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This summary report on the development o an ultraconically augmented dif-
fusion bonding process for fluidic control as:enmbly fabrication was prepared by
Aeroprojects Incorporated, West Chezier, Pennsylvania, under Army Contract No.
DAAL21--73-C-02h3. The work was carried out under the spensorship of the De-
parimeni of the Army, Picatinny Arseral, Dover, New Jersey, with Mr, Dave
Samper of Picatinny Arsenal serving as Ccniracting Officer's Representative.

The findings of this report ars not to be construed as an official -
Department of the Army position. ’
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I. INTRODUCTION AMD BACKGROUND

!
i
!

The objective of this investigation has been to. analyze methods of apply-
ing ultrasonic energy to s representative laminated fluidic control device
during solid state diffusion boundiug assembly and to -examine the effects of
the ultrasonic sctivation on diffusion bonding parameters and bonding behavior.

This investigation has Lezen undertaken as e means of determining the
effectiveness of ultrasonics in elininaling problems that have teen sssoci-
ated with the mamufasciure and performance of these control devicez. Precise
maintenance of channel dimensious and confipgur.tion, especially in the nozzle:
and cusp area, is vital, TFluid-tight bonds between channel lay~rs and between
channel layere and covers are essential to prevent false switching or detached
flow., There may be over 10C individval channel layers (and p:rhaps as many as
300 bonds) in a single "morolithie" fluidiec assembly; leakage or failure on
even one bond plane can te disastrous. Furthermore, not zll metals are suita-
ble., Aluminum, with its many advantages, has a tenacious oxide coating which
inhibits bonding. Other metals also requirce long bonding time cycles, high
temperatures, and special atmosphere centrol. :

To date, a variety of solid-state diffusion bonding techniques have been
evolved. These can be divided in*to three classes (1)# ou the basis of the
pressure-time relationships involved. -

1. Yield-Stress-Controlled Boading

Processes such as hot pressure welding and roll btonding utilize very
hignh pressures or temuperatures for very short time periods. The yield stress -
of the material must be exceeded so that gross plastic deforiation can occur.
There is usually a deformation threshold (which may be as high es 50-50 per-
cent (2)), which must te exceeded to achievc satisfactory bond strensth. Such

deiormation makes this process unsuitable for the dimeonsicnal precicion re-
quired, :

2. Diffusion-Controlled Bonding.

With isostatic ges pressur: Hsading or die pressure bonding, the
pressure is held below the vield stress. but is kept high enoueh to produce
local plsstic deformation of asperitiss on the contacting surfacea, producing
large areas of local contact and permitting diffusion to proceed across the

in?erface. Bonding times may range to a .umber of nours, depending on the
ma~erii1. Peformation may be in the order of s few mils or a fraction of a
porcent, : ' :

* Nurbers in parentheses designate referonces cited on page 19.



3. Creep-Controiled Ponding

- Tris proceﬁs involves low pressures (which moy be spplied by vacuum
or a dead weight), higii tasperatures. and lonz times (io more than 2 hours);
creep at the interface crealcs the contact necessary to cstablish a bond. The
najor dicadventages of this process zre the time and cogls involved. '

Tt is believed that the application of ultirasonic energy will offer

two avemes to facilitate volid-staie diffusion bonditg, It has been repeatedly

demonctrated thiat ultrzconies can trausliently reduce the yield strength of the
naterial so that the asperities or lecal contact islandz are izfomed, surfacs
oxide or other barrizr filiss are Licxen up or dispersed, and intinatz inter-
facial contact is more readily achieved. It has also becn shown that ultra-
soniecs can acceclerate the diffusion of atoms across the interface. Foilh of
these effects have been well documented i.: the research literature (3, L).
Substantial exporimental evidence fron the relatad arcas of ultrasonic hot
pressing and ultrasonic cold welding is available to corroborate both of these
rhenomena, :

Hot pressing and sintering of silver powder, calciun fluoride, and
alumina under ultrasonic influence (5) has demonstrated the effectiveness of
ultrasonic systems in trangmitiing vibratory energy into clevated-tempcrature,

- elevated-pressure fields, The inechanism of action i3 btelieved to ba the-

phenomens delinested sbove plus the improving of particlc-tq-particle contact.

