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ABSTRACT

An ultrasonic bonder, modified to include heating in the bond irg
cvele, was used to produce contact between & small gold ball ang a

Rolished copper sheet. Contact resistance measurements ‘were used ‘to

follow the effects of the bonding parameters. - | Q
It was shown that pressure;prqvided-int@matetcontagt-of”theemetai
surfaces and Simultaneously'Wd%k—hardénedthe,gﬁld‘ball; Also, ‘the
ball surface'did;not‘penétpate-the‘cppper'surféce film when 1loaded
normal to the contact interface. ’waeVer, ultrasonic'Vibrations ég
at”40,QOO:CQsiapplied for 35iSecond'praduceﬁ;shear-straing at the | ;E

inter face which e ffecti vely disrupted the surface filp. In this case,

the contact surface was fully work-hardened.

By raising the ball temperature to 200°C, real contact area was

P

S s T T e
i o T e A B A RNl

Tormed in addition ‘to that produced by pressure.. Heating the ball

¢

i

for 1-2 seconds and then applying ultrasonic vibrations prevented full

hardening of metal near the inferface while at the same time disrupted

the surface film. -
- v- b:, ;, . .
W’ -
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o s ——tupe--had- more- effect -onbond- st'fé‘ﬁg'tﬁ “than bond]_ng force At t‘g,;,p_-
‘ Y | o e I B
N eratures lesc than 200 C, no substantial,bonding of gold wire to a
WHICKél ShQEt'Ogcurréd Whi1éIébOVe-400QCUthé”bOnd'Strength exceeded

U S

INTRODUCTION

Sélid state bonding is the term used to despribe the joining of
materials, usually metals, at temperatures below the melting pqints,
aifhough heat may be applied to improve bond qUalitx. Some of the
processes thatuha;e been de?eloped to produce solid sta?e bonds are
therﬁOCompression,bOnding(l), ultrasoniQZBOnding(Z),and, more recently,
ﬁot*warkAbonding(S) which is a combination‘qf'the-thermocompressibn
and ultrasonic methods.. Ihe;applicafiohs~of‘these processes have
16& to investigations of the*variOUS‘bondingﬁparameters-and material
properties involved in solid state bonding to understand the mechanisms
of adhesion.

In solid state bonding, pressure is appliéd to bring into intimate
contact the&mefalASurfaCéé=to.be=joined. The surface of a metal is
not smooth but is;micraqupidally'rough as a result of asperities on
the surfacg, The.load.égplied at a metal interface is initially
supported by thﬁseasperities‘andﬂw&ih»the-application of force the
asperities~plasticallyﬁﬂéfbrmjsince‘tﬁeyiaﬁe;subjected to high local-

(4,5) |

ized pressures « As the ldad:{S'incréaﬁed; more plastic fleow

occurs and metal to metal contact area increases.

importance in forming a solid state bond. In an imvestigation of . .

‘thermocompression bonding, Hunter( ) showed that the bondlng tempera-'w

i &3

e




during bonding.

3

that of the gold wire. Nicholas(7) found that no bonding resulted
between clean copper surfaces when simply pressed together at a'
pressure of 50,000 psi.

Since there is work-hardéning at the metal.interface, the abiTity
of pressure to increase contact area is lessened with increasing
plastic flow. The thermocompression bonding process, which combines
heat and pressure, overcomes this barrier to solid state bonding.

(5)

McKinnon and Hoeckelman found that bonds of aluminum wire to

aluminum films were stronger when formed at 400°C than those formed

between 200°C and 300°C. This higher temperature increased the

contact area and thus facilitated adhesion. Since initial contact

and bonding is made at the asperities, some of these asperity bondé
fail upon release of pressure due to their lack of ductility.
Bowden and Rowe(s)have shown that this failure may be prevented by
annealing the asperities before removal of the load. Thus, bonding

at a relatively high temperature will simultaneously increase contact*

area and prevent bond failure when the load is removed.

- "Phe presence of surface films, such as oxides, is considered to
be one of the major factors in inhibiting a solid state bond. Since

thése films prevent metal to metal contact, they must be chemically

or mechanically removed prior to bonding or mechanically removed

e T e e N SESTIS RN St MR SIIEET eI W g SNSRI LES SRR
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metal, it can more easily be penetrated than can a film whose duc- .

‘Surface films can be partially penetrated by application of

(9)

load . If the surface film is more brittle than its underlying

PN S,

-

(10).

