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_range 670°C to 1300°C.: The initial contact angle upon melting of

..contact angle then remained constant at 90° up to 1150°C, at which

A“temperature the angle began dropping, reaching 50° -by 1200°C: The )

| 5

‘THE WETTING OF ALUMINUM OXIDE BY LIQUID ALUMINUM B

John Joseph Brennan
Inorganic Materiels Research Division, Lawrence Radiation Laboratory,
. and Department of Mineral Technology, College of Engineering
University of California, Berkeley, California . . N
August 18, 1966
ABSTRACT

The wetting of single crystal alumina by liquid'aluminum was the

- primary investigation. During the course of this investigation the
- wetting of other oxides by aluminum was also studied. Contact angle
. measurenments were made by means of sessile drop experiments. The contact.

angle between sluminum and alumina was measured over the temperature .

i

~alunminum was lTO°,.dropping to 90° by 900°C, the rate of change of the 

>[’7cdntact angle ‘depending on thz surface condition of the aluminum. The '

" angle then began jumping cyclicly from 50° to 70° and back again as}:

the temperature remained constant.

If the aluminum ﬁetal had an oxidized surface, a large drop in

“contact angle was observed at 870°C. This drop in angle was caused by,4; 

+" ' & chenge in thé»oxide layer on the aluminum. The drop in angle at 1150°C -
‘resulted from a change in the surface structure of the!sdpphire which
led to a dissolutiondbf the sapphire by the aluminum{ .The contact angle :

of 90°, maintained from‘900°C to 1150°C, was found‘to be the equilibrium = -

angle between a high surface energy liquid and a lower surface energy

solid that are at thermodynamic equilibrium,

-
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I. IVTRODUCTION -

Ceramic-to-metal seels have been epplied to many phases of modern

industxy such as elecironic and electrical components, aerospace struc-’
- . P : e AN
and in mary other fields. Many different N

o
pal 3 : * J .
N\,

mevhods of Jjoining ceramics te metals have been used. Clarke™, et al. -
to-metal joining methods, the most widely used of .. . -«

vhich are active-meotal brazing, glass soldering, refractory-metal powdex. .

etal/glass powder coating, metal/metal-oxide powder coating,

A relatively new ceramic-to-meval  joining process thet is creating f'

iy

3
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fa thin_metallic coating by

2 A 2 3 L
widespread interest is the o

’

- . - - : 2 .
cn ol a mevsl and its deposition onto the ceramic. tudies

of “he mechanisms of, adherence which nmight apply to this type of system
R ‘

Y s . : e - .- - 3 : .
heve ‘peen carried oul by Humenik and Xingery,~ Armstrong, et al. , and . - .

ontact angle measurements taken on sessile -

[l -

etals on verious ceramic substrates. These investigators

Lo I VR 1y W = ey A pmn D A e oy oy dee N . [
fornd Tthat certain elements hend 1o concentrate at the metal-ceramic .

ion of bonds between the two phases.

.In no case wes a microscopic theory of.the Joining mechanism developed. & -

[

McDenald, et al., did propese 2 medel in terms of the bulk free energies
cof Termeiien and van der.Weaels Sorces, based on the assumption that

soserpiicn of metallic atoms on twe types of surface sites comprises®

. <).

Ad,

Wetting suudies done by Pask and FulrathT and Borom and Pask8 on.;

i

the nature of glass-to-metal bending have shown thet a balance of bond @



~ . face. This in .turn corresponds to a saturation of each phase with thg-'

" metal through an intermediate "equilibrium phase" to the unreacted

-2-

:'energieS'atAthg glass-metal interface is necessary.for the. achievement

't of chemical bonding which leads to good,adherende.'VThis.condition"

i‘correspondsbto.the existence of thermodynamic equilibrium at the inter-. .

NG

' other. The result is a smooth chemical transition from the elementel -

E glass. Theoretically, this equilibrium phase could be as small as a

- monolayef.thick. It is possible that the same type of model canibeA
. applied equally well, with some modifications, to a ceramic-metal system; v
The purpose of the present investigation is to study the wetting':.;V' 

- and adherence of a.metal to a ceramic in a simplified system that WOuld-‘if'

3

be'eXpected to attain tﬁermodynamic equilibrium without the complicaﬁion::'

of a reaction forming an intermediate phase at the interface. The °

systeﬁ aluminum metal on single crystal aluminum oxide (sapphire) has f ::;:ﬁ'

_ been chosen in order to try and establish meaningful relationships

'

between a metal and its oxide without the added complications of inﬁer4,.vf$.ij<

 facially active elements, grain boundaries, or macroscopic chemical .. ... .1/~

. reactions. Previous work in this particular system has been very

7. limited.

