: ..... -ere, r'2s~~cti~.'"'21~..-, 

research assistant and ;rofes~or o~ cera~ic e~;ineeri~g, De~2r~ment of 
11line:rc~l ~ec~-.:r.:.olo&:r cf tr-_::: Colle~s o:~ ~!!.€:ir~ec::: .. ~:--§;, c.n·:. Ir~c~--~~.:-_ie: ~.:c.t-::::: .. ie.l~'
Res ec"rc h Di •.ri s j_on• of IJ=: -... -:: .. e!~ e: e ?s.i~ ~~t·j_ c~'"i Le. ~-o:_ .. E-_ ~~ :;2 ... : ... ~, U:-:i ~ .. -~~ ~ i_ ~:-- of 
Califor~ia, Ber~eley. 

This paper is ba~e~ ~~ ~art on a thesis s~~::itte~ by Jo~~ J. Bren~an 
in r~c:.rtisl fuJ.f'illr:~er!t c~"" t.!-.:e ~ .. 2~L~i:--~=-----~Lts :to: ... 2. ;.~e._st.-::-::: ... of S:~i;::::;cc C.e~ree 

in cer·a~~~:ic er-:;inc~rin;, J-2:;?~::: ... ~:~-~=---.. ~ c-:.· ~-:ir!::::-=:.1 :-;2·::1-_Eolc:;.~:, C2~-l~€e c-t 
F~n{;iE~:c:~ .. in£;, i.)!!i 'i c: i"S it:-:- c :.-. Cs.2_ i~·or:! i_ ::., 1:~:_ .. ~~~l e:.-, ;\--...~;-:,_:_:; -7:_. l9~f. 
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than · 
0 
'( 

"' g 

ter:,perature co::'plex surfs.ce 

-v-

or- ,.....,c .... , 
.)).U \_; 

strLtctL::ce v:i th c. 

UCRL--17 008-.Rev 

of the forcation of a high 

A hydroxyle.ted 

sannhfi-e sw·fe.ce has a Jm.·er y vhich incree~es l·:ith t;re.du:::l dehydToxy-
~~ . s g 

lation and c01wersion to the tiGh t!2,:;?el·ature surface st,ructure vith a 

corresponding c!-;e.nc;e in contc-.:::t e.ngle through the th1·ee ranges. Cher-,ice.l. 

bonding existed in the latter t~o ranges. Reactions pccurred between 

conte.ct an,Gles 

less than 90°. I·iol ten Al nol·~·,c-.ll:r ]·,as an oxiC.e coe.ting ·,·i10se effect 
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\·letting studies 07.~ nolten f_h:::iimc:-;1 (Al) 

In the absence of eny surface o~ interfacial reactions the s~~~ace 

energies and the resulting contc.c:t angles, except for a slight ter;:;l)ere.-. 

ture effect, shouJ.d 2·e;:.s.in esser;t.ie.}.ly constant. Current e:·:p;::ri,_:er:ts 

and reported stucUes in ~ne litere.t.1.ee indicc.te significc.nt c!-,a:-:ges in 

the contact c.ngle un~er vc.rious conditions. 

indic~~"!:.ed. 
2 

&1. also obse~ved 

and then rc.ridJs co~~~acteJ to a contact angle of 80°. This betavio~ 

..... continued cycJ. icJ.~r • .. ~it':: tne vol u.::.e of t!1e Al d~op deere as i.::; 2. c. ee.cl-1 

cycle c.nd "rine;s" or '1steps" bei:-_£ forr::ed on the s1.1~face o: t:r-_e ~-~~-~chire; 

this 1rs.s at the interfc.ce 

of Al20 ge.s. \·iolf e~.:; c.l. 3 obse::·•:ei a continuslly decreasing co:-/c.ec:t 

was also obse~ved c.bcve 935°C resulting in the dissolution o~ t~e sa;phire 

and the fo:c:.:s.t:ion of reaction r:>:;s. 
' 

The objective o~ t~is stu~y ~as to provide en explanatic~ fc~ the 

.._, 

'· 
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The single crrstal 0-Al2C3 (sa:;;:;hire) plaques used. in the sessile 

division of Ur-:i8::. 

