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SUMMARY

During this program, proprietary equipment and tech-
niques for ultrasonic metal bonding were successfully
extended from small spot welds to larger area diffusion
bonds with multiple interfaces as associated with laminated-
stack fluidic device assemblies. Photochemically etched
aluminum laminates (up to 18 layers) with overlap areas up
to 1.0 by 1.1 inches and stack thicknesses up to 0.060 inch
were bonded.

Aluminum laminates consisting of manifold plates,
fluid channel patterns, active elements, and combinations
representative cf active devices were assembled. Ultra-
sonic activation at low power permitted a high degree of
interface consolidation with minimal channel distortion.
Higher power activation provides strong bonds and greater
leak resistance at the expense of fluid channel distortion.

This study exploited the use of newly developed
microhmeters for monitoring the progress and status of
interface contact development during bonding. In-situ
measurements of stack resistance permit rapid determination
of equivalent bond status under various combinations of
bonding parameters. Simple static loading (to 2000 psi)
reduces stack resistance tenfold. But ultrasonic activa-
tion reduces the stack resistance by an additional thou-
sandfold. This technique has application in monitoring
other diffusion bonding processes and the use of other
laminate materials.

The ultrasonically activated diffusion bonding process
develops very low contact resistance within one second at
room temperature and ambient air conditions. Utilization
of this short bonding cycle permitted assembly of over one
hundred laminated stacks under controlled experimental con-
ditions. These studies depleted the available supply of
1 by 3 inch photochemically etched laminates in thicknesses
of 2, 3, and 5 mils.

The fundamentals of the diffusion bonding process and
the ultrasonic equipment characteristics necessary for
activation were examined and defined. Processing costs
can be exceptionally low due to brief bonding time, low
energy consumption, and freedom from special atmospheres
or temperatures during bonding.



System requirements were established for the ultrasonic
bonding of larger laminates (up to 3 inches diameter) and
thicker stacks as envisioned for a variety of Army Ordnance
applications. The design and construction of this larger
fluidic device assembly system would provide a unique bond-
ing capability and is strcngly recommended.

The low power investigations showed the potential of
the ultrasonic assist in assembling fluidic stacks. Inves-
tigation at increased power levels indicated promise in
bonding laminates of larger area and gr=ater thickness.
However, unforeseen tooling problems compromised the success
of the increased power effort. The laminate alignment pins
used in the low power investigation were not applicable for
the higher power work, and power levels in excess of 3500
RF watts were not effectively achieved.

Further investigation of tooling requirements will be
necessary to assure a satisfactory process for diffusion
bonding fluidic stacks with the ultrasonic assist.

vi



FOREWORD

This final report on the development of ultrasonic
diffusion bonding for the assembly of fluidic control
devices was prepared by Sonobond Corporation, West Chester,
Pennsylvania, under Army Contract DAAA21-76-C-0186. The
basic contract, which covered the period from March 31,
1976 to April 1, 1977, was carried out under the sponsor-
ship of the Department of the Army, US Army Armament
Research and Development Command, Dover, New Jersey, with
Dave Sampar, SARPA-NC-C-C, serving as project engineer.

The work at Sonobond was performed by Howard C. Scheetz

and Paul L. Coppa. Philip C. Krause served as administra-
tive supervisor.

Subsequent modifications to the contract provided for
additional evaluation of the ultrasonic diffusion bonding
process for the period from October 1, 1977 to May 15, 1978.
SSG Michael Goes was project engineer for the US Army Arma-
ment Research and Development Command during this period.
The work at Sonobond was under the supervision of Janet

Devine. This additional effort is described in Appendix A
to this report.

The findings of this report are not to be construed as
an official Department of the Army position.
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I. INTRODUCTION

This report presents the results obtained on Army Con-
tract No. DAAA21-76-C-0186, which was oriented to the
development of ultrasonic equipment and techniques for
facilitating the diffusion bonding of laminated aluminum
fluidic circuit modules.

Under a previous contract (DAAA21-73-C-0234), an
ultrasonic diffusion bonding apparatus was assembled. The
ultrasonic system consisted of a Sonobond wedge-reed ultra-
sonic spot welding system appropriately modified for use
under high vacuum conditions, with a shortened reed member
for containment within a commercially available vacuum bell
jar. Provisions for elevated temperature operation included
an induction heating coil surrounding the welding and anvil
tips with the workpiece interposed between. This entire
assembly was installed within the bell jar, and appropriate
driving, pumping, and indicating equipment was assembled to
provide a complete functional unit.

The initial work on the present contract was oriented
primarily to ultrasonically assisted diffusion bonding of
small aluminum elements with the following objectives:

1. Reduced diffusion bonding time as compared with
thermally activated bonding.

2. Reduced criticality in environmental control during
bonding.

3. Bonding of laminate rectangular sections with over-
lap areas of 1/2 by 1/2 inches up to 1 by 1 inches.

4. Bonding of laminated stacks having 12 or more
layers to simulate assembly of active devices.

5. Bonding of laminated stacks having thicknesses of
0.05 inch or more.

6. Definition of process variables for extension to
thicker stack fluidic devices.

7. Definition of process variables for extension to
larger area laminated assemblies.



8. Definition of process variables involved in a
production-type ultrasonically activated bonding
system.

Early efforts to assemble multi-layer aluminum foil
specimens led to surprisingly good results without a vacuum
or high-temperature environment. With the Project Engineer's
approval, the approach was modified to place maximum emphasis
upon ultrasonic activation and minimum emphasis upon thermal
activation.

During the first few months, equipment and techniques
were developed for ultrascnically activated diffusion bond-
ing of aluminum laminates up to 1/2 inch square and up to
18 laminates thick, The resulting bond is rather unique,
being different in mechanical properties from conventional
ultrasonic metal bonding and different from thermally acti-
vated diffusion bonding. Ultrasonic bonding times of 2 to
4 seconds are ordsrs of magnitude faster than thermally
activated bonding and require no furnaces or high wvacuum
System. Potential cost savings for fabrication of multi-
layer fluidic devices are great. Table 1 provides a com-
parison between two diffusion bonding processes as applied
to aluminum laminates. Clearly, the ultrasonic approach has
dramatic advantages.

With the assistance of the Army Project Engineer,
realistic goals for bonding characteristics and fluidic
device performance characteristics have been established.
These practical goals have allowed engineering trade-offs
between mechanical strength and fluid leak rates which per-
mitted gross reductions in acoustic power density. There-
fore the cost effectiveness of the selected ultrasonic
system is substantially improved in comparison to thermally
activated bonding or higher power ultrasonic systems.