- tility is comparable to the parent metal . By the use of shaped o




'tools: film penetration is more easily accomplished. Using two an-
nealed and anodized aluminum strips pressed together, Holmes(ll)

found that an annular shaped tool fractured the film at 5% deformation.

Film fracture did not occur over most of the interfacial area until

after 20% defdrmafion;by a .625 inch diameter tool. Surface films
can also be penetrated by relative rotation of ‘the contacting metal

surfaces. Nicholas(7) has shown that at a -load of 2;52pounds, a

rotation of 30 degrees produced a bond having a pulI‘Strengthhof
:014 pound whereas without rotation no bondiHQZOchrred’at a load of
1000 pounds. AndeTSOn(4)fhgs shown that boriding of two gold balls

occurred after shear strains were prdduCed;by'a'relatdve~tWisting

motion :at the interface. The gopCIusion is that since shear strains
are necessary to produce adhesion of pure gold, shearing strains are
even more necessary to bond metals which form oxide films.

This required relative motion is;easily“andfrapidly“produced;by
the appiication‘of”ultfasqnicevibrations to “the. metal interface. 1In

this case, ultrasonic bonding, no specially shaped tools are required

et al 612), ” | i

as in thermocompreSSion4dr'cold;pressureibonding; Jones,
’ "~ have shown that bonds are prﬁduced using-ultrasonic*VibratiOns with
iow loads as compared to pressure welding-. Using an anodized aluminum
e CL3) il o g e
alloy, Bruk Jnvesﬁigated'the.dlstrlbutlon of oxide in the ultra-

sonic weld areas. He found that the contact pressure cracked the

. - - Dt -

A & and—tangential-forces dispersed some-of-the oxide particles to. .. . . .

SN - .ttt e

T T - T - - - T - . S
the perimeter of the weld zone.

’ »

This investigation was undertaken to determine the effects of

. - SRR

e .fhe_mgjﬁrwbqndingfparameters associated-with-the hﬁtﬂwork“bonding

anin




of a metal contact. As an adjunct to the above, some of the effects

" metal interface. For example, if'onenasperity punctures a surface
ﬁf&imi this metal to metal contact oanjshort-Circuit'the;film.resis+
possibility Ofprematurelyﬁpundturing'the film while the initial

| the 1nterface. Through the use of plastlclne scale models, Baker and

nBry

the use of a sphere in thlS 1nvest1gat10n also a“ds_ g_preyent1ng

.undesiredvfllm penetration.

process on a metal contact. In particular, the intent was to determine

the effects of temperature and ultrasonic vibrations on the interface

of pressure resulted from this investigation. Although there was no
significant honding-of the ball and plate, the effects of these bonding
parameters determined from this investigation are applicable to'con;
ditions under which there is substantial adhesion. This information
should also appiy to bonding of other metal combinations.

To obtain the nécessary data; the method;employed by Anderson(4) -
in his study of shear strain effects was usedﬁj’This consisted of
measuring the‘oontaot”resistance of a ball and plate as a function of
contact diameter while the load on the:ballhwaS'inoréQSed; The
changes in,this resistanoe-Weregused‘tb’shOw.themeffeots of the ap-
pPlication of heat and vibrations to the contact.

The resistance of a .contact is very sensitive to changes at the

(10)

tance’ °. Thus, gold was chosen because a;gdid-wire can be formed

into a smooth and relatively soft spheré. The smoothness reduced the

Car o

softness aided in study1ng the work hardenlng characterlstlcs of

s
. - & R
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(14) have shown qualitatively that-11ttle ‘or no ftlow of metal T T
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- The hot-work bonding process was choséh because the associated
A,
equipment is capable of producing either a thermocompression or

ultrasonic bond. Hence, the. major bonding parameters ofithese methods

can be studied individually or in combination.
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where k is a ProportioﬁalifY*¢Onstant,vfa'iSAthe.apDarQntiafea'of

material constant related to the work hardening index. The value of

“iféﬁerCé”EbhdifiBngi wbﬁé—iswgﬁéhééﬁSfriétioh of current from’thé bulk

of a matérial through the cOntact.aspgrities_and'thé‘pther is the

R e s e

7

THEORETICAL TREATMENT

— S e
When two apparently smooth surfaces are brought into contact,

the applied load is supported by microscopic'projections,ﬂfermed
asperities, on the surfaces. Therefore, solid state bonding takes
Place at these interfaces. Then questions concérning*thegeffect of
a bonding parameter on the bonding behavior of two solids can be
answered by determining its effect on thedentactingfsurfaées.