Ce>.rbide. The~r 1rere 3/8" ci.i.2.>ete:c by 1/16" tbid~, Here polished to a 

surface finish of 5-10 micro-inc~es, a~d vere. cut at a 60° crientatio~ 

from the c-C:.XlS, 

at 1300°C just :pr:i.oY to a sessile d;-op expeYir;Ient; for sor:e ot0.ers, 

1-'he Al used. i-.'2.s obtai:-, eO. fro::: Cc.;o:inco Proch.;cts, Inc. in 3/16" 

dia~~eter rods of 99~999% T-:tJ.TJ.t.~·-, '.-.'}:i.e}! ltere cut ~mel ground. into l/8" 

1/8" cubes just p1·ic· to 2. ses~;ile drop ru.n. In some cases the cut 

specir:;ens of Al co.ged fo1· se-.'el·.e.l 1-:ee:~s. The surface of Al o:;.:idi zes 

0 

easi1y; on e:X}Josu~·e to ai2· 2.n oxi:~e co::.tir!;. o:..~ abc•ut 20 A tr,ic~::-,ess :..~c::.-::::: 

i;~~ttec1i at. e l~~,. ' .. ,.,., ... 1"J.1.C!1 : after a reontt.
12 

j'be gold a:-_::. 

Rad.j_~tion ~~Dol~E:.to::--~.-. 

.L' vne Muscle Shoals Electroc~e~ica~ 

Corporation in polycrystalli~e l~:~s incorporating large crystals one to 

- -C.J..E:- =~··.--eG 

cr;;st2.l All s··..;_ts-Lre .. ..:,: ~ 

c 
fu1:-ne.ce (s~:v:.·,-!~ i;-!. i-,i.£;. 1) op:::~--2..!ce5 c.~.: D~'e2£,-:_:_res of 2 to 6 x 1.0-..J to:.c::.". 

L 

'· 
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during a t.est ci.id not e.ppee.:c 

rested on the fle.t surfc: .. ce of 

ins ice J ' L-ne ' -. gre..pnJ.Le tube. 

..... 
-.)-

to oe 2. preble::;. 

e..n alu.!Ti.in? .. "dee" 

'.!:r:s 

t11C,e 

. U'"'i'>T , ~, ()"' c '=' ~-
Vl\..:_.-J_ ...... vu-... ~:;;:: \· 

su.bst:-ate p..L2.·=2_L1es 

vti"1ich i·iS.S ti t.:::.ed 

and the Au) 2.s 2. sr~:e.11 coiled. s:;;Ting 1-:hich fo:c:~~:::d. a drop on rr.elting. 

through fused silica ·1-iindm.'s ir,co::porated in t~:e Yc.:::uu:J cha:::be::: ',:~_th 2. 

minus one degre~. 

placed around the sessile dro~ S?Ecirnen. 

shear test ~hich prov1aea info~~ation coLcerni~g ~~e stre~gths c~ ~Le 

interfacial bon~s. The remaining sessile d:co~ s~ccl~ens were cut per-

pencliculc.r to the j_nt.erfc.ce CI.t~~ f-Olished On e. C.i.2:0!'.~.:_ ;..,:-heel us::_r:£; l/2 to 

III. HESUL'l'S _(TJ DISCUSSJ:o:; 

The effect 0~ 
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on cooling. The c1rrve for as-received Al 20~ with fresh Al is an a~ere;e 

of s5_x runs, 1-:hose conte.ct . ., . . ~ . agreca ~,;::_ L..:!ln 

±5 degrees; it inclucles o~1e run usinr, a dis~: c:ut e.t a 90° orientc-ctio!1 

A run •:as r:ce.de in i:hich the se..pphire •:c.s hee.tsd at l200°C e..nc cooleci 

wc.s exposed to air after heat treatffient, sho~1 1n ?ig. 2. 