In uvlirasonic cold welding (5), the materials Lo be joined are
clamped together under moderste clarping forces, and vibrator energy is
transmitted through them for » brief interval, generally less thar <1 second.
The rapid stress reverssls aud microdicplacements st the interTace disrmipt and
disperse surfsce films cueh »5 oxides and adsorbed layers, 2oih Increosed

wl

Plasticity and diffusion have been repestedly observed in conneciion with

‘ultrasonic welding at amuient temperaivres.

' The plasticity observed curivg ultrasonie welding can not ordinarily
be induced at the measured weld-zone temperatures. Rhifies (7) maintains that
two factors are imvolved in this erkanced plastic flow: .(a) an overall reduc-
tion in the yleld strength of the eéntire volume of metal subjested to vibra-
tion, and (b) a localized softening of ‘the metal withir the weld migiret. This
transient fluidity of the metal also accounts for the virtual elimination of
the weld interface that has been observad in many ultrasoric welds., Rhines
contends that jnduced vibratirn lov.rs he Jorce reouired to move the dis-
locations within a metal crys*zl ann that new dislocations are generated with~
in the crystals so that the dislocasion density 1s increased. Diffusioral
phenomena are sorietimes precent in termal ultraconic welds and have been ob-
served and identifiad by microsiructural changes such as intemediate rhases
at the interfaca, depleon and/or corichment of solute concenirations in
docalized areas, recrystallization and grain growth, sub-grain formation, etc,
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Although ultrasonic welding is a self-sufficient joining process,
ultrasonic energy delivered to materials as in welding may be used to assist
conventioral diffusion bonding techuigues. In work conducted at Bell labora-
tories (8), a standard ultrasonic spot-iype welder with an input porer of
300 watts to the magnstostrictive transducer has been used to assist diffusion
bonding of gold-plated Kovar parts, The reported =ffect was to redvce tem-
peratures to belou thoce rormally required to produce sound bonds without
ultrasonics. carlier work at Aeroprojects (9) demonstrated that =xtarnal
heating during ultrasonic welding of some structural alumirmum alloys improved
bond quality, although the result was not then interpreted on the basis of
diffusion.

A cursory investigation was conducted in ultrasonically assisted
diffusion bonding (butt-joining) of Type 3CL stainless steel tubes of approxi-
mately 1/2-inch diameter, 0.CLO-inch wall thickness, and 2.5 inches long. The

arts were installed between the tip and anvil of a stardard ulirasonic welder
in a vacuum) ani the ends to be joined were induction heated. Despite certain
experimental difficulties, tensile tests of bonded samples showed corresponding
strength was schieved in approximately one-third the ususl bonding time with
the iniroduction of relatively low ultrasonic power levels.

In another study (10), the diffusion bonding of small sheet coupons
of 0.010-inch-thick beryllium was markedly enhanced by the arplication of
ulirasonic energs in a shezr (torsionral) mode. Metallographic examination of
diffusion bonded samples indicated that the ultrasoniec process permiited re-
ductions in bonding temperature at least from 770°-825°C to £75°C (12-18 per-
cent) ‘and reductions in tonding time from 2-3 hours to 15 mirutes (§7-92 per-
cent), In the course of this study. it was discovered that the time ard tem-
perature reduction benefits could be cerived with only a brief interval (25
geconds) of ultirasonic power appiied at the beginning of the bvonding cycle.