Livey and Murray9 reported_that ﬁhe contact aﬁgle between aluminumlg;hf f
end alumina is high (1L8°) at 970°C but atAi255°C drops to a valﬁe_of |
47° after 30 minutes. They found that»there'wés no attack of the A
Al,03 by ﬁhe aluminum at. the interféce'whatsoeve?. Carnahan, et.al.;o"

found that the contact angle of liquid aluminum on fecrystallized aluminav} e

" at about 12L0°C under vacuum decreased within 20 minutes to a~steady',x-;j*~% 




" value of 60°. On sapphire at 1200°C, the drops spread and then rapidly

'

contracted to a contact angle of 80°. The spréading and contraction were
‘repeated cyclicly, with the volume of the drop decreasing at each cjcle' O

“and "steps" being formed on the surface of the sapphire. This behavior
\\'

‘'was attributed to & reaction between the aluminum and the sapphire

with the resultant formation of Al,0 gas.
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II. EXPERIMENTAL PROCEDURE

A. Sessile Drop Materials

The single crystal alumina plaques used in.the sessile drop ex-.
A

N

: periments were obtained from the Linde Company, division of Union \H"
" Carbide. They were 3/8" diameter by 1/16" thick, were polished to a’ |
surface firish of 5-10 micro-inches, and were cut at a 60° orientatipn "
.from.the C axis. Other substrate materials used were single-crystal

MgO and Ca0, _which were obtained from the Muscle Shoals Electroéhemical._

' Corporation in polycrystalline lumps incorporating large single crystals~
one to two inches long which wefe then cleaved into single crystal

. plaques 1/2" b& l/2"1by.l/l6",_and single crystal Ni6 which was obtained
from Marubeni-Ilda Cdmpany, Japan, in boule form and subsequently

cleaved for experimental use. All substrate materials were approximately .

,99’7% purity.

The aluminum used-was ébtained from Cominco Producfs, Inc. in 3/16" .
diameter rods of'99.999%vpurity. - The rodé were cut and grouﬁd‘into

:1/8" byll/S" cubes for sessile drop use. The gold and nickel used Qere

" of 99.99% purity and were obtained from the Lawrence Radiation Laboratory.

B. . Sessiie Drop Preparation:

Barly séési;e dfop experimehts were conducted in a tantalum—tﬁber‘
‘iresistance‘furn;ce under vacuum conditions of from 2 to 6 x 1075 mm Hg
vpressure; .fhe'tantalum tube was_cénnecte@ to water—céoléd copper |

Ylelectrodes:by copper holders.: Due to teﬁpératﬁre limitations of these
copper holders, the tantalum tube and the holders were replaced by sa . 

graphite tube and graphite holders. Previous experimental runs were



" found to be reproducible with this setup. The graphite resistance

*

T

_furnace is shown in Figure 1.
. The sessile drop samples rested on fhe flat surfaee of an slumina-'ﬁ
._:"dee" tube which was fitted inside the.graphite tube. Careful adjustments‘
;>were mede before each run to make sure that the surface of the "dee .5*3
'~;uwas perfectly horizontal. Temperature measurement and control were by;:\*:
. _means of a platinum-platinum/rhodium thermocouple whieh rested. on the :ff:
.,alumina "dee" with the fhermocouéle tip just touching the sessile:dropl
substrate. Coutact angle measurements were made by sightiug along the | -

alumina "dee" *hrough fused silica windows 1ncorporated in the vacuum

' Zchamber with a. uelescope Wthh was capable of measurlng contact angles e

. within plus or ‘minus one degree. TFor lower oxygen pressure a zirconium .7

L'_‘getter was nlaced around the sessile @rop specimen.
'Z;fA:_“; JA1L samples were uhoroughly cleaned in an ultrasonic cleaner and
}1’then rlnsed leh ethyl alcohol and then with distilled Water and. drledi h

s

'3zﬂ1n a warm air stream. Samples not used 1mmed1ately were stored in a ?47

4«:LVacuum dess*catov. Before each run the interior of the vacuum chamber'ﬂ""

" vas given a thorough cleanlng to remove any deposited 1mpur1t1es..3 -

Sess1le drop exPerlments of Al on Al203 and Al on MgO were run ”