A, WELDING VERSUS BONDING OF METALS

Welding is usually thought of as a fusion process.
The process may be divided into three categories:

1. Liquid-phase welding occurs when the edges of two
proximate members are melted and the members are
joined by solidification of the molten material
which exists between them at some stage of the
process.
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2. Ligquid-solid phase welding occurs when only the
added metal is liquid, the initial members to be
joined remaining solid at all points.

3. Solid-phase welding is defined as a process of
joining when none of the material is melted at any
time. Solid-phase welding is the oldest of all
types, being practiced in Egypt as early as 3000
B.C. (18). The bonding mechanism requires only
interatomic interaction of nearest neighbors, i.e.,
at a distance of one lattice parameter within a
metal crystal structure. This reduces the problem
to one of mass transport wherein diffusion and
more particularly self-diffusion plays the key
role.

B. PHENOMENOLOGICAL REVIEW OF METAL BONDING

Early in this study, a brief review of the diffusion
bonding literature was initiated. Very little has been
written on diffusion bonding of aluminum or on ultrasoni-
cally activated diffusion bonding (14). Some of the liter-
ature uses the term "diffusion welding" (24) to describe
nonfusion methods. Other authors (33) have used the phrase
"solid state bonding."

The literature provides several general classes of
diffusion bonding techniques based on the thermodynamic

bonding parameters of time, temperature, pressure, and
activation energy.

1. Xield stress controlled bonding relies primarily

on mechanical disruption of the joint surfaces and

(18) Kinzel, A. B., "Solid Phase Welding," 25th Annual
Meeting, American Welding Society, 1944.

(14) Joshi, K. C., "The Formation of Ultrasonic Bonds
Between Metals." Welding J., Dec. 1971, p. 840-848.

(24) Miller, M. A., "Joining Aluminum to Other Metals."
Welding J., Aug. 1953, 12 p.

(33) Storchheim, S.,"Some Studies of Al-Cu and Al-Zr Solid

State Bonding." Trans. AIME J. Metals, Vol. 203, Aug.
1955, p. 891-894.




applied pressure across the bcnd interface to
promote diffusion of metal atoms across the joint.
This definition was provided years ago (3) speci-
fically for a static loading condition. However,

it is equally appropriate for the dynamic environ-
ment provided by ultrasonic metal bonding equipment,
especially as applied to wedge-reed metal bonding
systems.

Pressure welding is the formation of a solid-phase
weld between metallic materials by the application
of a deforming pressure at any temperature below
the melting point of the components (24).

Diffusion welding is the joining of electroplated
surfaces under rather low pressures and tempera-
tures for a period of time sufficient to induce
recrystallization of the plating alloys, e.g.,
600°F for silver-plated aluminum (24).

Transient melt diffusion bonding uses a thin tem-
porary liquic phase to transport metal atoms across
the interface and thereby speed diffusion.

Thermally activated diffusion bonding relies pri-
marily on elevated temperatures to induce diffusion
across the joint. At any given temperature the
process is controlled by the diffusion coefficient:
hence it is alsc called diffusion-controlled
bonding. Bonding pressure is applied to produce
intimate surface contact in the joint.

Creep controlled bonding uses elevated temperatures
to produce creep at the interface to establish a
bond. Bonding temperatures are kept low enough so
that the yield stress of the material remains
higher than the bonding pressure.

Intergranular melt diffusion beonding uses a solute
alloying element to help create a ccmpositional
gradient at grain boundaries. Carefully controlled
temperatures lying between the liquidus and the
solidus points or between the bulk and surface

Blank, G. F., "A Practical Guide tc Diffusion Bonding,"
Mater. Design Eng., Oct. 1966, ©. 76=79.




eutectic points are used to produce a thin liquid

phase to transport metal atoms across the interface
()

8. Ultrasonicallv activated diffusion bonding provides
the mechanism for simultaneously employing several
of the above phenomena. With the proper selection
of bonding parameters, yield stress, thermal acti-
vation, and creep controlled bonding can each
contribute to the bonding process while avoiding
the problems associated with transient melt diffu-
sion and intergranular melt diffusion.

(31) Spurgeon, W. M., S. K. Rhee, and R. S. Kiwak,
"Diffusion Bonding of Metals." Bendix Technical J.,
Spring 1969, p. 24-44.




II. CONVENTIONAL ULTRASONIC BONDING

Conventional ultrasonic metal bonding incorporates
high ultrasonic energy density and moderate static clamping
forces to induce plastic deformation of the contacting
interface. Spot welding, seam welding, and ring welding
concentrate the dynamic energy into a finite spot or weld
track. The entire interface within this spot is diffusion
bonded into nugget quality. When the dynamic shearing
stress at the interface exceeds the local yield Strength
(in shear), plastic deformation begins and continues until
intimate contact has been established across the full
region (Figure 1). The tensile and shear strength proper-
ties of the resulting nugget are comparable to the parent
material strengths. Tensile-shear tests on finite-size
spot welds typically induce failure in the parent metal
(not within the nugget) at the boundary of the nugget where
the thinnest sections are found.

Table 2 lists ring weld characteristics for pertinent
aluminum alloys. For a single ring weld in 3.5-mil-thick
aluminum foil, with only two layers, an RF energy density
of 1800 watt-seconds per square inch was used to obtain
nugget quality. As the foil thickness increased to 8 mils,
the energy density increased to 7000 watt-seconds per square
inch. The 7000 watt-seconds per square inch energy density
for an assembly thickness of 16 mils is directly comparable
to the energy density used for 18-mil stacks of etched
aluminum laminates, as described in Section IV.

Table 2 also shows a tenfold increase in static com~
bressive stress for ring welds as compared with the clamping
forces used with fluidic laminates.