The present work was undertaken to establlish the feasibility of ep-
plying ulirasonic power to the bonding of a fluidic control package of stacked
titanium laminations, Vibratory nodes that should erhance d4iffusion bonding
were examined and methods of introducing the vibratory energy ‘o the stack
were evaluated in an effort to evolve a practicable ultrasonically sssisted
diffusion bonding concept. A diffusion bonding array incorporating the se-
lected vibratory rnode concept was designed and fabricated for evaluaiion to
establish tentative diffusion bonding/ultrasonic parameters for the titaniwm

assembly. An exploratory examinaticn of the bording respcnse of a stack of
alumi.um laminatiors was undertaken,
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II. .CHOICE OF DESIGN CONGEPT
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During the initial phases of the program, a literature review of titanium
and aluainun diffusion bonding was urderisken, and methods and systems.design
for introducing ultrasoric snergy to, thc stacked laminations were studied.

Three equiprent configurations were initially considered: (1) axial vi-
bration of the ultrasonic coupling nember orlented pzrpendicular to the place
of the laminations (irpingement wode), (2) orientalion of the ultraconic wave

ide 1o produce digplacement in the pleune of the interfaces ( shear mode), ard
%g) unidirectional flexure of the stscked laminations producing shearing dis-
placenents at the interfoces (flexursl moda), e

The selection of the third approach for initial studies was based on the
following rationals:

In terms of conventional diffusion bonds between similar melsals, Gerken - . h L
and Owezarskl (11) have sugcested a bonding mechanism involving three stiages. -
The first stage, the initial contact of the surfaces, iucludes sufficient in-
stantaneous deformation of the surfaces to establich mechanical contact, A
second stage involves time-dependent deformation (crecp) of the interfaces.

In the final stage, thers is a diffusion-controlled elimination of the original
interface, In situations where the contact pressure ig below the yleld sirength
of the matarials at the bondirg temperature, the surface deformation is not in-
stantancous, and the time-dependeat inechanisia rmust oporate if bornding is to
occur. Thils was the condition that had to be met in the case und=r considera-
tion, whore essentially ro gross deformation of the stack could be tolzrated,
The role of the ultraconic energy under these conditiorns would involve frece-
mentation of the surface barrier films, mutual accommodation of the faying
surfaces, and nascent metal contact, leading to the diffusion-controlled bond
fonnat%on (which may also be accelerated by the applicatiorn of ultrasonic
energy).

This proposed roles for ultrasonic enerzy is identical to its role in
ultrasonic welding at room temperature, where the local upsetiing and weld
formation are effected bty the breakup and dispersion oi' the oxide and other
barrier films by the high-frequency, low-gmplitude stress roverssls at the
interface, In order to obtain this berrier film breskup, the necessary shear-
ing displacements st the interface sre achieved bty clamping the workpieces
with & resonating ultrassonic system that "drives" the workpleces relative to
each other st the area of contact. Th: normsl interfacisl force on the work-
pleces must be sufficient to mechanically.couple the vibratory enecrgy into the
weld coupon effectively, This reszults in thickness deformations of the weld
area of ; to 20 parcent, unsuitahly high for the diffusion bonding applicaiion
under consideration, If the ulitrasoric sonotrode could be coupled to the work-
plece by other than frictional means (i.e., by positive mcchanicsl drive), ’
then the clemplng force could be reduced, and the amount of thickness defor-
mation would be decreased. : . : -

e



With regard to the three confisurations being considsrod, the first two--

direct impingement and direct shear (the ultrasonic welding mode)--involfL
pressure coupling to the ultrasonic system such that the clamping force and
amount of ultrasonic power delivered sre interdependent, This means that a
certain level of clamping force is required to achieve the level of ulirasonie
power needed to effect the desired bond, A higher or lower cla~ping force
level results in an impedance mismatch and therefore a less-than-satisfactory
bond, This interdependence of clamping force and ultrasonic power.level im~
plies the necessity of deforming the Ifluidiec slack workpiece in order to de-
liver sufficient ulirasonic ensrgy to effact the bond, As precluding work-

plece deformation was an important objective of the program, these two configu-

P N

rations were rejocted for initial studies. In additiom, the direct impingement
approach would provide chear displazement of the interface only during yielding

of the faying surfaces, sinuce the vibratory displacements are rormal to the
interface.