1300°C.' Some of the experlmenus consxsted of brlnglng the sample to
© the desired temperature and then holding at thls temperature for &

[}

specific lengthzqf time. The contact angle was measured every two ,

consisted of raising the tempefature in 10°C incrementsievery lO-minutes)ff

between T00°C and 900°C and in 50°C increments every 10 minutes from

‘over the temperauure range of 660°C, the meltlng p01ntlof alumlnum, te ;f'fff;:.'

minutes to determine ifAthefe Vas any change with time. - Other‘experiments.i*‘ -
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900°C to 1300°C. Ten minutes at each temperaturé was considered sufficient
time for steady state conditions to be established.
Contact angle measurements were made with Al on Ca0 and NiO over

the temperasture range of 660°C to 900°C. Examination of thé two systems

AN

indicated severe reactions occurring. Sessile drop runs of Au on Al,03
and on MgO wefe run from 1063°C, the melting point of’Au; up to 1300°C,
with contact angle measurements being taken‘every.50°c. Sufficient time
was allowed for the drop to comé to ste;dy state. Ni on NiO was run at

~a constant temperature of lSOO°C for-two minutes. ~ A1l runs were .done
under a vacﬁum of approximately L x 10‘5 mm Hg; All samplesbwe:e furnaée‘

cooled, reaching room temperature in 40 to 60 minutes.. .

C. ‘Sessilé Drop Tests and Analysis

-

Repreéentative sgmples of sessile @ropvruns at different tgmperatures
were .further analyzed.' A sﬁear tesﬁ was devised_ffom which ﬁas obtained
;fu semi—quantitétive data concerning the strengths of the interfaciél béndse

Photomicrograpﬁs were teken of reéreéentétive samélés showing béth
interfacial zqnes'and any.réaction‘zones present. All samples were gut;v
perpendicﬁlarﬁto the interface and polished on &-diamond wheel using
1/2 to 1 micron diamond gfit. | .

The Al-AlsO3, Al-Mgo;:Al~Ca6,'and'AlfNiO systems were subjected
to elect%on microprobe anélysis.: All interfaciglvzohes'ﬁere probed in
order to determine if any reacti5n;product was present and to try to‘

identify its composition.



ITI. RESULTS AND DISCUSSION
The change in contmct'engle with temperatiive of moltep sluminum on. . .
Sapphlre is shown in F*mure IXI. TFigure II is t.r average of six runs,
all of which agreed within plue or minus five du.rees. It can be seen
N

\,

that freshly cleaned alumlnum on sapphlpe has an initial contact angie

on melting (660°C) of 170° or essentially.a case of non-wetting. With -~

an increase in temperature, however, the contact angle decreases |

-"gradﬁally, reaching a value of 90° by 900°C. The contact angle of 20¢

is maintalned upon increase in temperature until a temperature of around

- 1150°C is reached, at which temperature_the angle drops telow 90°. By
1250°C the centact angle has reeched approximatelv 50°. If the tempera—
‘ture is held constant at 1250°C the contact engle will change with

i‘tlme, increasing abruntly from SO° to 70° and then dropplng slowly back “

f‘p;to 50°. " This abrupt change in angle is repeated about every s1x_m1nutes,;;

" with the 31ze of the drop decreas1ng gradually w1th time.

.A Low. Temperature Contact Angle Change (660°C- 900°C)

6n exposure to air alumlnumAlmmealately forms an ox1de coating of

bebout 20 Z thickness which on further~exposure'Will increaee to 90 Z

~after about a month.ll if'waslfound that if oxidized‘pieees of sluminum

pwere ueed,in ﬁhe sessile dfep runs of aiuminem on sapphipe, a different

contact angleivs temperature'cuyve was obpained, Thisiis also pletted'

'in Figure'Ii; On melting ofithe aluminum; the contact angle ie'the i_ | ‘ ¢
same as beque (170°) but onlincreasing'theutemperature the cohtact
angle remains high upvto.870°c, phere a sudden'drop in angle occurs.
At 860°C the contact angle is 1L5°. On increasing the temperature 10°

_to 8T70°C, the contact angle falls quite rapidly over a period of ahout
P

Y '_
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10 minutes to 90°.  Above this'temperature;an oxlde cdvered drop of -
alumlnum behaves the same as a freshly cleaned “rop, malntalnlng the _~ - N X .
" angle of 90° up to 1150°C and then decreas1ng to SO° by 1250°C. o

. From Young's Equatlon it can be seen that .r the contact angle to
decrease, one or more of the three surface energy components has toi,"\\u”.

change. (See Figure III.) Either the surface energy between the solid -
and vepor has to increese or the interfacial energy between the solid
and the liquid has to decrease or; in the case of an obtuse engle, the
surface energy of the liquid must increase.