A graphical presentation of the energy densities for
ring weld data (circa 1972) listed in Table 2 and for spot
weld data listed in Ref. (13) for 1100 series aluminum is
shown in Figure 2. Both sets of data show an energy den-
sity (E/A) dependence upon thickness (t) raised to the 3/2
power (i.e., positive slope of 1.5 on a log-log plot of E/A

(13) Jones, J. B., N. Maropis, J. G. Thomas, and D. Ban-
croft, "Phenomenological Considerations in Ultrasonic
Welding." Welding J., Vol. 40, July 1961, p. 289s-
305s.
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TABLE 2. RING WELD CHARACTERISTICS IN ALUMINUM ALLOYS

Soncbond Model WR-2000RFN Welder with "Standard Horn"

Ring Spot Size: 1l-inch mean diameter
0.05-inch-wide annulus

Weld Area: 0.0785 square inch

Material Static Load Weld Parameters
Nugget*
(1.5" x 3" Coupons) Ring Weld
Clamp Compr. RF Weld Energy
Aluminum Thickness Force Stress Power Time (watt- =
Alloy (inch) (1b) (psi) (watts) (sec) sec)
1145-H19 0.0035 1680 21,000 720 0.2 140
1100-0 0.008 1600 20,000 1800 0.3 540
1100-H14 0.020 1820 23,000 2400 1.0 2400

* Nugget quality indicates failure in parent metal outside

bond area.

10
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versus t). Data for diffusion bonding of etched aluminum
laminates as reported in Seation V Fall directly upon the
ring weld data line. These diffusion bond data include
sample sizes from 1/2 by 1/2 inch up to 1 by 1 inch.

acoustical conversion efficiencies of the early magneto-
Strictive transducers and the higher efficiencies of piezo-
electric tension-shell transducers.

A, RE POWER MONTITOR

A wideband RF power meter has been incorporated into
and is available for use with medium- cr hich-power ultra-—
sonic equipment. The power monitoring module samples the
frequency converter output power and detects the forward
and load power based on the principle of directional cou-
pling in a transmission line. This is processed electroni-
cally to provide true rms values and is displayed on the
panel meter as either the forward or load power (as selected
by a toggle switch). Load power refers to the true trans-
ducer drive power which has been acoustically absorbed. The
difference between forward and load power represents the
reflected power induced by impedance mismatches, either
electrical or acoustical.

The functions of the RF power monitor are:

l. System Tuning

Facilitates frequency tuning without the use of
external instrumentation. At any given power step,
the frequency is adjusted until maximum load power
is indicated. This corresponds to the best oper-
ating frequency.

2. Electronic/Acoustic Impedance Matching

Provides impedance matching information. With
the power switch in the forward position, the
meter indicates the power available from the

frequency converter (PF)' In the load position,
the power meter indicates the power being ab-
sorbed by the load (P.). The difference between

these readings is the“reflected power (PR).

12



Best ultrasonic efficiency is usually obtained
with lowest reflected power. A large reflected
power (when the unit is adjusted for best fre-
quency) indicates an impedance mismatch. When

a large mismatch is found during an initial machine
setup, tap changes can be made in the RF trans-
former connections to remedy this situation and
provide more efficient operation.

3. Svystem Repeatability

Eases repeat setup for any application. Once it
has been established that a certain application is
successful at a given load power, the application

can be set up again at any future *time with the
same load power.

4., Quality Control Monitoring of Laminates

Provides quality control monitoring. A malfunction
in the ultrasonic unit or a substantial difference
in the quality of the parts being processed will
cause a change in the load power reading and alert
the operator. If an increase in reflected power

is discovered as a production application continues,
this indicates a change in parts quality, or sur-
face condition, or tooling wear as another quality
control parameter.

PL + PR = PF

Tuning goal: Maximize PL'

Impedance matching goal: Minimize Pp-

The power monitor is standardly supplied with an
analog panel meter. Response time is 1.5 seconds, which
is suitable for any continuous-duty application, including
ultrasonic tube drawing, seam welding, extrusion, machining,
and deep drawing, or for welding applications requiring a
2-second or longer ultrasonic power pulse.

An optional light-emitting diode (LED) linear display

with 50 point resolution and 15 millisecond response time
is available for short pulse duty applications, including

13



ultrasonic spot welding, ring welding, plastics welding,
insertion, staking, and upsetting. This LED display was
used during this study.

B. IMPEDANCE MATCHING BETWEEN FREQUENCY CONVERTER AND
ACOUSTIC LOAD

Well-designed and efficiently operated ultrasonic
systems require an impedance matching network between the
power amplifier and the ultrasonic transducer. As an
ultrasonic bonding system is pushed toward its limits,
impedance matching becomes increasingly more important.

Figure 3 shows the effects of impedance mismatch upon
load power. The ability to deliver power to the load de-
Creases rapidly as the impedance mismatch increases. For
example, in order to deliver 3000 watts from the 4000-watt,
50-ohm frequency converter, the load impedance presented
by the impedance matching network and the acoustic system
must lie between 1/3 and 3/L of 50 ohms (or between 17 and
150 ohms).

While not readily apparent, the effective electrical
impedance of an ultrasonic transducer increases as the
acoustic loading decreases. For example, if the bonding
tip couples poorly to the workpiece, the effective load
impedance appears high. Likewise, if the interface to be
bonded is lubricated or has a low dynamic coefficient of
friction, the effective load impedance appears . gt

Contrarily, if the bonded interface arez increases,
the effective load impedance decreases. Consequently, the
limitations of any given ultrasonic bonding system are
strongly influenced by the acoustic response character-
istics of the workpieces and the tip-to-sample coupling.

14
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III. ULTRASONICALLY ACTIVATED
DIFFUSION BONDING SYSTEM

Sonobond pioneered the ultrasonic approach to metal
"welding" over two decades ago. Considerable equipment
development has occurred during that time span, leading
to the apparatus used for this program. In recent years,
it became apparent that ultrasonic "welding" is a misnomer
and that metal bonding is a better term. Ultrasonically
activated diffusion bonding is a more precise term, and it
is appropriate to most of the ultrasonic "welding machines"
currently manufactured. Hence, this program dealt with the
extension of equipment capabilities rather than the develop-~ :
ment of new equipment.

An ultrasonic bonding system is complex in design but
simple in operation. Figure 4 illustrates the instrumented
laboratory version of the complete ultrasonic bonding sys-
ten. The system can be subdivided into four major subsystems:

l. Electronics system (also called frequency conver-
ter).

2. Acoustics system (also called the dynamic system).

3. Mechanical system (also called the static clamping
system; see Figure 5). ”

4. Auxiliary instrumentation (may not be employed
with production-oriented apparatus).

A detailed listing of the features (as shcwn in Figure
4) , characteristics, and engineering specifications for each
of these subsystems is given in Appendix B. _ s

L, INTERLAMINATE SPACING AS DETERMINED BY SURFACE
ROUGHNESS *

Diffusion bonding is a process whereby imperfect sur-
faces are forced into partial contact and the contact area
is increased via various activation mechanisms. The start-
ing contact point is dependent upon the surface shape
(contour) and the microscopic surface roughness. Flat but
rough surfaces will have a few large contact sites.

