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ABSTRACT/

effort to develop a bonding model for the Au/A1203 system. Ultra-
pure (99.999%) gold was bonded to sapphire by meitingiit?on sapphire
disks in a furnace with a controlled atmosphere.

of the bonds were measured by performing a pull test on the sessile

The tensile strengths

drops using“a,specially%dQSigned fixture in an‘Instron'testing-madhine.

By Varying’thé time, femperaturej andLatmbspheré«in_ths‘furnace, tensi

strengths as high as 10,000 psi were obtained. An oxygen atmosphére
was found to be necessary for theiférmation-of'StrO@gﬁbonds@
model was deveioped based onsvan<dér'WéalsidiSpérsion,forceS; Mathe-

matical andlysis of the system has led to an equation for the tensile
'Sfrengih'of a bond formed in an oxygen
fime:and'tsmperatune. The increase in
" bond is a diffusion controlled process and nmeasurements. of the rate of
increase has led to a calculation Qﬁthe?oxygenjself{diffusian
coefficient:in-sapphire at IIOOQC,sllﬁoob, and 1200°C. The observed
;dépendencevof fhéidiffusion-coefficient on temperatufeﬁhab 1ed’£a'a
dgtefﬁinationaof the-activafi@n-enesgy‘for'ipn‘mobility that agrees
well with the value-givenfby Kingery énd-éishi “ A

that extremely h1gh values of tensile strength are: pos51ble and that

-the results also apply to polycrystalllne substrates

atmosphere as a function of soa

tensile strength of the Au/Al 94

' le

A bonding

k

The equations predict




I. INTRODUCTION

In recent years the formation of strong, adherent ceramic-to-

metal seals has achieved increasing importance in industry. The manu-

facture of reliable ceramic-to-metal seals for electronic components,

the_reinforcement of ehgineering metals and.alloys with sapphire

whiskers, and the lncreasing use of thin films in electronic circuits
have led to efforts to determine the meqhanismCflbond‘fgrmation in

several types of;metal/ceramic'systems¢ Since it is of interest to

the electronics industry and because of the special physical .and

chemical properties it;poésesses, theaAu/A12037syStem-has'beenechosen

for this investigainnb It ig?the.purpose.of-thIS'Study to quantita-

SN 2 0 e B
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II. LITERATURE REVIEW

The earliest studies of adhesive bonding between metals .and
zceramics'were cohducted'injannection With investigations of
procelain enamel coatings on steel and glass~to-metal seals for
incandescent lamps,

| In the late 1930's and early 1940's., the developmént of high
power, high frequency electronic components made necessary the de-

velopment of-strong, vacuum fight, high.temperature ceramic-to-metal

seals. Techniques were developed for'brazingrmetals.to the'specially
prepared surfaces of ceramics. The surfacefpreparatiqn‘gOnSistediof'
metallizing the ceramic surface with a metal that could be wet by a
SUitéble brazing alloy, The metallizing was most ofteén done by firing
mixtures of molybdenum-and:manganese on the surface of the ceramic in
a controlled atmbsphéreﬂu”The lmportance of being éble'to m8ké'3
reliable seal led'to-an'extenSivé.efforﬁ thdetermine‘the'impﬁftant
‘Parameters~0f?thelprocessg =Since5thése-imertantfparameters
depend on the bonding mechanism; attention was focused on determining
the mechanism or mechanisms which controlled the bonding :of the:
- ‘metallized layer to the ceramic substrate, e .
'The-reSults-offmany*investigations¢of'thistypé«of.geramic;to_ .
metal seal indicate that the mechanism is quite ,,c*omplzi-zc.._ ated . It
1t olass miemation oo 14T |
-appears that glass_mlgratlonzacross the'lnterface, _cpemlcal ‘ .
S S S . 18,19 : | ’

- reactions, ’ and:intermedlate‘phaSe formation ~ play-a;part*ln

:theiproceSS-qf¢bdnd formation and their:relatiVe importance depends

4,5 16, 14 » 15

.

ﬁin-a-bomplex*way.upan.such Variables:as;céramiCFcompGSition,




14 y 4,5,6,14
surface roughness, firing temperature, PR

°2,7,12,17,20,21 , . ,
atmosphere, and previous processing history,

15

Since the late 1950's, there has been much interest in developing,

high strength structural materials by reinforcing a metal matrix with

[ o

sapphire filaments or»whiskers,v In order for this technique to work,
it is necessary to be able to form strong bonds between the matrix
material and the sapphire. Accordingly, many sﬁhdies'concerning the
adhesion of engineefing‘metalé and alloys to sapphire‘have,been under-

’cal«:en.,zz-'34 iThe'resuitS'of‘these;studies'haye led:many’ihveStigators

to conclude that the mechanism of bonding is a -chemical reaction in

which one or more components of-the.alleylreaCt with the aluminum
. - e A T Loa 28)32
Oxlde leading to a thin third phase boundary layer,
- 4

strength of the bond depends in a complex way upon such factors as the

29,30,31,32

;dEgree-Of‘5hémical'reaction
due to thermal expansion mismatch.,
fThe.mEthod~usually:used to study the bonding in this type of

| meial/éeramic.;ystem=is the sessile drop technique. The primary
reason for this is'that-thermodynémic'nelatiOﬁS-haVQ.been;established'
between several of theaerp5parametefs and thé-werkzoffadhesion‘(See
Appendix 11). Thébugh the'gfforts bf severhlhinvestigators ~27 a |
body of data concerning the drop parameters fOr-severél’metal/ceramicf
Systems has réSuItedg‘ An éxtenSive efforthS‘been-expended to re=
~i;févthe wbrk bf adhesion to the observéd,adheéive stfength of ‘the

“écdmeﬁentS'of&these‘systems. 'Unfortunately,.most.systemg_studied~do

- not lend themselves to such COnSiderations-eifhér.beQauseFdnesor“mdtéﬁu

The apparent. .

e e i

I = = |




S
of the critical requirements for the validity of the equations are not

met or because of the difficulty in measuring the work of adhesion,

In addition, these thermodynamic relations apply to energies, not

stresses, and the energies of the bond are usually of less practical

interest than the stresses that the bonds will support.

Metallizing ceramics with noble metals has long been used as a

decorative process, but in recent years it has been achieving greater

technological;importance. With the development of the transistor

¢ -

followed closely'by‘the mass production Of'iitegrated'circuits,

cuit eomponents must be developed if*full=advantage is to be taken of
the,small"siZe, high reliability, and low cost of the newer solid

State devices. One such technique is the interconnection of these

...... Dnnectiéns-produced,iﬁ

'thisfanCégs-are,filmS.OI;gold (or, in_SQme;caSQS§‘tantalum) a few

mils wide and seﬁeral:hundredjangStrOms thick supported by a suitable:

substrate. In order that the product operate reliably, the insulating

Substrates are subjectita'severE'requirements: low electrical con=

ductivity (especially;suriaCéfcanductivity), high’fhermal-conductivity,

smooth surface, high strength, low.cost,,éﬁq;the.ability to f-orm strong

adhesiwe.bonds'with'thé-metal-of the conductors. 'The two. most common:
substpates havingﬁan,acceptable~compromise;0f‘thesewcharaCtéristiQSq-

are glass substrates and higp alumina substrates,
The importance of the adhesive bond has led_éffbrfS‘tﬁ'determiné

theimportantfparaméterS:affectingtheadhesion of thinffi¥ms»to~

-




35-48

ceramics, There appear to be several types of boundary formed

between thin films and their substrates: mechanical boundaries on
rough substrates; monolayer to monolayer boundaries when little or no
diffusion or chemical reaction takes Place; compound boundaries with a
third’phase'bqundary layer such as an intermetallic compound or an
oxide; diffusi on boundaries, and pseudo-diffusion boundaries formed
when the metallic atoms impinge on-the.SubStraxe:surfacé~with.enough‘ h
energy to penetrate several atomic layers into the'SOIid,45"The

number of different types of.bouhdariés indicates that there are

/

several possible bonding mechanisms that can operate in the adhesion

of thin films to ceramics, HOWever, it has been determined thgt'the

meaSured-strengthS'nf the bonds between thin films and their sub-
~ 45

. o | . | | . *
”,strates.depend upon such factors as type of boundary ; the atmosphere

in~which.theffilm<Was~deposited,48 and the stress state of the
Sy3t6m342
Unfortunately, the study of bonding in thin films has been
:SéVér31Y“handicaPPed=by the.iééksﬂfza testingjprocedure'that-will
yieldresulfs.thatare'ea$i1y,interpreted.~7!40)43’47
- The net result of all thg:studies'cf’metal/Cepami@ adhesion is
that several bdnding-meéhanisms.have beeﬁnpropQSed;and several im- |

_portant'parameters'have been isolated.. ﬁHowever,.due t0 the complexity

T o - o |
~ 1t should be noted by the reader that the effect of atmosphere on
the:bonding.Qf'thinzfilms tqfceramic'Sgbstrates is probably un-

related” to the effect studied in this’rnvestigatién; a
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of the bonding mechanism in the systems studied, the lack of a testing
procedure that will yield results that are easily interpreted, and a

lack of knowledge of exactly what forces are required to break a par-

ticular type of bond, it has not been possible in most cases to be

able to formulate a bondingfmechaﬂism in enough,detailito'be;able to

predict the stresses a bond will support in a given situation;
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III, EXPERIMENTAL ~

In order to quantitatively characterize the adhesive bonds in a
metal/ceramic system care must be taken to choose a system in which

a single bonding mechanism operates that is susceptible to

mathematical analysis. In addition, if the sessile drop technique

is used, tﬁe following advantages are afforded:
(1) Frozen sessile drops have a shape that .is suitable for
gripping with a fixture for performing :a pull test, thugw;
enabling the tensile stresses the bond will support to be
measured without prior disturbance of the interface as would
be the Ca$é~in a soldering operation.