From Figure III it cen be seen thet if the liouid—vapor-surface
tension (energy) was solely respon51ble for the‘drop in contact angle,

it  weuld have to inecrease to 1nf1nlty for the contact angle to drop to

90°, Therefore, although the liquid-vapor surface tension might be - . ° - -

changing, either the‘solid—vapor or‘éolid—liquid tension must also
change. To determlne whether or not the surface ten51on of the sapphlre

- was changlng, a test was run Wlth ox1dlzed alumlnum on Mg0.~ From 'ﬁi

' A:Flgure IV it can be seen that agaln there is & large drop in. the contact

"angle at 870°C although wnly down to llO°vf Therefore,-the surface.b
" tension of the alumina 1s not the component that 1s changing at g70°C.
On that. basis, the 1nterfac1¢l energy between the liquid and the SOlld
' must be decreasing. v?"v ;‘:f' e 'yn’;z"ﬁi",‘.r o '
It is obvioﬁsbthat the‘oxﬁde.la&er:on the aluminum is the'cause  %. o P
of the drop‘in contact angle.'vitfappears thatvbelow 870°C this layerl ,

" is inhibiting the establishment of equilibrium at the interfece but that

babove this temperature changes so as to allow_eQuilibrium to establish.

1,

Y
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= + cos 8  Young’s equation
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liquid-vapor interfacial tension

= golid-liquid interfecial tension

\

.solid—vapor interfacial tension

‘reaction force

o
I

Fig. III. Forces acting on obtuse angle sessile drop.'
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What these changes in the surface of the aluminum and at the interface
are has not been determined.

It has been reported by Hassll that the oxide formed on aluminum»
in vacuum at low temperatures is amorphous and becomes crystélline at\\
500°C. This is supported by the work of Estill12 who found that diffu;;\
gamme, a2lumina x-ray diffraction lines showed up when the oxide on
aluminum was heated above 550°C while no lines showed up below this
temperature. Konig13 found that all alumina films that were in contact
with aluminum at 800°C gave a cubic latﬁice\constant of T.89 angstroms,
regardless of their previous historyf This lattice constant is typical
of either eta or gamma alumina, both of which could be slightly hydroxy-.
lated forms of A1203. The observed change in contact angle at 870°¢C |
could be dué to another change in this‘ozide layer.

Photomicrogréphé ofithe interfacial reéion between an oxidized
aluminum drop and sapphiré which had been heated to 900°C do not show
any reaction product at‘the interface. However, an even polish was:not
obtainable dye to tﬁe large difference in hardness between the aluminum
and the sapphire. Attempts to polish these specimens resulted in a
"step" being formed at the interface. Good, clear photomicrographs
were not obtainable.- Figure V shows this interface. Electron probe
analysislshoved that no interdiffusion whatéoever took place.

Photomicrographs of an oxidized Al-Mgo interface heated to 900?0
do show an interfacial phase. (Figures VI and VII.) From electron
microprobe analysis this phase was found to contain a weight percentage
of aluminum indicative of Al,03. This can qualitatively be seen in

Figures VIII and IX which are oscilloscope traces of the interface.
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Fig, V.
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Fig. V. Sessile Drop of Aluminum on Sapphire at 900°C, (63X)
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Fig, VII,

Fig, VI,

Fig, IX,

Fig, VIIL

ZN-5803
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Fig. VIL

Fig. VIIL

Fig. IX.°

Interface betwéen Al‘ é.'nd'Mg"Q . '9_00-‘} Cs .1,

Oscilloscope trace of Al- MgO mterfa.ce

Mg radlatlon

Al radlatlon

(ZOOX)
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b
v

~ Sessile Drop of Al on ‘MgOat900°C.

(63X)
(250X)

900°C, _using

- Osc1lloscope trace of Al MgO mte:t:face, 900 C using



These pictures show that the interfacial phase does not contain mag-
nesium and appears to have a lower aluminum concentration than pure

aluminum metal.