1lé
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Localized plastic deformation of the contact sites is
required to increase the number of contact sites and to
increase the contact area. Ultrasonic activation provides
the mechanism for inducing this localized plastic flow.
Once each surface atom is brought into intimate contact
with a metallic atom from the other surface, a bond can
form. How close is intimate contact? About 4 angstroms

(4 x 10—8 centimeters). This is the equilibrium distance
between corner atoms of an aluminum single crystal having

a face-centered cubic structure (see Appendix E). To better
illustrate the smallness cf this dimension, Table 3 was com-
piled to show representative surface roughnesses, film thick-
nesses, and atomic distances. The upper portion of Table 3
is arranged in progressive order of surface roughness from
the 100-microinch lathe-turned steel to the l-microinch
surface of polished plate glass. The latter represents a
lower limit for the mechanically scanned surface roughness
profilometer type pickup. But even with this readily recog-
nized "smooth" surface, the roughness is two-hundred-fold
too large for large-area intimate contact.

Table 3 also shows that representative "thin films" on
metallic surfaces are 10 angstroms thick. Such films need
to be dispersed to provide intimate contact between virgin
metal atoms. Aluminum surfaces oxidize within seconds o
an A1203 film about 15 angstroms thick (see hexagcnal lattice

constants for A1203 in Table 3). This oxide layer thickness

increases slowly by oxygen diffusion to a very stable, low-
permeability film approximately 50 angstroms thick (30).
After weeks of aging in air, the aluminum oxide layer changes
little because the film is nonporous, ionically bonded, and
relatively inert to atmosgheric contaminants. Diffusion
bonding of aluminum regquires disrupting and dispersing this
very stiff but brittle laver.

Ultrasonic activation induces rplastic flow under the
oxide layer in the vicinity of the contact sites, causing a
very high stress within the cxide layer.* The oxide layer

(30) Seitz, F., The Phvsics of Metals, McGraw Hill Book Co.,
Inc., New York, 19432, p. 190,

*The shear modulus of A1203 is six times larger than for pure

aluminum. Hence, at the aluminum shear vield point, the
oxide film (which experiences the same displacement) has a
shearing stress six times greater than the underlying
aluminum.



(PonuUTIUOD)

¥ S0°% SOPTS 9qud ‘3ue3lSU0D 20T33e] Te3ISAID DOJ wunuTWnTyY
MOTU3 g 0§ ssaudoTyl paby
MOTUYI g ST (z9AeTOUOW) SSOUNDOTIYF TRWTIUTIK 90BJINS POZTIPTIXO unuTwnN Ty
MOTY3 g 0T = ~utd $0°0 = 3 ZWUTTI UTYg,, o TBIOW
¥ vST = (swx) $-0~ paystrod
~utd yd-yd) T~ yera pue punoin sseTo @3eTd
AL ( ) T e
(pOTUI g o€
g 00§ o1ddra (yd-xd) ¢ vyo3atd TTw-0g Iohe1 snoydioury)
g 000  seaem (3d-yd) g Anepm PoYSTITOd ,[993S ssafure’s
& 0099 rArA ylbuotonepm (ITe utT) usain 3YBTT STqTISTIA
(swx) g¢ uopuey paydls ATTeDdTWSDYD WNUTWNTY SHTT
(swux) 0g Ternboxay puncio 212938
(swx) oor  yo3zTd TTW-E
(3d-3d) 00€ Ternbay pauinj-syze] oT®93s
(8) (seyduTtoIOTW) S8 0N USTUTg TeTID3eR
(swoxjzsbue) ssauybnoy Inojuo)
9Tedg DOTWO3lyY soegang

SWITA ANV SHOVLINS A0 AULIWOTDOHOIW

g dI1dvYL

20



T€96T ' "T9nd I9AO(Q ‘s8INn3ONI3S AOTTY pue
Te3ISW uo ®eje(q OTyYdRIbOTTelshAI) ‘srbey °r °g pue -y ‘I0TARL %€ .wmmo

‘jutadey 896T ‘" TAnd
IsaoQ ‘sedrvyiang Jo AIRSTWSYD pu® SoisAyd oul ‘M °N 'wrepy i (e £= ) |

q

01 *d 'Lge6T
‘ss91d PIOI¥O 'SINDRIUO) TeOIaFosTH JO SOTsAUd BYL ‘'°71 g ‘seuor gy .wmmm

¥ v~ uttd zp*0> bHuroeds payoje ALYNIWY'T
9D0BJISJUT pPUO] UOTSNIITJ ATTedTWeyD0o3oyd OIAINTI WANTWRTY

g VT TIIpPeI OTUOoT uor 0
s BI DIUO uo
m G 0 T1p Tuot 101 +++H<
¥ 8" = ® 5S3UBISUOD SDTIFBT "XOH mONH< SPIXO WNUTWNTY
ANV S9310N JINoj3uo)d ystutg TeTIS3RR

(swoxasbue)
9TeOg OTWO}IY

(pespniouo)) ¢ ATAV.L

21



fractures, releasing a flow of virgin aluminum through the

opening toward the mating surface. Metallic bonding occurs
where flowing paths intersect. The flow path length is de-
pendent upon the initial surface separation distance, which
in turn is dependent upon surface contour and roughness.

For comparison, Table 3 also shows the ionic radii of

two (key) ions are under 2 angstroms. These radii establish
lower limits on the closeness of "intimate contact."”

B. SURFACE TOPOGRAPHY

Even optically polished surfaces do not present large
area atomically intimate contact due to nonflatness, wavi-
ness, or other surface contours. Such surfaces are typi-
cally inspected with narrow-band light illuminating the
interface between it and an optical flat. The spacing and
shape of the interference fringes allow interpretation of
the test surface contours. Good-quality optical flats are
specified to be flat over a 2- to 6-inch-diameter region
within 1/10 wavelength (2 microinches). Wringing of two
such flat surfaces together still does not provide atomi-
@lly intimate contact as required for diffusion bonding.
Conditions are closer, however, since Johansson gauge blocks
fall in this category and they will become bonded over local
regions if stored in contact over extended periods of time.