(2) Information can be gained about the surface and interfacial

energies of the system from the shape of the drop.

N (3) Sessile drop experiments can be done without elaborate

experimental apparatus.

"
9 N
X3

Further,

a sYStem?that is stable in a laboratory atmosphere,
forming gas, noble gases, nifnogen,fand.gxygen at'témperatures up ‘to
and somewhat above tﬁe.melting.DOint?offthe-metai would offer the |
following advantages:

(1) Vacuum or protective ﬂiEOSphéfeawbﬁidnbtwhaveto~b€PFO‘

(2) It would be possible to use temperature 4nd atmosphere as

D

With the objective of keeping theinumber‘Oﬁwmariébles-tofa%miﬁi—f

mum, the following requirements are also essential:




\s

(1) There shduld be very little chemical reaction between the
metal and ceramic,

(2) The surface of the substrate should be smooth enough so that
mechanical interlocking is not a significant contributor
to the overall bond strength.

(3) The metal should have a low yield strength at the testing
Légberature SO that no;appreciable-stresses'Would be sup-
ported at the interface due to thermal expansion mismatch.

(4) The metal and ceramic should resist crack propagation.

(5) The system components should be available in very pure
form.

(6) The SySfem“componénts shouldinot'beaattacked:bywcleaning*
solutions: |

N
Certainly no system could be expected to perfectly meet all of
theses.conditions. iHQWEVer,fit‘was'décidedfﬁhat'thétéyStém?An/AIZQg

had an acceptable compromise of these requirements.

The aluminum oxide SubStratesywere-chbsen,in~the form of sap=

phire disks 1/8”'thidk,~cut.With'aydiaménd.wheelnfromga 1/4“Fdiameter

rod purchased from the Sapphire Products Division of the Adolf Meller

epﬁﬁany in Providence,; Rhode Island. In order to hold tne'diSKS“when

performing pull tests, they were ground so that they would fit into

a ‘dove tail slot with base'aﬁgleSJOf'760;in a holding fixture.

The as—cut faces of‘the,sapbhiré~d15ks'were:far.tOOﬂroughAfOLbé
SUifable‘for a bonding surface so the disks had to be polishéd using

fheufgllowing}peredure{ “ Q:«" ' " - l%&—

S
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(1) rough grinding using a 6 4 diamond meedded wheel;

(2) polishing with 94 diamond :paste,

(3) polishing with 3 diamond paste.

-Ihe-game saﬁphife disks were uséd in successive experimental
runs after they were repolished using only step (3) unless a small
flake=o£:sapphire'was removed from thé~surface, then steps (2) and
63);were:repeated} _If'a.lange'flakeiof;sapphire were pull¢d~froﬁgtne
Adisk, thepgold was placed in a smooth area for the néxt run. If
there was not 4 1arge-eﬁ0ugh Smoath:area~rémaining, the disk was
discarded.

The gold wasf99y999%wpureAgoldEWiré 1 mm in diameter_pardhaSQd
from Eléc%ronic Space.PrOducts,J;ncj, Los~Angeles,.CaIifOfnia.and_ )
‘99;999% goldsplaftefs purchased from Seni-Elements, Iné,,=Saxgnburg, |
Penhsylvania, 'TheOpticalemission~specfr05c0py'analySiS'Of_thé.g /
materials taken in the Materials Analysis and CharacteriZationp

Laboratory bf’the'Westefn_Electrig‘CbmpanyzEnginéérihg”ResearchCeﬁﬁer

appearslin;the'fdllowingitable@




n
TABLE 1

ANALYSIS OF MATERIALS USED

Splatters

. Sapphire Wire

L ve Au Au Fine
Detected Mg,Si trace Mg,Ca trace 51,Fe,Mg | e

Cd: W cd w cd W
Ba B Ba B Ba B
Be Mn Be Mn Be Mn
As Sb. As Sb S As. Sb
Na Zn Na Zn Na Zn
Not Sr: Pb Sr Pb Sr Z1
Detected Co Sn Co Sn Co Ni
| Pd Vv Pd A\ Pd. v
Cr Bi Cr Bi Cr Bi
Mo Pt Mo Pt Mo Pt
Zr . Ni  Zr Ni Ca Ti

Cu Ag | Ge Ag

| Si Ti

Ga

B
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The furnace used for firing the specimens is an Engelhard
horizontal, platinum wound, muffle tube furnace, This furnace is
equipped to fire specimens in non-corrosive, non-poisonous, and non-
explosive atmospheres at temperatures up tO‘lSOOOC; A Barber-Coleman
furnace Controller was used to provide temperature;programming. The
entire apparatus is located in the ceramics laboratoEy‘mOdershop,

a clean room. The contact angles of the-sessilérdrOps'wereﬁmeasuxed

Y ¢ B
and,graduated‘lnu53'1ntervals,
The pull tests were done in an Instrﬁn_testing“maéhine=uSiﬁg’

Specially designed fixtures built in the Research Center Model Shop #nd

shown in Figure 1. The sapphire substrates fit in a dove tail slot

which is in a fixture mounted on the movable crossbar of the Instron
machine,

The fixture is designed so that it is movable in the

direction perpendicular to the slot direction and pull axis, Thus,

ﬁhQ.Centervof§the%dropﬁcan betmoved~int0=the'pull.aXiS%Of'the‘testihg
Thewgold,dropWés.gripped‘by a fixture that hangs from the

L
|

load cell. The gripping'fixture“wasadéSignediso‘thatfit could grip
P “

machine,

<&rgps of varying sizes aﬁd-aiways.pu1l~perpendicular to the interface,

Each‘eXperimental_run‘conSistedaﬁﬁ from seven to nine adhesion

X:EDUPIeSJ.i;e@, gold/sapphire speciimens, Before being put into the
thefspecimens'WerewstJECié@.tOsthe fOllOWingr01eanin€f

v'jp

procedure ;

() Immersion in a coldfsoféOi561Uiiﬁn-Of ¢oncenfr§tédeGl and

deionized water.,
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(2) Rinse in a stream of deionized water.

(3) Rinse in a stream of J. T. Baker Chemical Company specially

denatured Alcohol #3-A,

(4) Drying in a warm air stream.

(5) Ultrasonic cleaning in a proprietary detergent seolution,
Crystal Clean 513.

(6) Repeat of steps (2) - () . .

The cleaned specimens were placed on a2 D tube with tweezers and
the tube pushed into the Hot zone of the furnace. The end of the tube
was~sea1ed'and'the,requiied.atmosphereipassed:through‘the-furnace at
three liters per minute. Th{§vgas,;exceptifqr nitrogen, was supplied
by Air Reduction Company . ;Nitrogenuwas‘takenwfr0m a large tank of
Natural Gas Cylinder Company liquid nitrogen. The gas was passed
over a drying agent and,piped_intorthe=furnaceg The temperature
controller was then programmed for the desired eycle. This cycle
consisted 'of heating at an average rate of;2;4OCfper:minute, holding
for the desired*?ime at a particular ‘température, and cooling to
35OOC or below at an average rate of I;foc,per:minute.a The specimens
wereiremoved.fromxthe furnace, the contact angle @easured,“andﬁthe
pull tést'perfbrmedgsing a erossbar Speed of .ih per minute. To
assure that fhé,gripTWaS-nOt mOVeq duriné*the tighteningvaroﬁnd,the 
:goldwdrop,‘a'plumb'bob'wassuspendedin:front‘of,the fixture and the
drop lined up undér it before pulling.

;Thg_méximumﬁtenSilé stress was ﬁdmpﬁtedjbyAdividing'thefbréaking..

i

force in pounds by theyaréa=of‘fhE‘interfaéé'iﬁ'squarefinChes, The
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°

area of the interface was measured by using a reticle mounted on a ‘.
3X lens. All systems used in these éxperiments had a nearly circular

interface approximately one tenth inch in diameter.

The interfaces were examined microscopically after pulling and
observations such as sapphire pullouts, gold stuck to the sapphire -
disks, distortionrand~gas-ocqlusiqn5fin the gold drops were recorded:

The sapphire disks were repolished and recleaned and ‘the gold
drops recleaned unless they had pulled a sapphire flake from the disk, -

and the next run started.