Unoxidized Al-MgO sessile drops also seem to have very small amounts

N,
)

of Ai,05 at the interface at 90C°C. This observation along with the \
observation that with oxidized or unoxidized Al-Mg0O samples a large

reaction zcne of Alp0g is present abt higber temperatures leads to the

‘conclusion that a reacticn takes place between Al arxd MgO. (See Figures

X, XI, XII, 2nd XIII.) This reacticn seems to be enhanced by the
presence of small amounts of Al;03 from the aluminum surface. The
probable reaction is:

2A1, .+ 3Mg0_ = Alp03_'+ 3Mg, AF =,+ 26 kcal : ,

Due to the rapid evaporation of the magnesium under vacuuﬁ, this reaction
_is:driven towards thé right making it thermodynamically feasible. That
the magnesium goes off in vapor form is evidenced by the pinhole: effect
noticeable in the aluminum next to the interface as shown in Figure XIII.
Essentially then the Al-MgD system is the same as the Al-Al,03

system after ahout 950°C, in that the surface that the aluminum is in

H

contact with is alumina and not MgO. n fact, from Figures II and IV
it can be seen that above 950°C the Al-MgO system has the same contact
angle vs temperature curve as the Al-Al,03 system.,

To determine if the large drop in contact angle at 8T0°C occurred
with aiuminum resting on other substrates, sessile drop tests of Al on
Ca0 and Al on NiO were performed} The results of these tests were

inconclusive, however, since a large amount of reaction product was

formed at the interface. TFor Al on Ca?d, the reaction product was found
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XII.

XIII.
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Oscilloscope trace of A1-MgO interface, 1250°C, using
Al radiation. (200X)

Oscilloscope trace of A1-MgO interface, 1250°C, using

Mg radiation. (200X)

Sessile drop of Al-MgO with AlZO reaction product, 1250°C,
3

(63X)

Sessile drop of Al-MgO with AlZO reaction product, 1250°C,

(250%) 7
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by electron microprobe analysis to contain a ratio of two Al atoms to
three Ca atoms. Figure XIV is a photomicrograph of the interface. The
reaction started soon after the aluminum melted, causing the contact

angle to drop rapidly down to 85° by 850°C. %

] N
An even greater reaction took place with Al on NiO.  The reaction

zone extended about 150 microns into the NiO and completely throughout
the aluminum drop as shown in Figures XV and XVI. The white platelets
are aluminum metal while the surrounding grey matrix was found by
microprobe analysis to contain a ratio of two Al atoms to one Ni atom.
In this system a high contact angle was maintained, due to much of the
&rop being solidified due to the reaction product. The reaction began
immediately upon meltiné of the aluminum and progressed to the stage
shown by 906°C4in 40 minutes.

B. High Temperature Contact Angle Change (1150°C-1250°C)

- Returning to the Al-Al,03 system, it was found that the contact
angle of 90°, first established at aboutu900°C,vwas maintained up to a
temperature of about 1150°C. At this temperature the angle began dropping
rapidly below 90°, reaching 50° by 1200°C. For the contact angle to
drop below 90°, the surface tension of the solid must be greater ﬁhan
that of the interface. "This caﬁloccur by either the interfacial teﬁsibn
'between the 'solid and the liquid being reéduced or the surface tension
of the solidubeing increased. Either one or both may be changing.'
It has been repo%ted by Parkslu that the surface of alumina and
other oxides consists of absorbed layers of hydroxyl ions, the last of

which does not appear to dehydroxylate until about 1000°C. This change

in surface for Al,03 above 1000°C is supported by the ZPC work of
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Fig, XIV.

ZN-5805

b Fig, XVL
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Fig. XIV., Sessile drop of Al on CaO with interfacial reaction
product, 900°C, (63X)

Fig., XV. Sessile drop of Al on NiO, 900°C, (63X)

Fig. XVI, Interfacial region of Al-NiO system, 900°C, (250X)
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Robinson, et al. The removal of this last monolayer of hydroxyl ions
would tend to increase the surface tension of the alumina, due to the
resulting poorer screening of the surface atoms without the presence

of the hydroxyls. This, therefore, could account for the drop in con-
tact angle at about 1150°C.

To determine whether or not the surface tension of the alumina is
chénging at 1150°C, a sessile drop test of Al on MgO was performed in
this temperature range. It would be expected that no drop in contact
angle would be observed if it was the alumina that was responsible for
the change ih angle in the Al-Al,03 system. However, as discussed
previously,’a reaction took place between Al-Mgo to form Al,03 at the
interface; thus explaining the observed drop in contact angle at 1150°C
as shown ianigure IV. Therefore, the Al-MgO system does not provide
a check on a possiblé change in the alumina surface tension.