Since it is impractical to consider fabricating opti-
cally polished and flat laminates for fluidic devices, bulk
plastic deformation must be induced to cause the surface
contours to coincide across each laminate interface.
Ultrasonics provides the activation mechanism for the
plastic shape changes required, as discussed later in this
report.

With an ultrasonic energy density chosen for low com-
pressive deformation, the average interface spacing would
be reduced to about one-fifth the initial value, or 45
microinches. Figure 6 shows a photomicrograph of a six-
layer assembly where the interface spacing varies from zero
to 100 microinches, but averages about 50 microinches as
predicted (note that 0.010 inch on a 200X enlargement equals
50 microinches). Figure 6 represents a stack cross section
which is well consolidated via bulk plastic deformation,
metallically bonded at spaced contact points and ionically
bonded at some of the intermediate points. If this section
came from a functional fluidic device, it is predicted that

22
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the leak rate would be acceptably low, i.e., less than a
few percent of the volumetric flow rate being controlled.

Leak rate measurements carried out in a later portion of
this work are described in Appendix A.

C. INTERLAMINATE CONTACT AREA

The statistical model for surface roughness described
in Appendix C lends itself to prediction of contact area
versus interface spacing for both static loading (largely
elastic deformation) and dynamic loading (largely plastic
deformation). In turn, the contact area, number of contact
sites, and contact size distribution can be used to predict
both the electrical and the mechanical properties of the
laminate assembly. OQualitatively, the predictions show a
fundamental correlation between electrical resistance and
shear strength of laminated stack assemblies.

Figure 7 is a large-scale model of two rough surfaces
in contact. The model has single values for asperity geom-
etry (i.e., peak height, peak spacing, peak shape, and peak
placement along the surface plane). This model serves to

illustrate several aspects of the analytical model presented
in Appendix C, namely:

l. 1Initial contact sites are finite in number (three
points are the extreme lower limit).

2. 1Initial contact areas are small until increacsed
by static loading, dynamic shearing, or both.

3. Complete consolidation and 100 percent contact can

be accomplished by surface conformation even though
the surfaces are rough.

D. UNIFORMLY DISPERSED BONDING SITES

Conventional ultrasonic bonding induces atomically
intimate contact over a large percentage of a finite bond
region. Ultrasonically activated diffusion bonding (as
developed for aluminum laminates) induces an array of bonded
sites more or less uniformly dispersed throughout the over-
lap region. 1In Appendix ¢, it is shown that the percentage
of area metallically bonded is small for etched aluminum
contact surfaces. However, the localized bond strengths

24



A, Initial zero-load contact

B. Contact with imperfect mating

C. Contact with complete consolidation

Figure 7. Model of rough surface multiple contact
interface.
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approach parent metal strength as found with conventional
ultrasonic nuggets. With the statistically distributed
surface peaks description of laminate bonding as consisting
of a uniformly dispersed array of strongly bonded points,
each of the experimental observations becomes understandable
and self-consistent. Hence, trends in laminate bonding can
be properly defined, and extrapolations to larger overlap
areas and thicker stacks can be more reliably forecast.

Samples of the Army-supplied aluminum laminates (which
had undergone photochemical etching to generate fluidic
channels) were scanned with a Brush Surface Analyzer. The
etched surface roughness averaged about 32 microinches.

When two such surfaces are placed in contact at low clamping
force, only a few extreme points touch, leaving an interface
spacing which is relatable to the rms roughness value of
each surface (see Appendix C).

E. SURFACE OXIDATION

Oxidation occurs first at the surface of a metal, and
the resulting scale forms a barrier that tends to restrict
further oxidation. For oxidation to continue, either the
metal must diffuse through the scale to the surface, or the
oxygen must diffuse through the scale to the underlying
metal. The tendency for aluminum to oxidize is greater
than for iron, but because the oxide barrier formed on
aluminum is extremely adherent and quite impervious to dif-
fusion, the rate of oxidation is rapidly decreased. Two
factors contribute to this effect: (a) The aluminum and
oxygen are very tightly bonded so that the aluminum ions
cannot readily diffuse through the oxide layer toward the
surface, and (b) the crystal structures of the aluminum
oxide and of the aluminum can be oriented so that there is
very little mismatch and considerable continuity from one
phase to another. 2s a result, there is a strong coherency
between the aluminum oxide surface and the aluminum metal
(39). Because of this strong coherency, there is no funda-
mental need to completely expel the oxide from the interfaces
to be bonded.

(39) Van Vlack, L. H., Elements of Material Science,
Addison-Wesley Publishing Co., Reading, Mass., 1960.
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IV. PRELIMINARY DIFFUSICN BONDING STUDIES

Initially work progressed toward obtaining optimum
impedance matching for effectively applying acoustic power
to a stack of two and six aluminum foil test coupons.
Several system limitations were revealed during this pre-
liminary testing. The two aluminum foil stacks showed an
indication of bonding activity having taken place. All
testing was performed at room temperature, atmospheric
pressure, and with mill-finish aluminum foil coupons which
had not been surface-cleaned or polished.

With the ultrasonic array assembled as described ear-
lier, initial evaluation was carried out to establish optimum
acoustic impedance matching between the acoustic system and
the frequency converter, using six aluminum foil (1145-H19
alloy) coupons interlaced to form a bond area approximately
1/2 inch square. Positioning pins were not installed in the
tips for the initial tests. The system incorporated the
original 2400-watt transducer assembly used on the previous
contract. Optimum impedance matching was obtained at low
input power levels but, because of the older design of the
original transducer, voltage limitaticns were encountered
when the system was driven at a 3000-watt level.

Six foil test cocupons were made using a punch plate and
were inserted on the positioning pins in an alternate pattern
as depicted in Figure 8. The coupons were placed under a
clamping force of 740 pounds and acoustic power was applied.
Optimum impedance matching was obtained at input power levels
up to 3000 watts. Acoustic energy (the product of power and
time) could be increased by lengthening the time of the acous-
tic power burst. The frequency converter was capable of de-
livering 4000 watts continuous and thus induced no power
limitation. The power monitor circuit, digital timer, and
power delivery of the frequency converter all worked satis-—
factorily.

A, LAMINATE ALIGNING PINS

The anvil tip was modified to accept two test laminate
positioning pins, and the reed tip was modified to provide
two clearance holes for the positioning pins. The pins were
placed in the anvil tip because this tip underwent less
physical displacement with the application of acoustic power.