It has been found empirically that the relationship betweeii force
and contact area for a spherical iﬁdenter'impreSSéd~onfatmetal.sur-
face is )

F =k Aan (1)

contact, i.e., that area which c¢an be direCtIYHmeaSUred_and n is a

n is greater than unity when the metal is being work-hardened and
becomes unity when the metal is fully work-hardened. In this investi<
gation, Meyer's Law [Eq. (1)] will be applied to the case of a soft

ball impressed on a metal plate, = . .. . . . . . . . .

= et . PR e s e e e e
R e el L o )

presence. of a surface film.- ~ e B i.' | @t"p |

—_— ——
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in which pb is the bulk resistivity and r is the contact radius. 1In

terms of d, tbe contact.diameter, this becomes

The true area of contact is. the sum of individual contact areas.
Then, assuming that fhe diameters of these contacts are equal, this

real areéa is

Using fhis in Eq. (3) gives for the total constriction,resistance

i -1 |
R. =koA, ° (5)

To put this in férmérof.measurabLe quantities, Meyer's Law and the

relationship

r o p

e

are used. 1In this equation p is the flow pressure. Assuming that

the flow pressure Is constant, the_constriction_resistance'becomes

Rc;’*gaAa o (7)

l_;__-ﬁ.__“m e e it e e e ~,,_,.;ECX.,,._1E.496,_..__._. e e s et s S i b i -'~‘"-“‘"'—“‘(‘8')“"“‘“‘"""""f T T o

—_ B M e mee e e

'where da;is.thefapparent contact diameter.

For a-surfaée.film.Of‘fésistiVity~pf ahd ﬁhiékngss~t; the film

resistance is. ‘ - | S R
. S . ’ L " L - "y t B, aeb T SR s b . .

: p . L awmna e ‘ W o
R = 9
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whére r is again the contact radius. In the same | wnner as that used ?

for the constriction resistance, the total film resistance is found to

. -2n . d

In this equation the film thickness is assumed constant.

Taking the ratio of the real area and apparent area gives »

A. o | e
B=<X=_EF_ ; (11)
Aa  pAa |

¢

When the metalfis.fhlly*wbrkrhardened, p will be the maximiim f1ow

pressure. Hence,
- ~ F (12)
B .. = o

B will be larger than @ min DUt smaller than unity.

In this investigation, Equations (1), (8), (10) and (12) will be

used foﬁanélyZé.the effects of=pressure, ultrasonic: vibrations and = _

temperature on the contact surface between gold and copper. :AJ¥5?E§-

change in the contact resistance is considered an indication of

© ©° - surface film penetration and change$ in the 516pé of resistance versus =~ =

| SR TINPREN W“”j&a\\f - ) S S S
~“-mumuw“¥“T;_Mm_wé-diametermreveaf{film}penétration*and“surfacg hardness variations.

— "‘\ -
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EXPERIMENTAL APPARATUS AND PROCEDURE

o

To apply the equations of the foregoing section, the contact re-
sistance, contact diameter and applied load were measured. Each of

these measurements along with the apparatus used to produce the contact

are described below.

Bonder~

Shown in FigUIeil’iS'theﬁmodified 100 watt SonObond Ulfrasonig= ,f\ |

Bonder. The main elements of this bonder are thé,uitrasqnic'hofn, ;
bonding tip (not visible), load spring and heating current connection. ?

The molybdenum horn is coupled to a franSdUCer which is driven from an
ultrasoenic generator. The motion of the ‘transducer is converted into
standing ultrasonic waves in the horn. These standiﬁg~waves‘produce
a,vibratcry motion. of the bonding'tip_and thus re}afiVeEMOtiQnﬂof.tﬁe
metals to be joined.

Thé,gEneratqr délivers up to 100 wattsfatTAO;bOOfcps'into a 38
ohm load. The'power'Waé~constant‘for ailicontactS'at=a:level (about
30 watts) such that the horizontal displacement of the bonding tip
"was about :-10;4’iﬁéhgfrom its normal poesition. This value was ob-

tained through the useé of a Phylatron.displacqment1sen50rthichACQnyerts

’w'the'ﬁhange-in:CEpacitancefbefween;sensor:andjobject'to a voltage. A

‘calibration curve then gives the displacement of the object. The ~ .

2yt

™

. .force at which the ultrasonic-vibrations were-applied-was-not suf— . S

- . -~ E————— e —t e L U
et o et s e . et et & ——— = ———— 8 % . e -

ficient to produce a bond at_the aboVe_displaCement. -This -was neceg=— - ——~-—- =

e e 2 e e e ——— v e eee + e wr

sary since it was found that with the higher ultrasonic power required 2
to produce a bond the remaining available load was not sufficient to - ij




———— e

 meter was_ggggnggmmggsuyg“thgwgOniact_current+"—$he_ear¥eﬁtwreversing“““'“"‘““”““”'”
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produce a significant change in the contact. Howeverv,the ultrasonic
power used was gdequate to reveal the effects of the vibrations.