Terua vy i
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A. Tensile Strength Determinations

The research of Moore and Thornton4gfindi¢afes that oxygen has a
significant effect on the adhesivewbond~in the Au/SiOz system. To
determine whether a similar effect would be observed in th¢~AH%A1203;
system six experimental runs, usually:hine samples per run, ‘were made
at IIOOQC.for-appnoximately.one hour, three with an oxygen -atmosphere

and thrée with a nitrbgén.a@mgsphére;¢mThesresults appear in Table 2.

Y

TABLE 2

TENSILE STRENGTHS (PSI) OF SPECIMENS FIRED AT 1100°C FOR 1 HOUR

.Atmosphere‘.“ Sample Size fMgan | »StdafDﬁyai

Oxygen 26 2150 434
Nitrogen 24 1630 544
~ For a complete listing of the data tabuldted in Table 2 see

Appendix III.

oxygen fired'samples is‘Signifipantly:higher than that for the nitrogeh‘

fired samples at a 95% confidence level.

To ascertain further the effect of atmosphere three runs of ‘usually

seven samples each were devoted to the following experiment: After the

usual'tléaningjprOCEdure'seveﬁ-sapphire;dISks»were lined up under a l/8

1. -
0o

inéﬁ sapphire rod ‘which was supported on both ends by high purity
sintered alumina setters. Seven 1engfh$ of gold wire were loqped over

the sapphire rod, one above each of the sapphire disks. The furnace

Iemperanre was raised and the'system allowed to soak for 1/2 hour




= o m‘mmmm’mmm"m,mw_

The tensile strengths of all bonds were negligible.

17

0 - .
at 1000 C in an oxygen atmosphere. The atmosphere was SWltChed\¥O

nitrogen and the temperature raised to 1100°C and held for one hour.

The data from these experiments is presented in Table 3.

TABLE 3

TENSILE STRENGTHS (PSI). OF SPECIMENS PREHEATED IN OXYGEN, MELTED IN
NITROGEN, AND HELD FOR ONE HOUR AT 1100°cC
D

Sample Size § Mean Std. Dev.

For a compléte listing of the data tabulated in Table 3 see

Appendix III.

The ﬁeéﬁ'tensilé:stréhgth'Qf'the'bond in.thefspeaimens:from;this
experiment was not significantly different from that of the samples
fired in nitrogen.

'Todetermine the effect of a reqﬂciﬁg atmosphere~§n the'formatian
of adhesive bonds, a run of five samples was made in a:fﬂrmihg:gas
(9@%fN25 lﬂ%iH2)<atmOsphere~by suspending five gold wires abové five

~ ; L . L IR « T .
sapphire disks and raising the ‘temperature to” 1100 C for one hour..

There isza.striking'differénCe in.appearahce_ampﬁg,samples.fired
in oxygen, nitrogen, and forming gas. ;The specimens. fired in oxygen
are Very'bnight-andithe»gbld-drop 1s smooth. The specimens fired in.

nitrogen aré;rafh@r dullvahd%fhe.gold4drop4has:anﬁunevem‘surface, The

quecimens:fifed-in=fprmingwgas‘aré very dull and the7g6Ld erps hav¢ an

if?géular‘shape;with anzelliptic interface.
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Contact angles of specimens fired in oxygen were measured to be

120° + 50, those fired in nitrogen were measured to be 125° + 50, and

=
those fired in forming gas varied from 125° to 1550, depending on

where the measurement was taken.

The remainder of'thé_experimental'WQrkfconcentrated on determining

the effect of time and temperature upon. the tensile strength of the

bonds made in an Oxygen:atmosphere.  SinCe it_was,reasoned that any
pérturbation;gfjthe:tensile'iESffresul%SNwould;BIWQyS be in the direction
of lower tensile~stn5hgth¢ the specimen supporting the highest tensile
stress in a given run was taken to be closest to the true tensile
strength of‘aibond.fbrmed under those conditions of time and temperature.

Y : :
given in Table 4.

'TABLEZ4
MAXIMUM TENSILE STRESS OBSERVED FOR EACH TIME AND TEMPERATURE

'11000¢C
U o N o
t (sec) 3600 15,000 27,000 33,600
| b | o o - .
QnaxE#J 2860 6000 7380 7990
. O ) q
~ 1150 ¢C s

b

t (sec) 36000 4200 - 4980 5400 7680 16,200 24,000

QnaxEEJ‘ 4610 3660 3760 = 3340 4200 4740 7620
in | : | I |
1200°% .. .f

g

t (sec) 3600 5100 5700 6900 7800 9900

!ﬁnaxE:J 7040 9750. 5360 3860 51_.QQw 5660
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For a complete listing of the data from these experiments see

Appenéix III.
The 1100°C data is plotted in Figure 2. The data for 1150°C and

12000C are plotted in Figure 3. The 1100°C data -and theoretical con-

siderations to be discussed in the next section indicate that these data

should 1lie on smooth curves. :
The dashed curves in Figure 3 show the deviation of the higher

temperature data. A possible explanation for the failure of the points

to lie on the curves at longer times is given in the discussion section.

It should be pointed out here that the fixture for pulling the gold
drops from the‘sapphiré*substratevwas designed for a-maximUm.expectedf
tensile stress of BOOdfPSI; It was therefore not capable of pulling
drops from théir's;hStratesiwhen the-bbndS'héd‘aftensile~strength_
greater than 5000 PSI and hédionly.mﬁrgihailsuécess with those above
BOOOZPSi;

Hence, thezhigﬁér values of tensile stress were measured indirectly
V Nighblasg

by means of & shear test-as performed by Moore and Thornton.™”

) B 33 . o |
Forgan, and Poole”~ shtow that for the nickel/sapphire system the

magnitude of the shear strength of the bond is about 90% of the

nagnitude of the tensileIStrength when the contact angle is less than
107" . Since all the gold drops plastically deformed during the shear

test 'so that the effective contact angle was 90°, the shear test results

were .converted to tensile test results by dividing them by 0.9 as a first

approximation.
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B. Microscope Observations of Separated Interfaces

Optical and electron photomicrographs of separated interfaces

yield much information about the adhesive bond. The most prominent

feature in the gold revealed under the microscope are gas occlusions
trapped at the interface. Figure 4 is a photomicrograph of a gold

drop containing some rather large occlusions that are actually visible

to the naked eye. Slip lines are also visible on the surface of the

gold.

Very small gas occlusions that are invisible to the naked eye
are in ‘the form of negative crystals. Figure 5 is a series of photo-
micrographs showing some of these negative crystals of various shapes.
Figure 5b and 5c show slip lines in the gold while the linés in 5a are
,r-efp.l;i cas of polishing scratchies in the iSi'—‘a,pip?hire" disk. An especi ally
interesting feature in 5¢ is ‘the grain boundary passing through the
center of the picture.

Figure 6 is a Sﬁrieéiéfiélectfﬂh;phqtomicrograﬁﬁs'offa surface
replica of the gold surface shown in Figure 5a. It is a two stage
replica shadowed a%-BO° with.CfPf. From the shadowing it was
detérmihed.that’ﬁhe-gas occlusions are indeed depressions in‘thé'gﬁld
surface and the spots spread uniformly over the gold surface are .

raised. These spots bear a striking resemblence to oxide nuclei seen

on iron specimens. 'The-erp‘in‘fhﬁse;phoiographswas.fired in oxygen:

»

The.mcst,sfriking features on the sapphire inteerCé‘that-were
.revéaled under fhg‘Qpiical;microscope.were:tﬁé;go&d‘arés on portions of

the périmeter»of'the interface as shown in Figure 74 and 7b:énd:gdld
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circles around the perimeters of gas occlusions of specimens fired in
oxygen and nitrogen as shown in Figure 7c. Figure 7a- is a low magnifi-
cation photograph of a gold arc that covers nearly the whole perimeter
of the interface. The dark areas are sapphire pullouts from previous
tests. Figure 7b is a high magnification photograph of a portion of a
gold arc on the perimeter of the interface. It is discontinuous because
part of it-has,begp scraped away to show that the sapphire underneath
has not been‘éttacked by the gold, at least not to an extent visible

at thiSqmagnificaﬁidn; Thus; ‘the gold arcs are:not;filled etch pits.
‘The.spGGEAZOﬁ fﬁémsépphiré are spots of a contaminating substance,

apparently from the interior of the furnace. Analysis of this substance

by optical emission spectroscopy employing a laser microprobe showed
that it is composed .of iren, titanium, magnesium, ‘and zirconium.
Figure 7c¢ is azphOtomicrograph‘ofﬂngdicircles;removed from the

S n

perimeters of gas occlusions. ,PdliShing‘SCfgfbHGSccan;be seen on the:
sapphire surface.