~he tirnc-~epen~e~ce of the contact angles 

900~C in Figs. 3 anci 4, respectively. 

data i.ndics.~es cont2.ct angles 

I 

into three ranges: (b) s~all obtuse an~le~ 

(c) c.c~~e contact an;Jcs. The first range occ~rre~ 

:cc . .l~es o~ FiE;. 2) 

c.r.C. the tZ·!ird re .. ne:e, e.t8·-.. -"2 f-... ~oltt 950~_C; · sr-J.s::--c te:-:::~.-2:"e.t:.:.::·e diYisior_~ -: .. -ere 
• 
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B. San~~ire Surfaces 
---'-~--------

ho:ve been observed_ \·:it~, lo' .. :-ene::c·gy electron d,iff~·c,ction (L:SED) by 

C' . 5 nar1g. He has shown that a che~icalJy polished_ surface usually gives 

rise to a \-:ea}~ diffraction pa.tte:cn co:-·respondi:r:g to the bulk lattice 

arra!1ge:::er1t. This patten-, p-2:csists fby a vide YE.r15e ·of vacuum conditior..s 

t<p- to 900°C. Heatinc to 1000°C for as little as 5 r:2inutes results in the 

fon:iation of a cor::plex t-;--o-:io;::?cin di:;:~fraction pe.tteYn >·tith r::any frac-

tione.l orc~e::c reflectiol-::s 

-10 -6 5 x 10 - torr, 10 torr and in 

Ag2.in vacuu.:-.1 

_), 
10 T Once 

loss of intensity and_ resolutio~ results. Heat treatLent up to ~ 1200°C 

r_o cce.r:ges. Tte ~pat tern 

derending on both electro~ curr~~t and voltage, ( "" C' ....... c.-,• 1 KV 7mA vrilJ. re-

ho"r'<;) o-r b-, evc.pol'ate:i silicc:: V?.-;:;or. 'l'he ls.Vc.er -...:ill ce.use epitE .. xial - ......__ ...... ) - .. , - .-

The occi~rcncc of n~ssi~le c~~n;es in the surfa2e structure of 
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incHce.tecl in stuC.ies c:~ Robinso:::t et 6 
al. Sc.r:~ples 

heated belo'.·.' l000°C shO'.·.'ecl 2. ze:::o point ut chc:.r[;e at pH 9. 2 ± 0. 2; 

Exposure of 

the po'.ieter ce.lcinecl at J)!00°C to ciistilled. i-;ete:c at roo:-,1 .ter::perature 

for a period of a ¥eek raised its zpc to a pH of 7.7. The hyd:coxylc.tio:i 

characteristics of the al~~ina surfaces are thus dependent upon the his-

tory of their treatnent. indicatiEg tl12.t 

h ' 1 • • , S'· :·:,.·=·~c.-.::.·-:~~ • 7 yaro~r~ 10~s :ron ox1ae ___ · -~~ 

surfc.ces. 

sequently as ~~~-surface). It could als~ be postulated that en cooli~g 

dissociation results with the fo~:ation of a stoichio~et~ic structure 

four i!:.stead C -~ . -

.. . , 
cor-res:r;:CJ!1GS to 

high re-

In c_l1 

-·C'· 
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In sessile drop e~·:pe:::"'i!:~ents tDese co:lsicle:. ... at.ions e.::"e cri tice..l since 

the se.pphire ene:r g.:,- is its 

surface. 

end on exposure to oxygen cr noisture sh6uld experience a rec~c~1on in 

sur.i'ace ene1·gy. A value of 560 ergs/cn2 

The initially le.rge angles of about 1 I' nO _cv , Y is 
s 9. 

is associated with this be~a~~or 

suggested by the -, 0 

z J..g. 2 e.nC. b~,r the 

-r,thic~: -,..-ct.lld. ce less 

hydroxyletio~, if any. 

\7ith increc..se in te~.;~erc .. ture c.:"":.a tiT:!e. 