The bonding tip, shown in Figure 2, was resistance heated by
current from a power transformer. The current was held reasonably
'éonstant'during a heating cycle by a feedback circuit.- To measuré
temperature,’a chromel-alumel thermocoupleﬁwaSifusedeto-the top of
%he~bbnding‘tipx ‘The: approximate temperature that a gold ball would

;be'heated to was determined by'placihg'a’thermocouple ball between.
the tip and a copper sheet. With the top of the tip atAabout-BOOgC‘

the temperature of the thermocouple ball was approximately ZOQQC,

Contact Resistance Measurement

In Figure 2 can be seen four electricgl.cpnnecti@ns; two to the
copper plate and two to the .gold wires on ‘which the gold ball is formed.
This ‘erosSédfwireW technique was used to eliminateé the measurement
of uﬁdesired-VOIﬁage§l5). A discussion of this arrangement is given
in the appendix: An electrical schematic is shown in Figure 3. 'The
voltmeter, used as a nullmeter, is a Kiethly'148?Nan@yolﬁmeterﬁcapdble
of measuring to 2 x leﬁ" Volts;. The*Kiethly:QGO NanOVQ1t source was
used to provide an opposing voltage to that.produced-by~a:éurrent

L

throughfthe contact. The Leéds and Northrop standard .1 ohm resis-

U I

tor in conjunction with the Leeds and Northrop K-3 millivolt potentio-

w—+»¢w~~"sw1teﬁ“i§“51§6”diséa§§ad"iﬁ“fﬁé“abpéﬁaix; ) R

Contact Diameter Measurement

To enable the measuremenf bf%the.contact diémeféf'while'thé ball

. . . . ,
— s U — e e — seesaaty
e b e

was under load, use was made of a Bausch and Lombwbinocqlq;fM;grqgché,h_ e

R s
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One standard eyepiece was replaced by a filar eyepiece which contains
a movable hairline and calibréfed dial. At the magnification used,
the dial was calibrated tp,le,Sumicrons. The axis of the micrascope
was adjusted to be parallel to the ball-plate interface and the ball

was back illuminated to produce a silhouette.

fMaterials and Sample Prggaration

For these experiments, .005 inch diameter gold wire of 99.999
. ;

dition but the formation of a ball resulted in very soft gold. The

¢

formation of a ball Was;eaSiLdeoneiby holdingthngold wires:ciosely

together:énd'heuting,the endé;in:ﬁ flame. For these experiments, balls

of about <035 inch were used. The ball diameter wasinoi;precisely=
controlled since AnderSop(4),reparts that the valuc of n does not
change for ball diameters from .005 to .050 inch.

After"fﬁrmingithe'ball, it was found thaot the wirfac s conta-
minated. The method of cleaning the ball Wasuthat:désaribed'by
Renaur§16j and. is as follows: |

1. Boil 10 miniites in-a.strbnggsoﬁium hydroxide solution.

2. Boil 10 minutes in a 50 percent hydrochloric acid solution.

3;{UltraSQﬁicaily‘cIeangforVS:minutes in trichlorethyl@né,'

:4::U1fféédgjcéilj_ciéénffb}fé;miﬁutes.in pure ethyl alechol.

-

- — e e - —— -
ity L @ e e v e

uced a rough surface and hence it was
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necessary to heat the ball for a short time to obtain a smooth surface,j

In _this;.,manner.._a_soi—t,——sméet-h—ﬁﬂd-- almost-truespherical bBall Was

- -,1

Iormed. Electron micrographs usingw;éplfga fechnidues of a flame

-
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formed gold ball surface showed no surface roughness at a'magnificatign

R e v

of 11,000 diameters(4).

._,,\‘,....,,.A
L g by e

e

For the metal plate, coPPEr:Of 99,999 percent purity, fully

A’

T

TS S T

annealed ‘was obtained in the form of a 1/32 x 3/4 inch strip. The

CrLoTs reEms
A g Dl

copper was polished using diamond paste and ultrasonically cleaned.
An oxide film was allowed to form in laboratory air befﬁﬁeiuSing thé
plate.