It is presumed that the gold\aféps are"usuallyAsingle;crystals
funderneathzihéif curyed_surfaﬁes. There are at least tﬁd'indications
of this, First, the negative c£ystals@ when they appear, usually have
the same orientation across ‘the interface. An‘éXceptioﬁ is shown in
Figure 5c. Second, Whenua;gOld drOp is- etched in aqua regia its cubic
symmetry becomes apparent after a short while. .Figupg»S is'aipair.ofl
photomicroéraphs of fﬁ5~et§hed,gold d;ops on a sapphire disk. The |
smallef»one is.oriéntéd?With its (111) planes parglLelrto'the interface.
Back refleétibn'Laue phot0gpaphs of eitherthg.flaﬁ ?nterface bortion.

or the curved,surﬁace‘portion=of‘the.gbld.drops do not reveal the pattern
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characteristics of a single crystal. This is believed to be due to

the fact that the gold near the interface has been distorted by rotating
slip planes and the curved surface is not part of the single crystal.
If the drops were either etched or polished before taking the Laue
photograph, the pattern of a single crystal should become evident.
Features revealed on the sapphire interface by the electron
microscope are shown in the hext figUfe; Figure 9 is .a series of
photomicrographs.Qf'érsurfaéérreplica_giithezsapphire interface after
It is a two stage replica shadowed at 30° with C-Pt.
Eigure;9a.and.9barwipiqtunes Qf'a,région.éﬁ~thé-sapphire;surfaeet
containing a portion of the perimeter of what was the interface. The
area with the parallel polishing scratches is outsidesthe interface.
The perimeter itself is characterized'by.sapphirggpulloutg and a
The interior of the interface has a wavy

appearance. There are three possibilities for the.origin of this wavy

(1) The surface observed may not be sapphire; but gold left
behind when the interface was separated.
(2) The ;urface_may have'been chemically attacked by the gold.
(3) The*sépphire Méy'hdje been plasitcally ﬁéformédfﬁhen the
interface:wanSeﬁafﬁfedu
However, since the pﬁll test was perfﬂrmed at room temperature it
does not seem likely that the sapphire plastically deformed. The tensile
stress reqUireH'fo.Separatethis,sﬁecimen.was 5380 lb/in2; k

The possibility that the surface is really & thin layer of,gold
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’

does not seem likely either. There was no evidence of gold on the
interfacc under an optical microscope.

The most likely explanation is that the sapphire surface has been

chemically attacked. It should be noted that this does not necessarily

~

imply that chemical bonds were formed.
The pyramid shaped spots in Figure 9a are sapphire pullouts. The

black specks in the photographs are due to defects in the photogrgphic
S

b

plates.

.Figures 90-and-gdiare-phqtomicrggraphs-oi an area of the sapphire
surface in the interior of the interface. Figure 9d is an enlargement
of the portion outlined in Figure 9c. The dark spots are sapphire
pullouts as indicated by their 'shadows.

Figures lQa'and.lObaare‘photomiQngraphs of a portion of what was
the inierface‘ﬂn;the,gcid'diop” Figure 10b is a blqwiup of the area
marked in Figure 10a. Thére are several featureés of interest in these
last two ﬁho{égraphs- The geometric shapes‘in these picturés:areigas
OQFlUSiOnﬁ- Slip.lines,areLevidénf»in;Figure:lOal Théusugfage,of the
gold.appears to be covered with mierocracks. The small dark spots in
’Eigure.IOb:might be oxide nuciei althUgh they are émailer*fhaﬁ those

seen 1in Figure 6. This specimen was also fired in ar oxygen
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V. DISCUSSION

It is the purpose of this section to develop a bonding model for
the~gold/sapphire;b§stem which is sufficient to explain the experimental
results.

In Appendix II thé Young-Dupre equation, which relates the contact
anglec of a liqdid drop to a solid surface, is derived:

(1) w ::ﬁv{]+-c050} where

AD

WAD 'is the work of adhesion

Yy 1s the surface tension of the liquid in equilibrium with its
... Vaper
#  is the equilibrium contact angle

This equation is valid so long as equilibrium has been reached and
no mixing of the sqlid :and liquid occurs.

The Yaunngupme-equation also applies to a solid:.drop in equilibrium
with a solid-surfacewééovidedrﬁhét no stresses are supported at the
interface. However, since the solid drop would have to plastically
deform to change its contact angle, the contact angle measured at
iroom tempefaturé:iS-Probably'the.cantacf angle that satisifies the
Young-Dupre equation at ‘the freezing point of the liquid. IfkthiS”is
taken to be the easé, thezézpected?coﬁtact angle of gold on sapphire

can be calculated fromltha:appropriare:data~uf 1063°C. Equation (1)

can be rearranged to give * T

VMAD__]l
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dispersion forces.¥ The derivation of the Young-Dupre equation in

Appendix II was independent of ambient atmosphere, i.e., it applies in

the same as that measured in oxygen, the Valué.of‘WﬁD.meaSuredfhy
Pilliar and Nuttingsa and the value of W given py Bondi3 can be

used in equation CZ) toucaiculate‘the;equiiibrium:chtact:ahgie'for

,gold'mélted;bﬁfsapphiré~in‘oxygénu

( 3) 6= Cos-l{% - ]} = Cos_] { -5 32} =1 2,,_2_.:]{.0-

[

Since the measured contact -angles are very near to~this'value, it
is evident that 4t legst the perimeters of the interfaces have reached
equilibrium, or nearly so, in;thercourse:oiithe.experimental runs.

The?phbtomiépcgraphs in Figure 7 indicate that the' bond between

tensile Stréngth.of4at.1éast the tensile:Strength:ﬁf gold. Since the

'fensile-strengﬁh'bf gold is about 30,000 PSIJ:ifyis evident~fhatrat or

naariéQUilibrigm bonds bétween.gold and‘sapphirezwill-suppgrt very high

TN, and N, ate slightly temperature dependent .
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adsorbed layer is going‘to;déﬁendzupon;the;previous,histﬂry-of the gold

fgraduallyrreplaeed_byvan,adSbrbed layer of the ambient atmqsphere,
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tensile stresses and that the system as 2 whole had not feached

equilibrium in the course of the experimental run. This fact and the
fact that the tensile strength of the bonds increases with time at a
temperature dependent rate form the basis for formulating a bonding
model for the gold/sapphire system.

Consider an ideal'system,cbnéistingzéf,a~solidipiede.Of.gold

. | | . R e 5 N
resting on a poliShEd:sapphire:disk:at.zs'cmand one atmosphere pressure

in a one component -a‘tmevS"phe*fI"eﬁ Both the gold -ai;,n-.qf the . S='a,pip'hi'i~r-e have

béén‘cleanédfsothaf'their'surfaﬁes are free of gross. contaminants.

Tﬁéy‘will.haVelihoweVer, a lLayer of EdSorbed gas on them, either

physically adseorbed or chemisorbed or both. The composition of this
and sapphire as well as the;compositibn-of'fhe ambient atmospherei As

the temperatures istraised,'thesermisqellaneous adsorbed gases are

the.

rate at which this takes place being dependent upon the nature of the
adsorbed gases and the temperature. At temperatures approaching 1000°C

the replaEement'éhQuId beueXtremely.rapid and the adsorbed layer is

essenfiallyuﬁf‘the same species as the ambient: atmosphere. When the

gold melts at lOG?QC; it a&sumes the shzpe of a.sesSile;drOPf‘:The liquid

gold and-sappnire-at~this pointé%ﬁe separated‘by-a layer of .adsorbed

gas. If it is assumed thet no chemical bonds form between gold and

;sapphlre .the only forces of attract1on of any consequence between : 'W N
_,them are. London S dlsper51on forcee actlng across the gap that |

fSeparates the:gold and3the-sanphire¢ Since these forces decrease

© rapidly with separation, the‘adhesive£0rceswill.be-relatiVelysmail,
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their exact magnitude being dependent only on the thickness of the

intervening 1ayer. Thus, the tensile strength of the gold/sapphire
bond could be calculated if the thickness of the intervening layer were
.Rnawnx It should be noted that this only applies to systems which do
not develop~%tre3ses at the interface on cooling. It has been shown by
Moore and Thornton?? that gold does mnot support such stresses under
these conditions.

In most a tmosphe res 5 the process of bond fo rmation des crlbed

above would be a cbmpletegdescriptidnzof“the;bgnd formation méchanism

when gold is melted on sapphire. In the special case where the furnace

atmosphere is oxygen, however, the above process is only the first step
in the formation of the bond, It is proposeéd ‘that the importait
difference between melting gold on sapphire in oxygen and melting it in

:nitrogen,‘fbrming'gas, or noble gases is that oxygen reacts with gold

chemically to form .a layer of gold oxide on the drop whiech in turn has

an adsorbed oxygen layer, thus beginning a series of reactions which

result in the gradudl reduction of the thickness of the contaminati
Iayér'between.the gold'and,the'sapphire. In the proposed model the

situation at the ernd of the first step is pictured schematically in
v |

Figure 11.
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FIGURE 11 The State of a Sessile Drop of Gold on Sapphire in
Oxygen at the End of Step One.

1t is furthér proposed that the gﬁld;ﬁxideihas'avreiatiVelyﬁhigh
VaPQrspr835ure and is CDnStantly‘escaping'fTOmehe'Surface:Of.the:gOld

drop only to be rplaced immediately by more gold oxide. The results
ol an investigation by Carpenter and Mair®°i support these proposals.