The nresence cf en oxide-like fil2 on Al retards this ree.cL1~n as 

by the for t!::t: e.nG. o·xiclizsc:_ 

~ 

Observetions during this ez~eri:~ent e.lso in~icated the e.ppee.rance o~ 

Si.i.rfe.ce tl:.e .. t 

conts.ct ~-:i th _t!-1.e 

in. /:.1 to 

..... - ~ ~ ~ ,., ......... _ ... _u 

~- :- .- ..!... 

t_. --::. -
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o-t 

energy sta-:;e due to its t}1in fil:r: config1.t::2.tic:::. The s2ne difference in 

l1ehavior bet:;.:een fres:1 a::.d ozid.L:;;:·i Al l:as c.lso oosen·ed en single crystals 

of MgO oriented <001>. 

y , or scliC. 
s g 

contc.ct 

for v to teco:T:e 
s'9; 

to v • 
s'ro 

a:pprce.c~·~es 

tte value of 985 

solid. 

l: 
is grca~-er .. r I·Ji on c. s:Lr~§_:le e:r:.:-~~-e-=- o~ l;io st .. c;-... -::::: 2~ co:J..!~? .. ~t E~!gle o:~ 90° 

·" .. ·:.._:__2 ·-' ~. (F::_;. 2) in to 
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l•ecau:::e the e11ergy of t}:e hyclroxyla"c.ed su::::fc:.ce is lo1·:er th2.::1 the energy 

The 

'\o.'ould ·be expected to te that for an Al 20 3-Al ·interfe.cc and re:-:.aln 

esseuti e.l1~l constant c.:~.er an interfe.ce j_s forr:-led on co~:-~}.Jleti.0!1 of the 

reactio:::t of Al with the hydroxylated surface. The gradual drop in con-

accotmted fc2· on 

to a HTE-sur:face. 

~ ".Kv 

about '()0 C:jT:.eS/C!:!, 

c.r:cl e..n increas-

c:.nd de-

The continuing aecr~ase in contact angle beyond 90° ~ith increas~ 

the surfaces. There could be a prcgressi¥e change in the character of 

.. 
Y9. as a result of corr2s?ona1n; cha~;es 1n ~~e interfa~e or a con

s . 

trit0tion cf the ener;~ cf the reactions ~h~ch are i:n tile 

sectj_o::--1. 
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of the interfaces of 8fCCl~ens ~ith an acute 

in contact with Al. 

siz~e ·of tb.e t .. l C::'O}) beCC:.J.SE' of ..L' vne 

cycle consisti~~ of a reduction of the contact 

the Al drop de:reases withoJ.t cnange of interfacial area until a large 

to 

2 al. e.n.d ;-!elf e~. 

tin~e tu for~ a ~~i-surface. 

t:-_e 

--~---·.~.- :-:- _--_ f-.-_-_--_.. !:. ... , ~-,.--- :-- -:: __ -_._-_--: ~-::::. -f-,_ ... __ -.. -_.--:-:-.. ~! ... ,.-_~.- -,· .-,--_, __ , __ ",_ -. ·.;. -" ' ....... ~ ... -.- .!' r , -,. -- c- 1 .... - -. -. _J_ '"n -- .... ,.-, •, .. -.- ~ •• _ ..... - ~---- :::.-=..v. -.-~.:::...:.. - ·;......,.·· C::::::::....:...:.c._:. __ ~.: ._. __ .:._..__e L·.;..:..:.. .,.._, __ ,;___ __ ::::: 

It is ~ossi~le tha~ the 

tio::: t.o 1?..1'['2. 
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Sessile drop ex;eriments ~ere also Lade with Al on MgO, CaO and 

NiO. 

'I'he rce.ction ·,.'ith NiO -...:as 

most intense, as would be expectei en the basis of the relative oxidation 

In such cases the con~act angle measure~ents are meaning-

of a steady state co~~ition. 

The shea~ strc~;th for all the Al-Al203 interfaces, excert those of 

the spec1~ens ~ith t~e large obtttse ccntact angles, ~as high with failure 

occurring by yielding ~n the Al; in these cases che~ical bonding was 

The Al drop sheare~ off at the inter~ace for the 

~ 1 ~,- -
C--'-'--0 cleavc.;e pJe,~'}es 

NiO stressed because 

developed on ccaling. The interface ~id not fail cecause of the presence 

of che~ical bondin;. 