The third configuratlon the flexural vibration of the fluidic stack,
however, could probably be effected without pressure ccupling of the ultra-
sonic system, thus allowing the pressure to be indenendently adjustable.
Additionally, it appeared more straightforward to oblain a uniform distribu-

tion of normal force orn? vibratéry enerzy over the fluAdic-dev1ce-slze piéces
using this approach than u51ng the others.

This was a novel approach, and little background information existed on -

A.equivalewt designs and perforrance, HNontheless, the epparent advaniages of
this spproach in developing a ”defonnat-onless" diffusion “onding method ont-

vweighed the possible advantages of the alternate approaches for “he reasars
delineated sbove, and this approach was chosen for initial experirzentation.
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IIT. FIEXUBAL-RIAM BOUTEMENT TESTIHG AND EVALUATION

\ A flexural-beam test system was designed and fabricated. The apparatus
consisted of a flexurally resonant (2t 15 kdz) beam, attached at each end to
15-kiiz transducers ‘hrough anpropriatc wave puides, Prccag?ious were taken to
cnsure that a progrecsive~wave patlern, rather than a sianding-wave patt?rn,
was develuped in the workpicecc: onc of the two transduccers was ultre,so‘n:.cally
driven, and the other functioned as a receiver by being attached through a
transformer to a resistive load.

RS In a progressive-wave systan, the incident wave passes {through the workT

- picce and into the dissipative load with ro reflected component. The peak vi~
bratory drnamic stress ic thus achieved along the entire 1engt@ of Ehe work-
picce as the wave progress=s, effecting uniform vibratory sirain, in a

. standing-wave system, the strain distiribution in the wortpicce is the resul-

i : tant of an incident and a reflected wave and is not uniform over the entire

P ; length.

Pressure on the stack was sdjustable using compression springs between
the cover and through-bolts.

During preliminary performance ilests, this system was observed io over-
. L . =heat rapidly in the region of the through-bolts, indicating that the system
was limited in its ability to transmit power, :

In en attempt to minimize the Leating, the over-tean length was modified,
and an improved methcd of clamping tne werkpiece (laminations) between the
o beams was devised: the thrcughi-bolis were discarded in favor of cradle assenm-
blies which supported 2ach tean at nedal poin.s, Each beam supporl consisted
. of a channel-ghaped member with four hardened cet-ecrews zs shown in Figure 1,
. The set-screvus wzre pvointed, ard engaged the neutral azis c¢f the beam, vhich
. contzined corresponding ccuntersunk depressions, The spacing of the screws
-, corresponded to the nodal positions o:' the beam at 15-kiiz flexural mode, The
I , two beams could thus be clamped toget'ier by applyirng force through the cradle
. gupports without changing the resonatce characteristics of the teams., The ex~
. perimental apparatus shown in Figures 1 and 2 includes the two transducer-
. coupling systems.,

e, Fivalua’ “on of the apparatus was performed using four 1 x 1 x 0.005-inch
. ‘ sheets of a’.umimim stacked together and nlamped betwesn the beems, It was
. - anticipated that iaspection of the faying surfaces of the laminetions would

provide indjcations of the effects of the vibratory displacements,

- Ingpection of the surfaces at low power input levels (to 50 watts) failed
N to reveal interface effezts., At higher power levels (to 300 watts), some evi-
, \ dence of surface abrasion was roted. Figure 3 shows surfac:s typical of these
; later runs, The black residus is eppsrently A1203 rencrated by the seuffling
of the surfaces, and the disregistiry of the coupons due to some = ippage is
T spparent. The clamping pressure was increased bui the support points showed
v signs of deformation at the higher clamp loads. .