It is postulated that in the immediate neighborhcod of the three

interface, themmechanism of replacement of the lost gold oxide is

different than for the rest of the surface of the gold dI'Op . Over nost

of thegsurfaée-of:the‘dropwfh?;ggld_Qxidehis.replaﬁed.by oxidation of

.............
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gold by oxygen from the atmosphere. However, as gold 6Xide evaporates

from the surface of the drop near the three Phase interface, it is

replaced by

in the ambient atmosphere, this replacement-mechanism;predominates

for some distance from the interface;perimeter. This action results in B

a depletion of the oxygen layer under the gold drop. When all of the
uncombined oxygen has been removed from under the gold, step two in

the‘formatién=of the bond has been completed.

:The'situatIOn.aSpostulated

"N\ N Gold Oxide
\ i& NN\

Sapphire

VAN

| FIGURE 12 . The State of a Se3511e Drop of Gold on Sapphire ‘in
| Oxygen at the End of Step Two. | -

w/
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The gold oxide layer enclosing the gold is probably non-

stoichiometric and amorphous. It is assumed that this gold oxide

layer can Support no tensile stresses so that the tensile strength

of the bond is due entirely to the dispersion forces acting between

the gold and the sapphire.

It seems likely that steps one and two are completed within a few
seconds of the time when the gold melts. If the system is then held
. for a period of time at some temperature, the third step in the process
of bond formation becomes operative, the diffusion of gold oxide into

the sapphire substrate. By this diffusion the thickness of the gold

oxide Iayer'decreaseS'and'thﬁSAthe attractive dispersion forces between
N

the gold and sapphiré increase.

Consider the forces acting at the perimeter of the two phase

interface shown schematically in Figure 13.

ekt

ARRARAN

. FIGURE 13 Forces Acting on the Perimeter of the Two PhaSe
Interface. - |
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Ni=gh +, cos

Y,= Wsinf

The forces acting parallel to the interface are considered in the
derivation of the Young-Dupre equation in Appendix II. The forces
acting perpendicular to the interface are of interest here. 'The,faree

ﬁéiS}hot balanced by a corresponding,forée-acting at the;perimeterr
:Of,the‘interfaeé but by a force P distributed:overffhe;ehtiré

interface. This results iﬁwthersapphire‘inithe-neighborhood of the

the rest bf‘fheinterfaCeﬁisfin-cOmpréS$i©m; It can be ‘shown that the
diffusion coefficient increases when the pressure on a body is

P , 92 o | L o |
decreased, hen@eﬁ the diffusion of gold oxide into sapphire will be
of the ihterfECiﬂltﬁreag _ThUS,.in‘theqearly’Stages of diffusion of ‘the

gold oxide into the sapphire, the;goldtﬁxidéflayer is Significaﬁtly

bonﬁfformatioh.iﬁ an oxygén atmosphere,all’the gold oxide has-difqued;
into the sapphire, equilibriUméhas‘been.rea@hﬁd, and the ultimate bond

has been obtained.

yparaméiefs of the.system, To do this the'EOLlowing information isg

needed:
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The mechanism of the=bondlandjhowAits strength varies with

o

the separation of the gold and sapphire.

(2) The rate at which gold oxide will diffuse into sapphire at
a given temperature.

(3)

The<manner in.which'the,diffusiOn.rate'iszlinked'to the rate

Waalsibgndssqf fhe:dispgrSiOn type. A discussﬁon5of“van;der Waals

together only*by,dispersiénsfﬂrces;

(4) 0= - ?; whére
0 is ‘the tensile stress reguired to break the bond

K is the adhesion constarnt (see Appendix I)

r is the separation between the metal and the erystal.

It is:ofiinterest’tOmkn@w*what tensile strengths équatidn.(4)

PTGdinS;er'fhe gol@/sapphire‘system, From Appendix I

K = 624X10-13 dyne cm
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sapphire disk. The gold oxide can be considered to remain at constant
concentration between the gold and the sapphire until it has been
reduced to a monolayer. Thus the problem is the classic one of
solving the diffusion equation when surface of a semi-infinite solid is
held at constant concentration. The solution to the differential

equation

with the boundary conditions

(6 C7C  X=0 t2o0

C=0 X>0 t =0

w 53
is given by Crank”® as

X

(7) C = CO erfc 2.\@-{— Where

C is the volume concentration of gold oxide below thé«sapphire
surface,

g . C, 1s the volume concentration of gdldzoxiQQ on the sapphire
Surface, .

X'sis“fhe-Qistance below'the.SQpphire-sunfaﬁeﬁ

D iS‘the‘diffﬁsian'Qdéfficient;

t. is the timefthe-Spécimené are held at the temberature:of
-interest.

and. erfc z ':_-',]f — erfz

1f the initial quanitiy of gold oxide between the gold and the

sapphire is Mg units of gold oxide per unit area of interface, then




-/
(8) My,=d,C,

where
do

1s the initial thickness of the layer of gold oxide.

The total amount of gold oxide that hag diffused into the

Sapphire per unit ares of interface is

9 )= ]c(xt)dx=C, erfcfﬁdx

0 0

. 53
It can be shown that

L4
® ]

(10) ferfc zdz =(r) 2 I

m X L.
bet ZE Vbt 91=30%r

X dx — 2Co

VDt 2Dt 5 VDt

(11) 1(t) = 2C,\v/Dt erfc 5

0

Let,the.quéntity of gold oxide per unit area of ihtarﬁac@-between
the gold and the sapphire at.any time: t be

(12) M(t) = ¢, d(e)
From the law of conservation of mass
(13) M(t) + I(t) =,

Substituting (8), (J1), and (12) into (13)

2C
(14) Cod(t) +\/_?O VDt = docoi

T

This can be rearranged to give

(15) d(t)=do—\7;-volt

LL_H“H|£HU
gu ]

;L] o a




reduced to a monolayer.

When the gold oxide has been reduced to a monolayer, the boundary

conditions on the diffusion equation change. The pProblem is now one of

solving the diffusion €quation for a layer of finite thickness on the

surface of a:semitinfinite‘crystal. The solution of the diffusion

equation with: the boundary conditions
C=Cy x<h t=o
(16)
C=0 X>h t=p

= 53
1s given by Crank as

h-Xx h+ X

WGT + erf N where

(17) C=5'Co erf

h is the thickness of g3 monol ayer

At the surface X = 0 ang equation (18) becomes

| : h
(18) C(o,t):Coerfz\/ﬁ

Let the surface concentration;oifthe;parfial;menolayen of gold
oxide be M'.

Then

h
(19) M) =hC(0,t) =hCoerf;_==

t = 0 is the time at which the gold oxide becones a mon@Layer
In order to be able to use the same time base as before the gold
oxide becéméameﬁQIayer,vé.newtimeAvariable-is'defined,




(20) t,= t - t|

where

t is the time after diffusion begins that the gold oxide

1

becomes a monolayer

Equation (19) becomes

PN h
(21) M(t)—hcoerf2\/[—)—t-,

h
(21a) M"(t)=hC,erf NI

(22) M"(t,)=M, =hC,

Substitute equation (22) into (21a)

(z3) M (t)—Moeer\fD(t—tl)

The streZ% required to,separate.fhe-gdld-andfﬁheésapphiréiaf
: |

< tl is giVén by
(%D 0=0,+0,
(25) o==73X|
(26) v n==-5X,
*k27) n=t+h

(28) h=rm

where

where

s

(see Appendix I for

deﬁinition;of7terms)

.
| (1)
(29)  X,= 1=y =erte; oar

I |
M(t) _
- (30) X,=—— = erf 2+/D(t-t,)

46
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Substituting (25), (26), (27), (28),

(29), and (30) into (24)
gives

(31) o=-K —herfc

{ro+h’

(32 r=ry+ d(t) =1+ do'\%'; v Dt

Substituting equation (32) into (4)

]
+3 erf .
2\/D(t =) fm . 2VD(t-r)( When t>t,

: When”f<1]
{O+d \/—\/—-}

(33) o= -

Equations (31) and (33) give the tensile sStrength of the bond as

a function of time and temperafufeusince

(34) D = Doe_Q/RT

Equations (31) and,(SS) contain thfee:unknownvquanfities; D bﬁ and,

ds+ These unknowns can be evaluated from the experimental data

(35) Opm=- ""('
e

Divide equation (35) Dy equatidngc33)

2 3
o {ro+do'.‘—-\/0t}
(36) U—m'-' ' ‘3/;

rlﬂ

Since X1,

| | 2 =3
(36a) %z{rm+d° \TF Ot }
m

r
This can be rearranged to give

1

REDX rm{(fm)? 1} d -V—,_\/—t— d(t)-




If d(t) is plotted Vst ,

a straight line is obtained with

slope-—2\ﬂ: and intercept d,. When t = ty, the line will no longer
m

be straight and at this point

(38) d(t)=h

the.tenSiIE§stTengthS of Iheggeldland thevsapphire, "The‘analysiS'haS

beén carried this fax?dnly for the sake 0f completeness..

The experimental data are given in Table 5 and plotted in

Figure 15, Sinee it is assumed that'exygen is the rate controlling

species in the diffusi@n bf’goldiOXide-into‘sapphire the diffusioen

coefflclents calculated for each temperature and tabulated in Table 6

are plotted along with the data given by Klngery and Olsh154.f0r

oxygen self difoSiOhiinlsapphiIE'iH.Figu?e 15.