Procedure

To obtain a plot of log forceé versus log area, the slope of which
gives n[Eq. (1)] , the load on a ball was increased in increments and
the area measured .at each load value. Since the ball was not a true

sphere, the contact area was elliptical. Thus, eight measurements of

the diameters were made and the area calculated from the maximum and
. e -
minimum diameter using
dg + db 5.

The force was obtained from.a*spring;calibratiag'curve,

The coﬁtact_ﬁesistance is very sensitive to disturbances of ihe
surface film. Thus, caré had to be taken to avoid jnwanted shear s E
strains at the contact. For this reason, when measuring the contact

.resistance at each increment of load, only one diameter measurement .

T 7 7'was taken. Tt was assumed that a particular'diameter'fncréased witti S ﬁ

. —_—— e e T ekt i R T T o TG Uy U —_ - mem

T T iﬁéf““éi”g 1656"iﬁ”fﬁé”@“ﬁé”ﬁ““ﬁéf*ﬁé’aTdfThé'EVé?égﬁ“Hiﬁﬁéféff“‘”"""”””*"’“”“’““’”“

E B Ultrasonic vibration éffects were def;;ﬁinédmg;wg;;;é;éiﬁéw;ggw- T
-' '1oad Vin steps _tn_abont__nne:hal:ﬁ_thai:_anallable,_mjmaduglng_the_m_ — :_
T ”fbféfibns“TSE”75Tgéééhd"hndwfhéﬁ*Ednfihuiﬁgffb"incféasé”fhe'16édf" At ' R

Dot T T ST TR e o T A O T T g e ey WO ST SRt T T L e s N e e R S o e e g S g N e 3 L R i g T R . ey n s e o
EMCALERT R e T T R R e R T T G T uv‘;’i'u.‘1&‘-'&;#’\“‘!‘1!5N&N~JEJA.‘i‘il..kﬂc‘t;u?.fihh.:-_4.h‘f.'etQ;’-\‘a‘i‘;ﬁ;»:&\‘_-:,{:}:ﬁ.gu"xm}ﬂﬂmmﬂmmﬁﬁmgp'(},‘5_'%}"._?—'}5;"4;;_w,..-“'v_’::’*‘.:;:’.,i;\:“'g\;“!‘;;ﬁ‘{j'“i.:(‘k.’i T A B e




|

14

each increment, the contact resistance and diameter were measured.

In the case of a temperature effect, at each force increment the
ball was heated to about ZOOOC for 2.5 seconds and allowed to cool to ‘ f

room temperature. The resistance and diameter were measured before

and after the heating cycle.”

To show the.effGCtS;of a simultaneous: application of heat and.
-UItRaSOnic vibrations, the ball was loaded;in,Steps to about one-half
thé.availabledload and heated for 1.5‘secondé-tof200°C; The ultra-
sonic vibrations were applied for-tﬁe last +5 second of the heating f
‘time~ The ball was then further deformed by increasing the load.

After each load increase, contact resistance and diameter were measured.
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RESULTS AND DISCUSSION

To use the ‘equations previously outlined, the value of n must

) be determined. Using Meyer's-Lawl[Eq, (1)]-, the slope, n, is 1.67%,
as shown in Figure 5. Andgrson(4) Lound the value of n to be 1.35. |
Although these two values do not agree, the value of n found here is( %
quite consistent thraughout fhe_experiments,and:thu3qpr0vides the |
basis:for=deter@?ning the effects of bdﬁdingfparameters; This con- %
N
_iSistencytaISO-showsqthe validity of assuming that a particular &iaf | :j
meter increases in the same manner as the average diameter.
_P'r'_‘e; ssure '_" Effects
¥5;Since»the'value%of'n as found'in.Figﬁre D is gréatéf;fhén unity,
y 'MéYer's;Lawﬁindicates that the gold ball was béing~work-ha;déned§with
\\3 increasing-deermations ;The_otherwefféct wﬁiéhjcan=be.determined
from these data is shown in Figure 6. This plot shows the minimum
ratio of real¢aréagand]apparent area as calculated from Eq. (12).
The value of Ppax Used in Eq. (12) was 30,000 psi{® . It is apparent
‘from this fﬁgure that ﬁhefreéi;area-increased more rapidlymthan :
apparent area and thus the gold made more intimate contact W1th the E
K
copper surface at higher loads. fE
‘Sgrface'Film Resistance : f;7
Figure 7 sde§.tﬁe:résu1f'bf measurementé‘?fhéépﬁéét rés;g?éﬁéé‘ ﬁZT
e e Sparent GoRTAS dfameter for increasing loads. The magnitude of  F
* "“**“““‘“_‘“””;h;'éiopé is about twice the value as determined from Figure 5.