6



Figure 1
MODIFIED ULTRASONIC FLEXURAL-BEAM “AND
CHANNEL ASSFELY WITH 70 15-KTLCHERT?
TRANSDUCERS AND COUPLING ASSEMBLIES ATACED
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Figure 3

TYPICAL SURFACZS OF TEST SHEETS OF

1 x 1 x 0,C05-TNH ALUMITIM SHOWTNG SURFACS ABRASTON
AFTER EXPOSURS IN MODIFIED FLEXURAL-BLAM DIFFUSICH BONDING SYSTiM
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It therefore appeared that adeguate vibratory ‘displacerients could be ob-
tained within trhe stack of laminations, tat that substantially liigher clamping
forces kpr-,sures) vwere reguired. A nore rugged Ilexurul-beam apparatus wvas
fabricated, involving a baam of larger cross scction and heavier support chan-
nels to enable testlng at nhigher cld.pltg pressures (up Yo approximately 3000

psi).

Subsequent observallons of the: hOdelOd ceuipment indicated that v(lddirg
was reduced as expecled bty the spplicatlion of higher clwumping forces without
measurable deformstion of the stack. The flexural response of the beam, how-
ever, had changed, and indications of vitratory effectc on the lamination sur-
faces were observed only in the reglon of the beam supports.

10
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IV. FLEXURAL-REFD EOUITHENT TESTING AID EVAIUATION
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A review was made of the problems encountered in the development of the
flexural-bexn diffusion bonding cystem and the clamping force sensitivity
problens observed in the opsrational model, us described sbove., As it ap-
paared doubtful that the developnent problams could be solved in the contrac-
tual tine remaining, one of the allernate approaches previously cousidered
involvirz a flexursl wedge-rezd/coupler (shear mode) ultrasonic system was
chosen for dsvelopnent, Flexural wedge-reed/coupler ultrasonic systems ave
standard compotients used in wlirasonic spot-t:pe welders, and the adaptation
of such a system for diffusion bonding work waes straightforward, and is des-
cribed in section V of this report. -

Confirmation of the efficacy of thls approach was obtained by conducbing
room temperature bench tests with 0,005-inch-thic’; alumirum laminations using
a standard wedge-reed type ulirasonic welding system. These tests were simi-
lar to those used to evaluate the flexural~beam apparatus. Where the flexural-
beam experiments demonstrated non-uniform interfacial (scuffing) effects, the
flexral wedge-reed system produced improved interfacial uniformity and ad-
hesion, Thirty plies of 0.005-inch-thick alumirum were lightly "borded" at
room termperature at a clamplng pressure of approximately 1000 psi with an
ultrasoric pulse duraticn of 0.6 second, Typical stack samples (l-inch scuare
coupons) are shown in Flgure h. Actual test samples have been forwarded to
the Project Officer for examination, i ,
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Figure L
STACKS (30 PLIFS, 1 INCH SQUARE) OF 0O.005-INCH

ALUMINUM LAMIINATIONS SHOWING ADHESION OBTAINED
WITH FLEXURAL WEDGE-REED ULTHRASONIC SYSTI

12

AP o T ST R



.
Bt e Tl
TS

.

N

;“__“; N

,
N

A
Y

¥. TFIEXURAL WEDGE-RZED AND DIFFUSIO.W BONDING CHAMEER DESTGN

A diffusion bonding chamber designed and constru~ted for a previovs ultra-
sonic diffusion bonding investigation (10) was available for use when the
present program was undertaken. Tt was anticipated that this chamber, with
only minor modificaiions, could be used in this investigation. Initial de-
signs of the ultrascnic flexural-beam system were scaled to ensure that the
uwltrasonic apparatus could be accormocated within this chamber. The perform-
ance difficulties experienced with the first prototype as described in Seciion
III of this report necessitated modifications which enlarged system components
.and made accorrmodation within the existing chamber marginal. ,