TABLE 6

CALCULATED DIFFUSION COEFFICIENT

_E[(ng/seel,

1373 1.29 x 10719

1423 '&&4;244X'10ﬁ19

The data ,points in the upper left in Figure 17 are some of the -

points reportediby“Kingery.and Oishi, eTHe,lihe‘thfough‘thesegpﬁiﬁfs

is a plot of their equation " . | . | =
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TABLE 5

THICKNESS OF THE CONTAMINATING LAYER OF GOLD OXIDE FOR VARIOUS TIMES
AT THREE TEMPERATURES

1100°C

.58 .99
3287 .20
.90: .75
.16 .90

. 86
28
.16

6000 96.
7380 78..
4890 118.
7990 72,

3600 60,
15,000 - <122,
27,000  164.
32,400 180.
33,600 183.

<1 © ‘0. 00

X O oNo
GO A O

1150°C

.01 10.00
.41 " 11.00
.41 11.00
.96 9.90

0L
.41
.41
.56
.16
.96
w22

4610 . 125..
3660 159.
3760. 158.
3340 173.
4200 137.
4740 122..

3600 60.
4200 64.
4980 70
5400 73.
7680 87.
16,200 127.
24,000 155.

©C O U b o
0 S 00O =N
&L e G o

1200°¢

ﬁ37
.40

.35
.90
.76&'

4535
5.31
4.84
4.67

3600 60 7040 82.
5100 - 71, - 9750 59.
57.00. 75. 5360 107.
6900 83. 3860 149.
7800 '88é 51005 113.
9900 99.. 5660 102.

.60
.16

67
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‘Figure 16
P vs 1000/T-
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(39) D=1.9 X lose-152,000/RT

It appears that at the temperatures used in this. investigation the
diffusion coefficient is in the extrinsic range.. Kingery and Oishi also
obtained some data for diffusion in the extrinsic range. 'They;measured
an .activation energy for ion mobility of 57,600 calories per mole.

From the slope of thé:liﬁé-iﬁ'Figure:lﬂ, the activation energy measured
in this investigation is 47,800 calories per mole. The line can be

represented by the equation

-1 -47800/RT
(40) D=5x10 ¢

Since the data of Kingery‘and Oishi.wérerwell_reprggented‘by

-5 -57000[RT
(41) D=6.3x10 e

if'appears that the sapphire disks used in this experiment had less

defects in themzth@heﬁEEAEIuShed grain samples used by Kingery and Oishi.

'Tgeré is one other pﬁssiﬁiiityf however. In a sapphiré-crySfal.fhek
diffusion coefficient is dependent upon the direction of the gradient.

KiﬁgEryVand.oisnifs reSUIfs‘aréﬁan»ayéragﬁ from.a‘la;ge number of

rand@mlyzorientédiCrystalSwhile the results of this investigation

pérféin'ﬁ0~difoSiOn ifi a single directiom. It would be interesting
‘tdimeasure=the}diffusiéﬁ coéfficiept for several crystallographic
orientations:

o

The value of 14.4 A obtained for d,, the initial, thi¢kness of the

gold oxide layer, and the measured values of D do not seem unreasonable.

e
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S o
Unfortunately, some other mechanism begins to operate in the 1150 C
‘and 1200°C experiments., The details of this mechanism have not been
determined but it is possible that the vapor pressure of the gold
oxide becomes very high at these: temperatures causing the interface
to become unstable. 1t is also possible that.o%ygen diffuses into
the interface more rapidly than gold oxide diffuses away at these
temperatures.

The last téskjof'fhis:chtion will be to predict the tensile
strength~of}aygoIdysapphirE:bohﬁ,fbrmed;iﬁ an oxygen atmosphere as
a function of time and temperature. From equation (33)
K K

) ‘ "o"'do"\L/'; VDt %3 B —{’(T,t)}j

g =

The data are plotted in Figure 17. The experimental data are

superimposedion.the@plot,afAcf VS /T -

,,,,,




6000
5000 -
4000
3000
2000 =

1000 -

O 1200°C

Figure 17

Theoretical ¢ VSy/t Turves for ._l‘_l;OO‘o, 1150°

, and 1200° with Actual Data Superimposed.
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VI. SUMMARY AND CONCLUSIONS

As a result of this investigation a technique has been developed
for tensile testing sessile drops and an equation has been developed
for the tensile strength of a bond between a metal an ionic solid when

the bond is composed only of dispersion forces. This equation shows

that the tensile’strengfhaef’such a metal/ceramie bond is dependent

QnLy-en:the chemical compositiensvand~densities of and ‘the Separation

between the metal and the ceramic. In the special case where the bond

has been formed‘betweeﬁsgeld andfsmoerhgaluminqm;oxide.in;ﬁﬁ_oxygenu

amesphereg fherseparation’betWeen‘tneagold and aluminiim oxide has been
fheOrefically determined as a;functiqn~of'time.anditemperature.
Application‘Of'the:derived‘equationS~to.the.experimental resultsihase
led to-aCaiculatioﬂbfthedifquion.eoeffiQientier'oxygen self

diffusion in sapphire. The observed temperafures¢6epéndence'0f’ﬁhe

diffusion coefficient has led to a determination of fhe«activation

energy for ion moblllty that agrees well with the value given by

Klngery and Olshl The model explains'thefeffect of ‘oxygen on. the tensile

strength of the bOnd:and'the:extremeLy high tensile strength of ‘the bond
near the;perimeter'of the fwo”phase:interfacea_

The model appears to break down at higher temperatures and

additional'work needs to be done to determine the reason. Also, the

pPrecision of the measurements is probably not high due- it least partly”

thn.inadequate testing fixture. Any‘further WOrk‘shQuld'beudone*wifhé‘

mopéASQphisticaféa:QQUipmént' It would also be of 1nterest to extend

the model to other noble metal/ceramlc systems
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THE THEORY OF ADHESION BY VAN DER WAALS FORCES

Van der Waals forces are secondary forces that exist between

atoms or molecules in addition to any forces due to ionic, covalent, or

metallic bonds.

It has beconie apparent that the so called van der Waals

forces are really several different kinds of forces; one or more of

-which-axefacting.in‘any.givengsystem;

In a system of molecules with permanent dipole moments, the

molecules will tend to, line up positive end to negative end. This is

what is known as the orientation effect. In 1912 Keesom! showed that

the average potential energy between two molecules due to the

orientation effect was given by

—

(1) u

aﬂ] is

—_2 Hm o

3 RS kT

2 KKy
R3

the dipole-QOent‘Qf’mdlecule'I

when _1° 1 K —
kT

R‘~3' :

ﬂl‘_#“ | i
——>) —
R’ kT

R is the distance between the two molecules

o k is

T 1is

Boltzmann's constant

the Kelvin temperature

(Infthis discussion U (R =@ ) = O and éll,units are cgs.)

kIﬁ lQQOg'Débye2~investigatedéthe‘effect.Gf~a%pdlar~moleculé.on

the electron cloud of another molecule, tﬂe,indﬂction effect. He

1Succeeded.inpprovinggfhat_the average potential~energy”betweeﬁatweg

;mdlecules:éhé-tofthe.inductiéﬁ effect was given by
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R is the distance between the molecules

Aé is the polarizability of the particular molecule

# 1s the dipole moment of the particular molecule

In 1930, Londbn§’4 realiziﬁg the inadequacy of the orientation
effect and the induction effect to account for all the van der Waals

type forceS'observed, turned to~quantum§mechanics and showed that there

are interactiansibetweenfatoms and'mblecules'nqtipredicted‘by

classical physics.

Qhadrup01es'orranylhigher‘Ordér'poles, London succeeded in,showing
that tEE'potentiai,enefgyAbetweenuany~tWo molecules or atoms or ions
'dUE'tO'theadiSpersion effect is given by

%%y o C o
@ u=-- L T e provided that

2 R® g+, R®

(4a) 4 < R’ and T < R> where

a 1is the bolarizability of the;particular‘atoﬁ'or‘molecgle or ion

J istheCharacferistic»energy,ofthé~ﬁarticuLar‘atom, moleﬁuie,
or ion |

R is theadisfan@e~between fhe:atoms, moieculesiﬁor'ioﬁS‘

C ‘is-éalled the dispersion constant

(4b) J = hy, - where

is the characteristicsfrequen¢y of the:atom'orﬁmgiecule or ion
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When J is unknown, the relation

(4c) T~ I where I is the ionization of the

~w

atom, molecule or ion
can. be used.

The most significant thing abQutfthé;potentfal'functidn‘aﬁiéihg
from the dispersion effect is that it is additive, i.e., if'anfatam
is in the neighborhood ¢f two others, the potential that it sees is
the sum of the pdteﬁfials.due-to-each;Qf:its.neighbors individually.

In the case of a neutral atom or non polar molecule in the
neighborhood of an. ionic crystal, there is an additional attraction

~du¢'t0‘fhe.Statianaryfdipéles:Of the: crystal inducing a dipole in the

heutral atom or non polar molecule. This islknown‘as»the.;nfluence

effeptﬁ It has been shawn'by?Lenel4‘ana (),rr‘f5 that the iﬁfluence
effect is negligible inEGOmparison.tq’the,dispérsian.effect.