S e ———

*All straight lines were thaingd"ixgmﬁamlinearmxegressi0n~eemputerb~—*-~~~f~~‘w»~'”

program unless otherwise noted.
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Equation (10) indicates this contact resistance was due primarily to
a surface film. Also, since the magnitude is greater than 2, the

gold in the vicinity of the interface was not fully work-hardened

during deformation. ‘ K

Temperature Effect on Contact Area

To determine how effective temperature is in increasing real
area of contact as compared to pressure, a gold ball was heated to
szGQC for 2,5 seéonds;after each inéremént of load increase. Contact ™
resistance andJQiameter were measured before and after each heating
cycle; The results are presented in the table on page 17. An analy-
sis of~this_data shows that an averageé increase, due to pressure, of

,014.mmminfthe apparent contact diameter reduced the contact resis-

tance by an average .15 Xﬁ10-3 ohm. However, an increase of only

-009 mm due to heat decreased thé resistance byflg51.x,10—3 ohm.

-
.
i

There ‘are no large drops in resistance for small increases in dia-

meter which indicates that the surface film had not been penetrated.

Hence, the decrease in resistance was a result of an increase in real
area of contact.
Assuming a circular contact, the change in area as a result of

changing the diameter is

T —_— e

.. A P ; . ———— e e S
I A e e e i o) e -

"”“““T”““"“a$"themdiameter"dd”"At*ﬁn“praréﬁt“ﬁiﬁméféfj—say;‘of;5“ﬁﬁ7”fﬁg““””wt“‘“

| 2 |
average change in area due to pressure would be about .0l11 mm - and
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TABLE

Before Heating After Heating
Force Resigtance Diameter Resigtance Diameter
1b. 10 = ohms mm 10 ~ ohms mm

Vol

2.56 17 .46 .334 8.16 - .352

T N N B G oo o TR KR P e e
S e T R A R e e B e I el e M et Ty ST B S

2.91 8.03 + 362 6.00 370

3.26 5.48 .386 * 4.32 392
;3,63. 4.70 . 407 3.85 .409
3.95 3.80 421 3.14 . 427
4.35 3.12 +445 2.27 .450
4,67 2.39 : .458 1.78 +465.
5.05 1.52 .476 1.31 <491
5,42 1.48 . 498 1.12 507
5.75 1.08 .523 . 649 527

6.15 .644 .540 .450 557
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when the ball was heated the average area increase would be approxi-
.
magtely .007 mm . Taking the ratio of the decrease in resistance per
unit apparent area increase due to temperature and the resistance.
decrease per unit area due to ﬁressure gives
AA ARt
D
AA, AR
tp

The magnitude of this product with respect to unity will show the
temperature effect on real area as compared to the pressure effect.
For the values previously calculated, this product is greater than

unity and hence temperature is more effective than pressure ‘in in=

creasing real area of contact.

Effects of Ultrasonic Vibrations on a Contact Surface
The plot of resistance versus diameter presented in Figure 8

.

The ‘initial slope of this plot indicates théﬁ a 'surface film was
present (similar toﬁFigure.Sj“and the gqidrat'the;interface-was'being
‘work-hardened. When shearing,strainsrwerevprgdugeafby-the ultrasonic
Vihfations,‘tﬁeﬁreSisﬁancegdecreased by abouf anﬁorder'of magnitude.
Since the apparent area increased at' this point; ‘the resistance drop

could be due to an increase in real area.

e

e e W e R e an ———— A ————— ————— . 4 . - Y= b —t * Ggrn = b o A = Mmoo et e o -

Now film resistance is inversely proportional-te-real-econtaet— — ————- -

-———a 4 et B e a cmpm e e m b e

__area as shown by Eq. (9). Therefore, a calculation of the percentage

change in area will also give the possible change in resistance due




to an area change. Assuming a circular contact and real area equal
to apparent area ( 8 = 1), the increase in area due to ultrasonic vi-

brations is gbout. 18% as calculated from the data of Figure 8. Thus,

only 18% of the resistance decrease can be attributed to increased

area. It is concluded then that the shear strains disrupted the sur-
face film and produced metal to metal contact. After penetration ofﬂ
the film, ihe‘slqpe;is-agproximately unity. Hence, the contaét-sure
face was fully work~hardehéd; Equation (8) also shows that the re-
sistance was a result of the;current~constrict10n‘effect since the
magnitude of the;Slope:isflegsvthan_Z, ‘The change in slope in Figure 8
from -1 to -3.16 is the result of the parallel combination of a con-
striction resistance and a film reéistanceg The surface film had been
removed from an area of about .34 mm didmeter. Then, upon increasing
pressure, gold which had not been fully hardened made contact with

the surface film where the new contact area was being formed.  NOw‘the
constr;ctionﬁresistance'wasinot changing4appreciébly since the surface

in this area was fully hardened whereas the film résistance changed

Eventually then, the gold area contacting the surface film became suf-
ficiently large such that the resultant film resistance dominated the

slope of the contact resistance versus diameter but not the contact
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R -—Effects- of -Temperature-and-Ultrasonic Vibrations on a Conmtact Surface