27



L J
3
7 |
- v
L ¥
L
0.438
Net Bond Area —_ 1"
Anet = 0.2114 sg. inches

Figure 8.

28

Aluminum test foil stack arrangement.



The hole pattern and pin diameter were made to accommodate
the test laminate supplied by the US Army Armament Research
and Development Command (ARRADCOM) .

A punch plate was fabricated to make aluminum foil
(1145-H19 alloy) coupons 1 by 1/2 by 0.0035 inch for pre-
liminary tests. Positioning holes were punched in the
exact location of those in the test laminates supplied by
ARRADCOM.

B. INSTRUMENTATION

Temperature monitoring was added to the equipment via
a Doric Scientific Model 410 digital temperature TRENDICATOR
which would accept wire thermocouples. A thermocouple wire
was placed in the anvil tip to provide a bulk temperature
measurement of the acoustic tip arsa for monitoring the
bresence of acoustic power activity at the tips. Another
thermocouple wire mounted on the transducer shell provided
indication of excessive energy in the transducer.

The TRENDICATOR provided a temperature resolution of
+ 0.1°C (or # 0.1°F) and a response time of 0.3 second per
reading at low temperature magnitudes, and 1.5 seconds per
reading at a temperature of 3200°F. The fast response time
was beneficial in measuring temperature rise during short
bursts of acoustic power. This instrument had the further
advantage that the cold junction temperature compensation
was built in.

C. STATIC FORCE SYSTEM

The static force system was found to have a practical
limit of 3000 pounds, because of the manual torque required
to turn the 3/4-16 threaded rods. This limit applied to the
insertion and removal of aluminum foil coupons or actual
laminates on a short-time-interval series of tests. Larger
static clamping forces could be achieved on an infrequent
basis.

D. PRELIMINARY SYSTEM LIMITATIONS

1. Acoustic system: 2400 watts maximum continuous
input with existing 2400-watt transducer.



2. Electronic system: 4000 watts maximum continuous
output; set to operate at 2400 watts.

3. Static force system: 3000 pounds for repetitive
testing.

4. Reed cooling system: For room-temperature tests,
compressed air was used for cooling.

5. Anvil temperature monitoring: The thermocouple
wire installed in the anvil tip provided immediate
monitoring of bulk heating effects.

6. Sample temperature monitoring: A miniature shielded

thermocouple bead in contact with the foil (or
laminate) stack.

E. BONDING OF TEST COUPONS

Preliminary bonding experiments were carried out with
laminates of test coupons made from 1145-H19 mill-finish
aluminum alloy, 1 by 1/2 by 0.0035 inch. Test conditions
for this series of experiments were as follows:

Room temperature

Atmospheric pressure

Overlap area: 0.2114 square inch

No special cleaning or polishing of specimens
Number of laminates: six

Reed and anvil tip material: stainless steel
annealed

Tip surface: ground to about 6 microinch finish
(rms)

Tip size: 2 inches diameter.

Initial experiments were carried out at several clamp
force levels, ultrasonic power levels, and ultrasonic expo-
sure times to serve as a guide for later tests. Data for
this exploratory work are provided in Table 4.

Subsequent tests were made using the bonding parameters

shown in Table 5, which also shows the compressive deforma-
tion of each sample after bonding.

30



.y 00%2¢ Rl
Te303, = 3

:3ndut zemod TeoTIzdDeTO Tou
S33eM Q0% uo psseq wejlsAs or3snooe o3 porrdde st Temod SWT3 9YI = un
.AQsOUu X Umoaﬂw = Hmuoumv wo3sAs OT3sSnooe o3ut Abisus Te30g = Hmuoumm

9°¢e 7966 2ése G ¢e 06L'99 T00'¥T 026c7¢

S ev 789 TLVC € Zv 0% ' ¥#0T T0S'0T 0cce

L°9¢ TECh 68LT 8°G¢ SPT'¥9 000" L 08%T

8070 976 007 S0 00¢ 06¢’'g OTTT

9°0¢ ¢E£62C oveT 6°6E 066G '67 00G°¢€ otL

(oesg) AWCH\muumzv (s33%eM) (oos) (o9s-33eM) (tsd) (aT)

Ae dnoo ej0

=g K3tsusq (re)ut, 3 a7 0 &
SWTT, Iomog andurt SUITT, m%mymcm ssoI3g 20104
mWSmOme oTUuOSRIRIN Iamod Buttdnop OT3sNnody OT3e3g dweTd
POZ T TRWION sbeiony OT3snooy 12307, Te30] o1T3e3g

SHALAWYEYd DONIANOd NOISNAJAIA J0 NOIIVHOTAXE *§ HTaV

31



‘we3sAs or13snooe ayjz ojzut Ammgv asmod peOT J¥ 03 I9JDI B3ep 9Soyly

978 QLT'CT $66G¢ 08 009'L0¢ T0G'0T ocee 8
€T cGE'TT 0]0) 744 08 000°'Ce6T TOS'OT occe L
6°6 0¢6'TT 0csc ov 008'00T T0G' 0T occe 9
L € 86¢C'CT 009¢ ov 000’ ¥0T T0S'0T 0cce S
v e GZ8'T1T 00g¢ 0)4 000'09 T0G'0T occe v
6°6 162’8 YrLT 9¢ 008’29 T0S'OT occee €
(Fusoxad) Amcﬁ\mpumzv (s33%eM) (oos) (o9s-33eM) (tsd) (at)
«A3Tsusq (ae)ut dnoo AMUO#W » 5 S
uoT}ewIoIaq IoMmod s3ndut SUIT,, sAbasug S$89I139S 2oxo04 oTdweg
aaTssoxduwo) OTUOSEBIRTN I2MOdg ButTdnop OT3Snooy oT3e3s dureTD
uesp obeioay OT3SNnooy 12301 Te30L o13®E39

YI¥d DNIANOd NOdNOD ILSHdL

g JTEYL

32



To obtain an early indication of the peel strength
associated with each layer, some of the samples were sub-
jected to a simple peel test in which no fixture was used
to keep the pull angle or bend radius constant. Adjacent
layers in the coupon stack were secured in the jaws of an
Instron tensile testing machine so that each layer formed
a 90-degree angle with the bonded portion of the stack.
Maximum peel strengths for Sample #3, for progressive layers
from the reed tip side, were 4.0, 4.0, and 0.5 pounds; for
Sample #5: 5.0, 6.5, 8.0, and 5.0 pounds; and for Sample
#7: 8.0, 10.0, 10.5, and 6.5 pounds (see Figure 8 for stack
assembly) .