At short distances ‘there are.?epuléidn effects between atoms or
mQIEéuIGS'or~iQnS“due'tQ'bofhicgulpmbic repulsion and a force that
arises from'the‘ex¢IUSion'principle, It ‘has been.shQWﬁG that the
_theﬁfialdue~t0'theSe repulsion;effeets’isigiven by ‘

(5) U':fb:eéRAp | where

b and p are constants for each system
R4£s“f;e,distance between the atoms, molecules,-or‘iéns
It is of_interQStfto-this1paber*tg galculate~thg pgteniiai

energy -of a»sysfem.COﬁsisting=of.aﬂhéutral'atomiapprqacﬁing;the

-Sﬁrfé§E’of’an“icﬁic'érystalf»'Since the orientation effect and the




59
¢

induction effect do not apply in this case and the influence effect
can be considered negligible, it remains only to calculate the attraction
potential due to the dispersion effect. Sihce the contributions from

individual atoms are additive in this case, one only has to sum the

|-

contributionsvfromueaCh.ion~in.an;infinite~crystal, If r:>(ch-
where r is'the-perpendicularﬂdisténce of the adsorbed atom from the
crystal andtNhﬂis the ion denSity ofjtheérystal,»the.SUmmation=ovér
the ions of the crystal can be replaced:byman integration over the
volume of the crystal. Hence, the attractiOhﬁpotantial is given by

e

.. ’ - . .
(6) ‘pA = - % dv—=- - NCC d)z( d! dz 3
2 _2
R : Ex+y +Z]
r ¥-o%¥-ow

vol

Phe triple integral can be evaluated by the substitutions
x? - [y2+z2J tan?6 y2-22tan?8

The result is
I

(7) ¢ = - Nem € _ _ C - where

6 r3 r3

N

C' is called the adsorption constant
If’the'crystéiﬂis,composedfOf'ions-of twoxspeCiES, 1 and 2,
then the dispersion;forces contnibhtg two terms to the attraction

potential.

L | I /
(72) p=ep+¢ =_C _C)
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However, one term is usually very much smaller than the other. The

negative ions have polarizabilities an order of magnitude larger

than the positive ions and, since the negative ions are usually on the

;surface, the distance to the first negative ion layer is shorter.

iHence, the second term_is=usualiyaﬁeglected and ¥p is approximated

by QA' Since the'repqlsive,forces.are very short range erCes,
the sum of the potentials of the repulsion type has significant
contributions on1y~fromithe nearest neighbors to the adsbrbed-atém,
Since the nearest neighbors are all at the same distance

(8) ¢g=n'be Rp
o

is the number of nearest neighbors

Where

[
n

To find the adsorptlon energy due to repulsive forces in terms

of the distance from the crystal surface rather than the dlstance to.

the neares - R must be expressed in terns of r.

-To-a;first~approximation,

]

9 Rz ¢ ‘when r > (Nc)-a-

crystal is given by

(12) cb=Be‘r/P-% -
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Since the adsorption energies are additive, the adsorption energy

per unit area for a monolayer of atoms near the surface of a crystal

is given by

/ (13) E=n¢ S

where

n  is the number of adsorbed atoms per unit area

If a second layer of atoms is spread on top of the first, it will

be attracted to the crystal also, but the adsorption energy will be

less. Let the;adsorptiqngeﬁergy of the first layer be El and of the

E._'j}}_t_:’_;?_l_j_5fla-y.e‘riA,be‘ Ej. 'Then
(14) Ej} = E (ry) and
(14a) E; = E (;3)

The total adsorption energy for many atomic layers on the crystal is

given by the sum of the energies for each layer. Thus

Thus

Ry | = | W;h}é.re_
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r is the distance of the first atomic layer from the

m——

crystal surface

Since the repulsive forces are extremely short range forces we

can assume that Epo = ER3 = ... = ERj = ... =0 and

If r > dl

adsorbed atoms, the summation over the layers can be replaced by an

integration over the volume of the adhering metal. Thus.

@ | ®
]

n
(19) Ep = q | Ep¥) dx = 4[| #a(x) dx

r r

Ct—

:Shbstituting equation (7) into (19)

@
n
—_ —C—de
d’ X
r

(20) E,

/

1 n - ﬂ““l“ -
(21) E, = - 2 q But (22) g =Np where

- “w]n

LNm is the number of metal atcms.pérﬁunitZVOlume;
Substituting eqhétions'(17), (18), (21), and (22) into (16)

/

1)

- B Sty o]
(23) E=nBe 7P — ENMrQ

E;iEA, and ER are plotted vs. r in Figure 1.

where d' is ‘the distance between the atomic layers of
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FIGURE 1

1t the-sunface'Of‘ihé:mefal and the crystal were clean on an
atomic scale, the,métal;wquld_come'to»rest at the point where

g%;z 0. fThiS:pbiﬁtzwill'beidéiined:io.as;rb, If all the constants

in equation (23) were known for the gold/sapphire system, r could be

found directly by setfing;ggﬂ:.o angséaiﬁing for r = ry. Unfortunately,

B and p are not known for the system so r_ cannot beécalculated.frgm'

equation:(23); This is not crutial, however, since the'quéntityiof

interest to this thesis is not the adsorption energy but rather the

-

maximum tehsile stress the adhesive bond will support. The force

acting on any body in a potential field is the negative of the

potential gradient. ;Aﬁiercévof-this magnitude .and inffhe oppOSitﬁ

direction must be applied to move the bodyfagainsf‘theygradient.
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- The magnitude of the potential gradient is in general a function of

position and it has a maximum at some point.

—

(24) F=-VQ
If the potential energy () is given as an energy per unit drea, then
the force is also per unit area, i.e. a stress. Thus

(25) ¢ =—VE

Since the gradient is in the r direction for this system,
equation (25) can be replaced by

. JE

(26) o0 = — —

Since the breaking stress of the bond is réquired, the stress of

interest is
(27) Omax™= — dr

Thruout this paper, whenever ¢  is used, Opax 1is implied.

Equation (26) cannot be used directly since all the constants in
equation (23) would have to beé Khown. However, due to the fﬁCf‘that~the
repuLsivéfforces.ane of such aﬁghéptwrange, the walls of the potential
'Well;(Efvs T) are very steep, énd”tgf maximuin slope of E (r) is
reaChed'ét a.pointvonly“slighflyygreater thaﬁﬁroﬁ ThiS'SlﬁpeliS very
nearly equal’ to the slqpe-of‘thefEA Vs r curve atfﬁge same point. Since
all the constants are known in'equation (21)1ﬁthilonlyAinformation‘"
necessary to~calcﬂlaté7d(cqnax) for the gold/éépphire system:is~am
fe."‘ﬂSi.fC"im‘a'.?ft'el ~llfOf. I‘m, the point of maximum | gTE L The situation is shown

ini.the graph below:
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One way of estimating r_ would be to estimate r_ and assume ‘a

slightly larger wvalue for r_. Benjamin and Weaver' assume that r, is

fhe:sum of the raddii of the metal atoms and the crystal ions. This
seems. a reasonable first approximation but there is a better way to

estimate r_ that does not invelvetestimafing‘ro.first. The:

quantityﬁEi(rO) is the adsorption énefgy.of'a:metal~Qn‘the,surfacéfogx
a. clean crystal. 'This.quantit;iis ﬁéually referred to in papers én
adhesion asAfhe,Wﬁrk.pf adhesion and isdesignatedfwgp. (For a
discussion of adhesion~frqm,aatherﬁ;dynamic.pbint of view, see

Appendix II). TheiWOTK=OfiadhéSi°§'fQT gold on aluminum oxide ‘has been

measured very precisely by Pilliar and NuttingS. 1T Wpp were

substifuted'ibriEA in equation (21), r' ceuld'be'Obtained as

t : T4

(28) ‘. r' =JNM c’ «
- 2Wap

B3
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(The work of adhesion is usually given as a positive quantity but
the sign convention in this appendix required WAD.Z E (ro) to be
negative. This takes care of the minus 'sign in equation (21).)

As seen in Figure 2, r' lies between r_ and r,. Thus, r' is a

better estimate of r_ than r,.

%

sary to: know the values of the constants in equation (28). These

valués,are tabulaﬁedibeiow,

Constant Value | Units Source:

No- 2.13 x 10°° cm™3 -

1.286 x 10°%%  cnd )

Q- 3.88 x 1072%¢  n 7
da 1.48 x 107 ergs 9

| 40: 8.8 % LQ7LL ergs 7

¢ 1.056 x ;1.0;_:3'5 3
N 5.9 x 10722 ¢y3 _
m 9.108 x 10728 gm -
h 6.625 x 10727 erg sec -

e 4,803 x 10710 escoulomb =

In order to calculate r' it is neces-

LJL]_JL
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For a neutral atom the polarizability is calculated from the formula®

e2h?
472m |2 where

(29) a =

I is the ionization potential of the atom

The oxygen ion density is calculated from a knowledge of the structure

of sapphire. Sapphire can be considered to bé a heXagonal;gloge=

packed array of oxygen ions with 2/3 of the octahedral sites filled

with aluminum ions.  This unit cell of oxygen ions (not the ‘unit cell

. . i o
of the sapphire crystal) has parameters ag, = 2.74 R and Co = 4.33 A .