Figure 9 shows the effects of introduéing both heat and ultrasonics

to the conpaét surface_simultaneously,‘ The line drawn with slope -3,2
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: »
fits the data points reasonaﬁly well which showg that there wés a

surface film present and that the contact surface was ﬁork—hardening.

Upon raising the temperature at the interface to 200°C and applying
ultrasonic vibrations to the contact, there was a large drop in contact
resistance. In this case, a calculafion of the_pOSSiblé.drop inAre-

sisﬁaHCe due to an'érea increéseyields.about23%- Again, the chanée

iq resistance is primarily due to disruption .of the film and subse-

quent metal to metal contact. The magnitude of the ultrasonic vi-

brations has been shown sufficient to-fuIIYWorkﬁha¥denathe contact.

surface. Here, however, t.h.ef magnitude of the slope after film dis-

ruption is 1.67 and not unity. ’Thus, the metal in‘the vicinity of the
interface had not been-fullyhardéned~andthe~resu1taqtresigfance
'ValUéSﬁWere_aue'tb'the constriction effect rather than a surface

film. Shown in Figure 10 is a typical gold contact area which was a

result of pressure, q}trasonic vibrations and heat. Area 1 was due

to the initial application'of?pressuré,,Area 2 ‘was the result of the
aéplication of heat and ultrasonic vibrations and Area 3 was the sur-

face formed by further deformation of the ball. Although there were

three areas on the contact surface; no change in the slope (Figure 9}
occurred after film penetfation. Since Area 1 and Area 2 were not
“hardened;*the~real egntactuarea~increaSé”iﬁ"fhéééffegidﬁéQ;gﬂiaré;}“madmwAdél
ffﬁﬁﬁwééﬁii have occurred if the surface was fulIy'ﬁﬁi&%ﬁé&iﬁ:igagt“wmwtii; e

e — G P W - —

new area formed on the surface film did not become sufficiently largé’

suehgthat.the new film,resistancéicould.significantly alter the
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CONCLUSIONS

The effects of pressure, ultrasonic vibrations and temperature on
the contact surface of a gold ball ahd copper plate have been investi-
gated. -

It has been shown that as pressure on the gold ball increased,
real area of contact increased. .However, the metal at the inter-=
face w»br“kffha-rdened and hence t;h'e,. effectiveness of *p'r_e‘:ss.ureA to in=
crease real contact.areafwas‘deéreasedh By heating to a temperature
sufficient to soften,thguballf it was found that the increase in real

area, asﬂindiCated'by“chtact resistance,; was .substantially larger

than that produced solely by pressure.

In producing the ball coniact,:pregsuré'had-little effect on the
disruption of a surface film. However, it has been shown that ultra-
sonic vibrations at 40,000 cps in the plane of the contact surface
;penetrated a surface film andiprdduceﬂymetal'to_metal contact. Si-=
multaneously, these vibrations fully hardened the interface metal.

By preheating the ball before iiﬁ'te-rodu-c._.t ion of ultrasonic vibra-
tions, it was found that full=hardening of the interface was prevented

while at the same time a surface film was disrupted.
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RECOMMENDATIONS FOR FURTHER STUDY

Theﬁéreaévfor future study are: further investigation of bondi
ingﬁparameter effects on contacts; and, study of these parameters as
felafed;té meta1;adhe$ion.

Concerning the first, an investigation oéfsurface oxide layer
penetration bypressure.shbuld,be.ofintereStaThis'WOQIdiinvblve the
use of shaped bénding tools and consideration of oxide thickness,

oxide ductility (in‘relatidn'toﬁthe;parent‘metal) and temperature.

The penetration of oxide films by shaped tools :ould then be compared

to penetration of the same oxide films by ultrasonic vibrations using
'ﬁlat bonding tools. 7Ultrasonic¢c vibrations will produce lieat through
friction ‘and thus will raise the temperature of the contact. This
té;peraturerise could;be.étudied by tﬁe use of small thermocouples,
measurement of contact resistance to determine if‘fU1ljhardéning of the
contaét surface is Prﬁvéntéd:dhd:pﬁssihly by measurement of thermal
voltages generated at the contact.