In addition, a tensile test was performed on the layer
of Sample #3 closest to the anvil tip. The parent metal
strength was 38.5 pounds, and the test coupon single-layer
strength was 40.5 pounds, which shows close agreement. It
was noted that this layer broke at the bond seam. Since
this sample was bonded with lower energy input than the
other samples in the series, no further tensile tests were
performed; it was anticipated that the individual layers of
the samples bonded at higher energy levels would likewise
break at the bond seam at a tensile strength approximating
the parent metal strength.

P, BONDING OF TEST LAMINATES

Since effective bonding was achieved with the test
coupons, further bonding tests were carried out with actual
test laminates, using the same bonding conditions as for
the coupons:

Room temperature

Atmospheric pressure

Overlap area: 0.2114 square inch

No special cleaning or polishing of specimens

Reed and anvil tip material: stainless steel

annealed

Tip surface: ground to abecut 6 microinch finish

(rms)

Tip size: 2 inches diameter.

che)



Samples #2 through #12 were subjected to the same
bonding parameters as the test coupons, but the compressive
deformation was substantially greater than for the coupon
series. Consequently the static clamping force was reduced
by half for the remainder of the tests (Table 6).

Before any changes were made to the test fixture,
bonded specimens were prepared with 6, 12, and 18 laminates
to determine the maximum number of laminates that could be
handled with the existing laminate retainer pin design and
to obtain an early indication of the effect of the number
of laminates on bond quality with the selected test para-
meters. As shown in Table 6, ultrasonic coupling time was
progressively increased for each laminate group.

G. EFFECTIVENESS OF TEST FIXTURE

After the above samples had been prepared, the acoustic
System was disassembled to correct noise that had developed
in the reed and anvil tip area. It was found that the joint
between the force-insensitive mount and the test fixture
sealing flange and also the joint at the base of the wedge
coupler had worked loose. The effect of these loose joints
on the acoustic system was to reduce acoustic power trans-
mission efficiency. The power delivered to the laminate

stack is the product of the input power (Pin(av)) and a

constant (K). The constant, however, is the product of all
the coupling coefficients associated with each joint in the
acoustic system, starting with the transducer and ending
with the anvil.

The results of acoustic system performance calcula-
tions predicted that a threefold increase in the acoustic
power (PA) was obtained from the reworked system.

The total acoustic energy (Etotal) into the acoustic

System was varied by varying the number of 4-second power

bursts. The total coupling time (tcoup) is the product of

the number of power bursts (N) times 4 seconds per power
burst.

As the bonding experiments progressed, the test lami-
nates began bonding to the drive reed and anvil tips. This
demonstrated that the tip material must be changed from 303
stainless steel to a material with greater yield strength
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and with a textured finish insteazd of a smooth finish on
the tip faces.

The test data indicated certain trends. There was an
increase in compressive deformation with increase in total
energy input. The number of laminates used with the test
coupons was six, and the clamping force was 2220 pounds.
The test laminates bonded under the same conditions showed
a higher compressive deformation than did the test coupons,
indicating an increase in coupling of acoustic power to the
laminate stack. At a clamping force of 1110 pounds, the
compressive deformation decreased with a decrease in total
energy input and in general decreased with an increase in
the number of laminates in a stack.

The bond quality as determined visually appeared to
improve with reduced clamping force and with reduced energy
input. The minimum energy required for a good visual bond
depended on the number of laminates in a stack.

H. SUMMARY OF OBSERVATIONS

1. The trends suggested that clamping force and possi-
bly input power should be reduced to arrive at a
minimum achievable compressive deformation with
"good bonding" under the existing test conditions.

2. A new tip design and acoustic system improvements
should increase coupling of acoustic power to the
laminate stack.

3. The design of the laminate retaining pins limited
the working number of laminates in a stack to 18
(with 3-mil-thick laminates). Pin length was arbi-
trarily chosen to accommodate a stack thickness of
60 mils early in the program and does not represent
a system limit.
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V. BONDING STUDIES WITH LAMINATES
OF INCREASING AREA

Improvements were made to the acoustic bonding system,
and the modified system was used to prepare a total of 26
bonded laminate samples with 1/2 by 1/2 inch overlap area.
A dramatic improvement in bonding performance was obtained

An energy input level (Etotal) of approximately one-

fourth of that used previously was applied to the test
laminates. Comparable percent compressive deformation
was obtained, substantiating earlier predictions. Also,
bonds with significantly less compressive deformation were
achieved as the total input ultrasonic energy level was
reduced.

As a result of the improved efficiency of the acoustic
system, experimental data were obtained for observing the
effect on visual bond quality and compressive deformation
by varying the following parameters:

Constant Variable

a. Clamping Force (F) Bonding Time (t)

No. of Laminates (N) and

Laminate Thickness (L)
Bond Area (A)

RF Load Power (Pload)

Total Input Ultrasonic
Energy (Etotal)

No. of Laminates (N)
Laminate Thickness (L)
Bond Area (2)

Bond Time (t)

RF Load Power (Pload)

38

Input RF Excitation
Energy (B ia1)

Clamping Force (F)
(fourfold range)



Constant Variable

C. Static Compressive Stress Bond Area (A)
(o) (fourfold range)

Average Ultrasonic Power
Density Input (P/A)

Bond Time (t)

In-situ electrical resistance measurements of the
various laminate stacks were obtained during the bonding
cycle. A bench model pneumatic press was set up to obtain
static electrical resistance measurements (under reproduc-
ible contact force conditions) to determine if a trend
relating electrical resistance to bond quality could be
ascertained.

A, TEST COUPONS

Using the newly modified acoustic system, tests were
first made on coupons of 1145 aluminum foil, 3 mils thick.
The frequency and power levels of Samples #3 and #4 (Table
5) were used as a starting point. The test conditions were

as follows:
Room temperature
Atmospheric pressure
Overlap area: 0.2114 square inch
No special cleaning or polishing of specimens
Number of layers: six

Reed and anvil tip material: M2 tool steel
heat-treated to
Rc 60-62

Tip surface: EDM 200

Tip size: 1-1/8 inches square.