To provide this check, a non-reactive metal was used as a sessile
drop on both Alp,03 and MgO. This metal was gold and contact angle runs
between it and the two substrates were conducted in the temperature
range 1100°C-1250°C. Figure XYII shows the results of these experiments.
Gold on MgO shows no change in contact angle from 1100°C to 1250°C
while gold on sapphire shows a marked drop in contact angle from 150°
to 115° over this temperature range. Since both of these systems are
quite non-reactive it seems likely that the surface tension of the
sapphire is increased at about 1200°C leading to a drop in contact
angle.

The surface tension of Al;03 as usually given is that calculatéd

6
by Kingeryl as 905 dynes/cm at 1800°C. Correcting for temperature
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change, this value would be 960 dynes/cm at 1250°C. Using the value
given by SemenchenkolT of 1125 dynes/cm for the surface tension of liquid
gold and knowing the contact angle to be 115° at 1250°C, the value of

the sold-liquid interfacial energy can be calculated using Young's
Equation. This value is calculated to be 1440 dynes/cm.

If it is aséumed that the change in contact angle of gold on slumina
from 1100°C to 1250°C is due primarily to a change in the surface
tension of the alumina, as it appears to be, and using the same values
for the liquid surface tension and the interfacial energy as were used
at 1250°C, a rough approximation as to the value of the solid surface
tension at 1100°C can be made. This value is calculated to be about
SOO to 600 dynes/cm.

The surface tension of liquid aluminum at 1100°C is given by Livey
and Murray9 as approiimately 750 dynes/cm and at 1250°C as T12 dynes/cm.
It appears then that below about 1150°C the surface tension of the
aluminum is higher than that of the alumina while above this temperature
the opposite is true.

Another possible explanation for this observed drop in contact
angle could be that above 1150°C Al and Al,03 are not in equilibrium
but become reactive, influenced by the change in surface structure of
the Al,03. This idea is supported by the microscopic observation of
steps or "rings" formed on the surface of the sapphire if heated above
1250°C. The rings become visible due to the reduction in size of the
aluminum drop at this temperature due to its appreciable vapor pressure

1

(v 10y at 1250°C). Under the microscope these "rings" are shown to be

the edges of depressions in the sapphire where it has been covered by
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the aluminum. Above 1150°C the saluminum begins to appreciably dissolve
“he sapphire. On cocling, the disseclved alumina then would recrystallize

ocut szain because of the decrease ir solubility. Fisure XVIII, taken

sngular crystals can be seen at the intexrface. Under the miero-

scope these appeer te be crystalline needles of alumina. Figure XIX

e eniy 1000°C. Notice the polish-
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ing scratches on the surface ¢f the sapphire at the interface which

are gone at 1300°C, indicating dissolutiorn of the sepphire.

The reduction in size of vhe sluminum drop and the dissolution

of the sapphire ceuse thHe drcp te jump from 2 low contact angle of

50° up 1o a£ engle of about T0° every six minutes or so at 1250°C.
Carnsghan, et al, O.Gﬁserved simiiar phenomena during the course of their
investigation concerning the wetting of elumina by aluminum. They
explained it .cn the basis of the drep. which is decreasing in volume

due to eveporation, being held up ty the step in the surface of the

sapphire. « As the surface tensicn forces acting on the edge of the

3

rep build up to everccme this step, the drop suddenly contracts to
ts equilidrium pesition, ieaving the dissolution step behind.

Since the aluminum dfcp is centinucusly dissolving the sapphire,
it appears that a gaseous: reaciion preduct such as Als0 is also being

fermed. If this was not the cese the a2luminum, since it is continually

)
)

decreasing in volume, would scon become saturated with alumina and the

This is not observed. Observa-

s€

o

dissoiution of the alumira would ce

. B el S s L8
tions by Carnahan, ei al.i and 3Brewer and Searcy indicate that Alz0
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Interface of A1-A1._ O
the sapphire, 13002°C%

Interface of Al-A.lZO3
sapphire, 1000°C.

system as seen looking through
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system as seen looking through the
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gas is indeed forming.

-

No mention was made-by either Livey end Murray or Carnahan, et al.,
‘concerhiné the'pfesence of crystals at the Al-A1,03 ihterface‘which'h
bformedhon cooling. These crystals,.while not positively idehtified,
indicate that the sapphire actually goes into solution in the molten =
valuminum while also reacting with the aluminum to form a'gaseeus productvh'
such as Al,0.