When contimed testing of the flexural-beam apparatus led to the ccenclu-
sion to adopr the wedge-reed (shear) ultrasonic system geometry, a larger dif-
fusion bonding chamber was mandatory. A new chamber design was undertaken,
and the wedge-reed system and chamber were fabricated and assembled,

Details of the final array are shown in Figures 5 and 6. - The wedge-reed
system consists of a bar of circular cross section (reed), which contzins. a
nodal flange.to wh'~h a solid ultrzsonic wave guide (wedge) is attachea. The
ultrasonic transducer drives the wedge in longitudinal vibration. These vibra-
- tions are induced into the reed as flexural vibrations. One end of the reed is
rigidly supported by a mass. The free end of the reed thus undergoes essen-
t181ly lateral vibrations in a plane parallel to the stacked laminations,
Pressure is applied to the workpieces by a spring-loaded centra-resonant .nvil
mass on a movatle wayslide. Details of the anvil system are shown in Figure 5.

Modifications to the standard wedge-reed ultrasonic welding systeri were
required in order to use the system in elevated temperature and vacuum con-
ditions, The transducer, mounted to the wedge by a force-insensitive meunting
sleeve, i1s cealed with O-rings to a heavy baseplate., -The reed is rifle-drilled
* to allow for ihio passage of cooling water to provide a controlled anbient tem-
perature for the ultrasonic system. This was done in order to ensure the in-
tegrity of the silver-brazed wedge-reed joint and to prevent changirg ef the
acoustic properties of the reed due to temperature changes. The size of the
diffusion bonding chamber, which was dictated by the dimensions ¢S availatle
bell jars, neccssitated shortening of the ultrasonic reed. After being short-
ened, the reed was acoustically trimmed. A thermocouple is attached to the .

surface of the reed in the vicinity of the wedge-reed joint to monitor reed
temperature during operation. . ' :

~The tips of the reed -ard anvil stem are screw-attached and are replace- .
ablg. An inductlon heating coil surrounds the workplece and tips to provide
the requisite heating for the bording studies. '

. The entire apparatus is enclosed in a glass ball jaf as shown in Figure 6.
The oversll equipment array is shown in Figure 7. - : :

13
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. 1
The diffusion tonding apporatus allows experiments ito 2 cohducted in a
- vacuum (1079 to 1072 torr) at suvlected temperaiures and tondiag prescsures with
ultrasonic pover inmits rancing Lron 0 to 2000 watts, Vacwun readvci is pro-
vided by thermocouple and dischurpu geuges, and bonding temperature is re-- .
corded by a rmltipoint strip-charl recorder. Although a direct bonding pres-
sure readout 1s rot provided, callbration of the springs witn suitatle iem~
perature compensation provide adugquate control of the amount of pressure ap-
plied to the workpiece,
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VI. CONCIUSICYIS AND FRCOMENDATIONS
|
|

i
On the basis of the positive results of the bench tests performed with the
ultrasonic flexural wedgs-reed/coupler tondins system on the stacks of 0,005-

» inch-thick alunimm, it can be concluded the! this sjuipment array represents

a complcte and fuactional bench rodel of an ulirascric diffusiun bording systen.
This systen is capable of subjecting similaled and/ or actual Lunlnated Tluidic
control devicrs to varyirg amounts of clamping pressure, ultrasonic power, and
heat in a controlled atmosphere or vacuum.

It is strongly recommended that the work of this progran be extended to
confirm tre initial resulis and te provide comprchensive data on ultirasonic
diffusion ronding parameters for laminoted titarium fluidic control devices,

Specific areas that require further study include the following:

8, Determination of bondirg time and temperature dependence on ultra-
soric energy inpmt level and duration.

b, Determination of pressures required unéer conditions of good cdntact
and impression,

¢. Establishment of minirmum diffusion bonding paramcters for the ultra-

sonically essisted diffusion bonding of selected laminated fluidic
control devices. :
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