Thus

12 — 23 T .3
(30) N, :\/—;‘a—g':o =2.13X 10 ions per c¢m

The gold atom density is calculatéd from a knowledge :0of the structure
| . . ) ‘ o | o ‘0 -
of gold, which is fcc with a lattice parameter of 4.0783A . Hence

4
23
a5

3

(31) NM= =590 X 1022 atoms per cm®

From equation (28)
(32) r'=2.42X 10" cm
Sincg1pm513‘slightly greater than r", let
(322) 1, =258
To .check the reasonableness of the value used for ros consider

=r

that Benjamin and-Weaver would. estimate r, Agtlo==1.448+1.378 = 2.81 %

If the gold atoms were -considered to be hard spheres resting above the
centeroids of the equalateral triangles formed by a close packed plane

‘of oxygen ions, then rbzwourd“bé:givénxby




(33) r, =\[('O=+ 'Au)z“ o2 where

_ 2
a“‘g 3':

This gives r = 2.328 . The calculated value of r' is -about
halfway between these two values-
It is now possible to calculate the tensile stress which the
:adhesiVE;and”between clean atomically flat gold and sapphifé will

support. From equation (21)

/
oAy 9 N,,C
(34) o= — EA =-M- -_ K Where

K is called the adhesion constant

Hence

, K 10 ' .
(35) Om== 5=-3.98X 10 dynes per cm? or
m

|
ST s - = s,
R s i s S i e N e T — !

, | 5 o
(35a) op=-5.78 X 10" pounds per in? since:

(36) 1 dyne per cm% 145 x]()-5 pounds per in?

Before concluding the discussion of van der'WaaIS~bbndiﬁgf

1€SS?thaan3- The smallest R ever gets is rp-

m=1.22x10"" cm’

i
i
¥i
£
¥
'\f _:.
8

This is greater than either %y O %o= -

between a metal and a crystaly.it would be wise to go back and check
the assumptions made for the validity of the equations used. Equation

(4)‘was3valid;qﬁly“w1th.the stipulatiOnﬂthat a, and.ly| were both

et A e o s i, 2
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In equation (7a) it was pointed out that the attraction potential

was composed of two terms but that one was very much smaller than the

other.

To show that this is indeed the case for aluminum oxide it is

necessary to know the aluminum ion density of sapphire, the.polarizability

0f the aluminum ion, and the distance between the gold and first layer

of :aluminum ions. From Van Vleck

L is Avogadro's number

Hence
~26 3
aA|+++= 5.95 X 10 cm
2 _2
NA|+++" 3 Noz‘ 3 NC
Therefore

11
From Dils

r,=r+1.077 &

Therefore

0102C w
= ’ 3< .01 ¥y,

$, = , =
A2 (”+L077x1075

and

where
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AWML
1

The integration in equation (6) was only valid where r:>(Nc)'3.

!
Since the smallest r ever gets is T'm)» Iy, must be greater than(N.) 3

]
(N.) 3=1.68x10%em < +

m

Finally, the integrationof equation (19) was only valid ifr > ¢’

Since the smallest r ever gets is Ty, I, must be greater than d’'.

In a cubic crystal, the interplanar spacing is given by

‘ .)' ’ a
“(37) d = —
hkl 2 2 2
Vh+k+|
The atomic planes which are the IérthegtEapart'are'thé_(IIO) planes.

Unfortunately, ' ;
.dh0==2.8818 > 'm

However, this is very near thpm and all other planes have

tspacingé which .are smaller'than'ﬁm, If~any:cqntamfnating:layer'is

between-theag01d-and.sapphire, r will alWayszbergreater than~dfmaxf

To summarize, an, equation has been derived for the tensile stress
thaf:an‘adbﬁs;ye'bond‘between.admetal and an ionic crystal will support

when the only bonds are: van. der Waals bonds of the dispersion type.

This: equation shows that the,tenSilewstress'the_ﬁond.will support
(maximum bond stress) is independent of the orientation of the
gryStallographic.planes.Qthhe.System ¢Qmp0ﬁents, in fact the
components may even bé'pclycfystalline:or'ambrphous. It is important
fdrﬂﬁte th3t‘the GRitiC?llggsumptidn;is that bofhasﬁrfacQs are cleaa
on an atomic scale and that there are ho.stxesses PEfmahe%?;Y supported

at the interface.

%
gold/sapphire system.

TheAmaximumqund;Stress has been evaluated for the

The resqlt indicates that maXimuﬁfbondfstress 7
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of a perfect bond could never be directly tested since its magnitude is

T W e e

greater than the tensile strength of both gold and sapphire.

e e e i

On = 578,000 PSI

(37) %u = 30,000 PSI

UAlz = 65,000 PSI
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APPENDIX II

ADHESION FROM A THERMODYNAMIC POINT OF VIEW

AVLARRRRIRRAY

SESSILE DROP

‘equation:
(1) sy = &Y + Y% cos@

where s, I, and v refer to the solid, liquid, and vapor: 'ﬁhaﬁseﬁ_

respective ly, ¥ is the in terfacial tension between the phases

denoted bY*fheisubSCripts, and ;9'”§s1theLcantacfiangle;measuréd

. LIRS R :;.‘*qu‘aa:i:‘::-_ﬂ'»_wg—u%uc
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given by

(3) AF =.F, ~[F, +sF, ]

where

F is the Gibbs free energy per unit area of the interface denoted

by the subscripts.

It will now be shown that fbrfthe;casg-of‘a;liqnid*and solid

that do not mix F = v

Let thé Gibbs free energy qf'the'sySfém,be'compOSéd of two parts,

QnE:partdﬁe‘to:reversiblewcbntribUtions to the free energy (the

reversible contact of the:liquid_to-the.501id).and the other part due

to contributions that are inherently irréVersibléaihﬁature, i.e.,

mixing of the two phases.

() G=G,+G,

where:

(6) G]z E + PV-TS

(reversible part)

(1) G,= {GN,+GN.} +HGN,+G,N,}

solid phase (mixing gart)

liquid phase ‘ .
(8) dG=dE +PdV +VdpP -TdS -SdT +{GdAN+G,dN, |, +{G dN,+G,dN,)}

Sp
+{N,dG + N2d§2}|p+{N]d(—3!+N2d(-32}sp

(9) N,d§,+ de(_32= 0 (Gibbs~Duhem relation)
If the only work done in expanding an interfice is done against

the interfacial tension, then F
(10) §W=-7dA

Wwhere

W is the wofk done byffhe?sysiem;
A is the area of the%intefEECe
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(11) W =4q~dE
From the second 1law
(12) 5q.=Tds where
qRis the heat absorbed in a reversible way
From (10), (11), (12)
(13)dE=38q-sW=TdS + YdA
Substituting (13) and (9) into (8)
(14) dG=YdA+PdV +VdP - ST +{G,dN + észQ}';{c's’,dN,"é?sz*sp
At constant T, P, and V
(15) dG= vdA+{c’;,dN,+c'52dN2}lp+{é,dN]+c';2sz}sp
If the two components do not mix
(16) dN,=dN,=0 | in both phases and
(17) dG = vdA .

is constant over the ‘area of the interface

(18) / dG = / dA and
- v .

. _G._
(19) v = £ =F

| _,I_v- ?& M
(20)  (F,= 2,
N sFI: éﬁ

- If we define the work of adhesion -as the work necessary to remove
the 1nterface between the solid and liquid, and replace it by solid-
vapor: and 11qu1d vapor 1nterfaces - wé “¢an show that

G Wy, =-afF where




are in appropriate units per unit area and no mixing takes place.
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WAD is the work of adhesion

(22) F=E+PV-TS where the quantities

At

constant temperature, pressure, and volume

(23) AF = AE -Ta4S

Q
(24) AS= 193: 9. (from the segond law)
T

T

0

Substituting (24) into (23)

(25) AF = AE-Q

From the first law

(26) AE=Q-W

Substituting (26) into (25)

(27) AF=Q-W-Q=-W where
W =vaD |

Equation (3) may now be written

(28) AF= ¢ —{ P+ o}

(29) Wyp = - AF = ¥+, -2,

[

Substituting Equation (2) into Equation (29) we obtain
(30) WAD = I'Yv + Y, cosf = P’v {] +cos&}
This is the famoug Young-Dupre equation. It is valid so long

as the conditions assumed in its .derivation are met. The critical

- conditions are:

(1) equilibrium has been reached, at least on the peri meter of

/

St i R

et R DR B e B N
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the interface

(2) there is no mixing of the two phases

The Young-Dupre equation also applies to a solid drop on a
solid substrate subject only to the additional condition that no
elastic stresses are supported at the interface, thus violating;the
assumption mgde inéwritingweduafidn'(10)¢ It is much more difficult to
obtain equilibrium conditions with a solid drop, however.

Somefimes;the‘termvwonk'of:adheSiOn is. used to mean the;energy
nenessary*fO'separate‘the'liquid <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>