It is elso a possibility that sluminum ahd alhmina react at about

.1150°C to form another solid oxide of aluminum. By high-temperature

'“x—rEy techniques, Hoch and Jehnstonl9 found that Al and A1203 were the

.- . stable phases below llOO°C Ale between llOO°C and’ lhOO°C and AlO

“above 1ko0°cC On coollng, these phases were‘;ound to be unstable and‘
lr:idecomposed go Al and A1203. So it‘is possible that the low contact"

‘. angle at 1150°C results from‘aifeactien between fhe.Al and A1203.to‘:”:
lagform AlZO Wthh upon coollng, changes back 1nto Al and A1203. The :"t
'4crystalllne dendrloes at the 1nterface could be recrystalllzed A1203lf’:

"These observations are subject te doubt, however. Brewer20‘observes‘h

19

that the phases seen by Hoch and Johnston are actually aluminum

oxy—carbldes or alumlnum carbldes formed by reaction of ‘the" blndlng

:hf_;glue-used with the Al—A1203 compact.

C. Intermedlate Temperature Contact Angle Stability
(900°¢-1150°C)

As stated prev1ously, the contact angle of Al on AlZO3 remalned
: constant at 90° from 900°C to 1150°C W1th the aluminum being in equlllbrlum
with the sapphire in this temperature range. . No reactions or phase

.changes took place. Each phase should then be saturated with the ether;

9v-‘ - o
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~and it appears that this is true. Niﬁety degrees appears then to be the
equilibrium angle between a metal and its stable oxide or in fact between
i any high surface energy liquid on a lower surface eneérgy solid. To test

N

this idea a sessile drop run was performed using nickel on NiO. The

. N\,
contact angle was measured after two minutes at 1500°C and was observed .

 to be 90°.

At 90° the surface tension of the solid«vépor interféé§ is equal
.to'the surféce tension of the solid—liquid inﬁerface as is shown in
Figure XX. The surface tension of the solid has not been reduced by
the.presence of the liquid. The surface teﬁsion of the liquid has been
reduced by thelsolid, forming the interface in the first place. If
the liquid'was.nof reducéa:by ﬁhefsolid the contact angle would be 180°;
Reduction o% the gurface.fension of the liquid by the solid leads to
the formatién of the‘1iquid—so;id.interfaCe:and the lowering qf the
-:contact anglé from 1806'down to a minimum of 90° at equilibrium._-Only_
-if £he surface enefgy of the solid is reduced 5y the liquidlthrqugh.
chgmical reaction at ﬁhe interface or possibly aAchange in the suffacé
. structure oflthe:splid, resulﬁing in a ;urface energy higher than tﬂe
interfacial energy, will phe contact angle drop below 90°. |

It éppears then that féfva hiéh sﬁrface-enérgy liquid on a low
'surfgceveggfgy;éolid theAminimumléontact angle ﬁithout a reaction taking
‘ place is ;E° and can ‘be ccﬁsidefed as the angle of complete "wetting"
:under thesevéonditions,; In the case of a‘metal_on its stable oxide,\90°zu
Tcan also 5e‘consideféd'és‘the.equiiibrium angle between fhe two bhases, |

each being saturated at the interface with the;bther.
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= liquid-vapor interfacial tension
Y, = selid-liguid interfacial tension

= solid~vapor interfacial tension

R = reaction force

xX. orces acting on sessile érop of 90° contact angle.
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D. Sﬁéar Test Results'.
- From Table I it can be seen that all samples of aluminum on
" sapphire had very strong interfacial bonding except those samples which
had been heated to just above the melting point of aluminum.. Any
" . yielding that took place during the test occurred in the aluminum‘and
not at the interface. Even the samples that did yield before the limit
of the testing apparatus was reached;nyielded in the aluminum énd not
at the interface. If apéears that almost as soén as_the aluminum melts,
strong bonds'are being formed at the interface between the aluminum and.
the sapphire. Dué to the softhesslof the aluminum, it is impossible to
determine whether these bonds are chemical or merelyggtrong Van der Waals
‘bonds. Van der Waals' bonds may be the source of strength up to 900°.

or so (contact angle‘down to 90°) and then chemical bonds above that

i

temperatufe.