IV. cor;c!XS~'.::::s 

Al in ~ ' C!.:2 Al-0 a:ce 

therr.:odyEs..:·.:~- c s.ll~.-

The analysis of these ex-

,:::,. __ .. con-

. -. :- .:)'" . this 



(1) 'l'he st:rc~ctc;..:c~ ot a sap-ohire (001) s'J.::·:Cace is cor.:tiguous '.:ith 

that of its bulk st.:rL.:.ct.~:I."e 

Its y is less than 
s g 

d~;nes/c::--1.. 

sapphire surface st:ruct~r~ is postulated to be oxygen-de~icient and to 

corresponds to the valu~ cf 985 

the surface struct~~e is ~ns~able and changes to one related to t~e 

in '~1ich sc~e of the Al 3+ ions occupy 

tetrahedral sites (referred to in this paper as EYy-surface a~d o~served 

Its J..ess c:'": :r:ol t ~:1 Al. On to 

air or Loisture the L~~J ~atterns (C~ari;) s~o~ a loss in intensity and 

surfc.cc. 

---.-- -.~ 
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(6) 'The J..lO in the }il'ii-sll:rfe_ce reacts vit.h Al above E.bout. 900°C to 

form a volatile species, Al 2 0. It appec .. rs tl1c.t t.l1e IITII-surfc.ce 1:-::::e;.s 

reaction to continue . . 
the a-surface n8:r the Hl'y-su:r~ace react ~ith molten Al. 

(7) J.:olten Al 2-Pl)22.rs tc h::,·,'e ar, oxiG.e-type coating uhose thic~:-

ness is de;·eE::le:-..t on t:he B.';:ount of E:ging in e_ir. At lm:r p:r:esst:.res it 

disap:pee.:rs at E.bout 870°C. Tnis L2.~' correspom'i to the forr:mtion of 2. 

suboxi.de s{ru.ct-c.:c.-e end subseouent 2'e2.ction 1-rith J."l e..s described l!! 

(2) . . 
l- er.:?e~'"'C.L. vre 

of its presence as a thin fil~. 

( 8) At te~::p:::re..tu:res up to abo'..l-;,; 870°C a cc::: . .:::on int.erface does not 

form easily in the presence of hydroxylated surfaces on Al 2 0 3 ana 

then exist. 

tions and reac~lons oeca~se they are kinetic processes. 

of the cf t!-.te rec;_cti_or~s, c:-.:: 
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the need for t}J.e j_nfor~:c~.!vio:: proviclecl "',...--
L'.,• 
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To diffusion pump 
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1 Schematic of sessile drop furnace 
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o "As received"AI 2 0 3 - Fresh Al 

~ "As received" Al 2 0 3 - Aged AI 6-6 
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Temperature= 800°C 

A/ 2 0 3 ._ Fresh AI 

/'Water-soaked" A/ 2 0 3 

'0----o------()....._p . 

~---;:------_ _;______~ 
"Heat -treated" Al 2 0 3 J J 

4 8 12 
Time, hrs 

16 20 

Fig. 3 Change in contact angle >·lith time· for the 
system Al-~o3 at 800°C 
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Fig~ 4 Change in contact angle with time for the system 
Al-A12o

3 
at 900°C 
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Gas 

Solid 

Young's Equation 

eYg = liquid- gas interfacial tension 

syg = solid- gas interfacial tension 

s'(e. = solid- liquid interfacial tension 

R = reaction force 

. Fig. 5 FoTces acting on obtuse and acute angle 
sessile dTops • 

UCRL-17003-?.ev 

XBL 67ii-<!647 
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r . 

. 
Temperature = 1100° C 

A/ 2 0 3 - Au 

~~~Heat-treated:· A1.20 3 
)> 

0 

11 Water-soakedrr A1 2 0 3/ 

2 3 
Time, hrs 
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· Fig •. 7 Change in contact angle with tbe for tne 
system A~o3 at ll00°C · 
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