Concerning metal adhesion, a study of bond strength as a fgncfi?n
0f fembératurepf0r-Variousimetal‘purities should prove worthwhile.
A sidelight 'h-,e;re would be to determine if there was a correlation of

bond strength and the hot-working temperature of the metal. Also of

. . ~ . - P P e Do I R S e S R P P ND SN
B et e - - - A - -~ i e B E ORI ) - - - - e e e eAY -, - - e 4e e » i) . - b

- em—eeo - - _interest would be-to--determine-the eorrelation-of bond-strength and———

_______contact resistance. e

’ . Aithough not a bonding study, the effects of ultrasonic vibrations

ey . T T — .- —

> “on ‘the recrystallization of metals versus the effects of pressure |

L7 U

-

.

deformation would be of interest. _This could be done by deforming a = '~
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metal with and without ultrasonic vibrations and then studying the

metal recrystallization.

Equipment Modifications

4 e e e -

The bonder used in this: investigation should be modified if it is

to be used in future studies in which contact resistance is measured...

-

A method of loading other than by .a compressed spring should be de- e

signed. The loading method should be constructed such that no vi-

brations are produced at a contact interface when the load is changed.

It may also be desirable to mount the bonder on a vibration-free

‘table. If a study is undertaken in which Meyer's Law is applied and

significant adhesion is produced, the available load should be in-

creased in order that sufficient data can be obtained.
I ;
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" APPENDIX

The 'crossed-wire' technique provides a direct measurement of a

contact resistance and thus eliminafes the ﬁeedﬂto subtract from a
- measured resistance the calculated wire and plate resistances.
Figure 4 shows resistances of the contact separated for analysis.

Here, RCu includes the COpper plate and wire resistances and RAu:ié

b R

composed of‘théfgdlﬂ'and copper wire resistances. Rc:is the contact
constriction resistance, Ry is the contactrfilm'résistanCefand'szis
the bulk resistance of the gold ball. E, is that ‘part of the thermal
voltages (due to bimetal contacts) which is measured by the voltmeter.
~ The various thermal voltages are lumped"info«Eﬁgfor‘ease of circiuit

e

analysis. I is current supplied by a battery and I  is current flowing
in the measuring circuit. - |
The input current I does not flow into the méasuring circuit
‘éince the meter input resistance is orders of magnitude larger than the
contact resistance. Also, voltage drops on Rcu and R, due to the
input‘current:arg not measured. Therefore, the 6n1y unwanted resis-
tance that is measured is Rbf An approximate calculation ofTRb_giveé
about 10-4iohms. Since this calculation is inexact, due to the con-

figuration, and the calculated value is smaller than a measured value,

-~ = —— -—~the bulk resistance of the gold is neglected. -Although this gives

— o e s - v e——— ecee a—-

-,

and slope changes and not absolute values are important for these

s *
- a ’ a

- experiments.

’

——t

The purpose of the current reversing switch is.to .provide for
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removal of a thermal voltage from the measured voltage. Since ther-

mal voltages anywhere in the circtit affect supplied current, Et

cannot simply be measured under open-circuit conditions and then sub-

tracted from a measured voltage. With current Il;dirﬁCted into R,

the measured voltage is

Vi ='11(R5+Rfy'ﬂ'3

and with I, directed out of Ry, V, is

vy = - [1,(R+Re) + E, ]

Vg = T,(R R +E

The addjition of theése voltages gives

Viz- V. = (RC*Rfl(Iifxz?

But the measured value of V2 is negative so

et e e e 11”2

<. Lo \
%

Thus, the thermal vbltages are easily rgmoved from_the measured voltage

-

. - . .

to give the correct contact resistance.
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‘nulled by use of the nanovolt source) .

-

.......

As stated previously, current loading due to the voltmeter was

—————

3

neglected in the measurements. Assuming a contact resistance of 10

-2

ohms, 10 In this

-amperes produces a voltage drop o:lf‘lo-5 volts.

case the 10-7 volt scale would be used (contact voltage is partially

Now the ratio.of sensitivity

and input resistance of the nanovoltmeter is 10 amperes on all

scales. Hence, the input resistance-is 104'ohm§»on this particular

6

eScalé. Current loading of the meter is then 10 ° amperes which is

sufficiently small in comparisonlto:tﬁe circuit current to neglect.
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