. .Sessile drop samples of Al on MgO exhibited good strength, but -

not as good as the Al;03 system. The failure in the Al-MgO system

‘. seemed to occur partly in the aluminum and partly at the interface,

with the aluminum shearing up to a certain'stress and then a.quick |
break at the interface. This leads one to believe that while chemical}
‘bonds‘are probably the main source of adherence at-the‘interface, the
»overall sfrength{ié weaker than that in.tﬁe Al-Al1,04 system, dﬁe to
‘ ghe intefﬁediate polycrystailine A1203 reéction ane.I}

The séssile drop samples of Al on Ca0 and NiO broke at quite low
stresses; Fracéﬁré-océurred at thglinterface,-between the regction xA
zone and the pure substrate. ihisbqbservatién substantiates Sutton'ss-

view that if the reaction zone is more than a few microns thick, it
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Tatie I. Results of Shear Tests
Convact Maximum
System Angie -~ 8 Temp. Shear Strength Remarks
A1-A1703 170° - 670°C 1800 psi Broke at interface:
tclean Al) . )
120° 8oo°c over 8000 psi Exceaded limit of
‘ : testing machine.
Only yieid was in
, _ _— Al metal
o o 900 ’ 90‘0”(' Con " " 1"
" N 50° : . 1250°C - T "’ " "
Al-A1203 155° ~8oce 7500 psi.® Yield was in Al
: ' :  metal
‘(oxidized A1) -
"o - 1;;'v9O?>' 90G°C over 8000 psi "
T ‘_ oo ‘500 - 1250°¢ " 1 " "
Al-MgO . 90° . . 95C°C 6500 psi  Yield partly in
e e B ‘ ' metal, partly at
interfeace
AL~Cald 85° 95(:°¢C . 3500 psi Broke in inter-
' ~ facial reaction
. zone ‘
AI-FEG o 120° ~956°¢C 3000 psi r
Ni-Ni0O 900 1500°¢ - 2000 psi - Fractured in NiC
 Au~Al,03 “115° L 1250°¢C - 1800 psi - Broke cleen-
C : L g o ’  at interface
Au-pg0 T 150° 1250°C 1500 psi - "
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weakens_tﬁe interface and leads to fracture at low.stresses.

The sample of Ni on Ni0 exhibited poor strength; however the NiO
was highly stressed and fracture occurred slong cleavage‘planes in the
NiO and not at the interface. The bonds formed at the interface seemed;
to be quite strong, as expected. | 4\\

The sessile drop sPecimeﬁs of gold on‘MgO and Alzoa'exhibited-
gquite weak shear strengtﬁs. Fracture occurred at the interface with
the gold'breaking cleanly from the substrates. It-is eVident'here that‘ '

adherence at the interface was due to Van dgr Waals' bonds between the

two phases.
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IV. SUMMARY AND CONCLUSIONS
The contact angle vs temperature curve for the system Al-Al,0;
shows major changes in angle for certain samples at 870°C and 1150°C.

The lowering of the contact angle at 870°C can be attributed to the .

presence of an oxide layer on the aluminum metal. Tt seems that at this\

temperature a change takes place in this oxide layer whiéh leads to a
v;lowering of the liquid-solid interfacial energy, thus lowering the
contact éngle to 90°.

The drop in éontact angle at liSCOC below 90° could be a combina-
tion of surface energy changes. It appéars that at this temperature
:the surface of the Al,03 changes in structure, resulting in an increase
in the solid-vapor surfécé energy, causing a reduction of the solid

surface energy by the liquid. It also has been shown?that at this

'ﬁemperatufe the aluminum and sapphire react, with the aluminum appearing

: to dissolve the sapphire and also producing gaseous Aio,0. This could
lead to a reduction in the liquid-soliiu interfacial tension and a
' corresponding reduction in the contact angle.

From 900°C to 1150°C the contact angle of aluminum on sapphire

remains constant at 90°. This angle of 90° appears to be the equilibrium.

'angle between a high surface energy liquid and a lower surface energy
solid that are at thermodynamic equilibrium. The contact engle will .
E (} ’ . .

£all below 9C° only when the surface tension of the solid is reduced

;

by the ligquid.

3.

" During the course of the inﬁestigation it was found that aluminum
on other substrates such as MgO, Cal0, and Ni0 will react to form a

third phase. Considerable reaction product was observed in the Al-Cao

Ve
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and Al-NiO systems and greatly affected the adherence. A relatively

“small amount of feaction product was observed in the Al-Mgo system and
'_was not detrimental to the'adherence,

Future work in the fundamental systems such as Al-Al03 needs to

AN

be done and will be undertaken by the author in the near future, with

"emphasis on high-temperature x-ray diffraction studies and on the

'_'solubility of alumina in aluminum at high temperatures. Other metal~-

metal oxide systems will also be investigated. s

-

.

\\

N\
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