During the tuning and impedarice matching procedure, a

1 74 = 3 - *
total energy input of Ein(total) 37,600 watt-seconds* was

applied to the first test coupon stack in a series of time

* 1 watt-second = 1 joule.
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bursts while optimizing electrical drive parameters. This
Sequencer was terminated because the metal in the bond area
was excessively distorted and compressed to the extent that
the bond area was increased to almost twice the original
size. This overdone sample serves to illustrate the results
of ultrasonically induced superplasticity over prolonged
periods or at high energy density. As predicted, signifi-
cantly more acoustic power was being coupled to the test
coupon stack than was the case with earlier samples (#3 and
#4). Analysis of the modified acoustic system estimated a
threefold increase in available acoustic power (PA)‘ From

the extreme compressive deformation of Sample #31, as well
as the system analysis, it was concluded that the acoustic
power (PA) increased by a factor of 4 to 1.

Bla ETCHED LAMINATE BONDING CONDI TIONS

Having defined a range for the ultrasonic energy input
(Etotal)’ testing was resumed on the etched laminates. Test

conditions were the same as those listed above, except that
the overlap area was increased.

Three overlap areas were examined: 1/2 by 1/2 inch;
1/2 by 1 inch; and 1 by 1 inch. An optimum operating fre-
quency and proper impedance match were achieved for each
overlap area. Bonding conditions for the three areas are
given below:

Small Intermediate Large

Stack Stack Stack
Overlap area (A), (in.2) 0.25 0.5 1.0
Clamping force (F),

(pounds) 555 .10 2220
Average load power (PL),

(watts) 600 1200 2400
Number of laminates (N) 6 6 6
Laminate thickness (L),

(inch) 0.005 0.005 0.005
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Small Intermediate Large

Stack Stack Stack
Stack thickness (NL),

(inch) 0.030 0.030 0.030
Compressive stress

(o= = F/A), (psi) 2220 2220 2220
RF power density

(o =P /a),

(watts/in. 2) 2400 2400 2400
Bond time (t), { seconds) 3.34 3.34 3.34
Energy density,

( joules/in.2) 8016 8016 8016

C. SMALL-SIZE ETCHED LAMINATES

The second series of tests was made with laminates
having an overlap area of 1/2 by 1/2 inch. The RF excita-
tion energy (ultrasonic input) was an order of magnitude
less than that previously used. E was 12,000 joules

total
and less at an RF load power ingut, Popr of 600 watts
(Table 7), instead of the previcus 175,000 joules and less
at an RF load power input of 24C0 watts (Table 6).

This first examination of kond area versus bond
quality was performed keeping compressive stress (o= ),
RF power density (¢ ), and bond time (t) constant. A
simple linear scaling model would predict constant bond
quality, while previous ultrasonic experience would predict
a nonlinear degree of deformation. The results shown in
Table 7 reveal a nonlinear deformation relationship.

Examination of Figure 9 shows that good visual bond
quality was being cbtained in the 1000-joule range for the
conditions annotated on the graph. It would be desirable
to undertake auxiliary tests that would yield quantitative
results on bond gquality. The stack electrical resistance
measurement was considered one means of achieving this goal.
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VISUAL BOND EVALUATION
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Deformation b
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Figure 9.

Compressive Deformation in Percent

Visual boné quality versus compressive
deformation (representative for 3-mil
etched laminates, 1/2 by 1/2 inch)
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D. INTERMEDIATE-SIZE ETCHED LAMINATES

A third series of tests was made on etched laminates
having a 1/2 by 1 inch overlap area. As noted, the RF load
power for this series was increased from 600 to 1200 watts,
since the overlap area was doubled, while the compressive
Stress was held constant (2200 psi). Again good-quality
bonds were obtained (Table 8) but with substantially reduced
deformation.

In-situ measurements of the electrical resistance of
the laminate stack were made on samples obtained during this
series. Figure 10 shows typical results of the total RF
input energy versus the assembly electrical resistance.
Note the dramatic drop in resistance as the oxide interface
is dispersed and the metallic bond is formed at the inter-
mediate energy levels. The total resistance measured in-
cluded contributions from the copper shim electrodes, the
reed and anvil tips, the laminate stack, and the contact
resistances for the 1/2 by 1 inch contact areas. The fix-
ture resistance represents a major portion of the final
assembly resistance: over 80 percent, as shown in Figure
10. Because of the relatively high fixture resistance, an
interim goal for the face-to-face stack resistance was set
at under 100 microhms. Subsequent analysis and photomicro-
graphs show that the goal should have been more stringent
(e.g., under 10 microhms).

E. LARGE-SIZE LAMINATE BONDING

Attempts to bond 1.0 by 1.5 inch etched laminates
with l.6-inch-square tips were not successful due o the
large operating frequency shifts introduced by the massive
tips. Attempts to operate at abnormally low frequencies
(e.g., at 14.1 kilohertz with 15-kilohertz transducers)
also led to large impedance mismatches which limited the
available RF load power.

Static electrical resistance measurements were made
of the extra large laminate stack assemblies obtained
during these experiments. Representative results are
summarized in Table 9. Those in the first group (Samples
#61 to #64) were produced using the 1.5 by 1.5 inch tips
and the larger 3.2 kilowatt (rms) transducer. Overall,
the power delivered was not sufficient to obtain good
bonding for the area.
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New (lower mass) tips 1.1 inches square were made for
use on 1.0 by 1.1 inch laminates. Impedance matching,
power delivery, and bonding results were better. With the
addition of a larger, higher power transducer (3200 watts,
as described in Appendix B), much better bonding results
were obtained. Many parametric bonding studies were con-
ducted at load power levels of 2500 to 3100 watts. Because
the solid overlap area was approximately 1 square inch, the
power density values were numerically similar to the load
power readings.

By way of comparison, it was observed that a good
visual bond was produced for each of the bond areas tested,
and that the compressive deformation obtained in samples
with bond areas of 0.5 and 1.0 square inch was substantially
less than that obtained in samples with a 0.25-square-inch
interface area (Table 8). Since the 1/2 by 1 inch samples
and the 1 by 1 inch samples listed in Table 8 were obtained
under one set of test conditions only, no conclusions rela-
tive to optimization of bond energy for larger laminates
could be drawn at that time.

It was also observed, with respect to the largest (1 by
1.1 inch) area, that another system limit was defined, i.e.,
the maximum peak voltage rating of the 2400-watt transducer
of 2500 volts (zero to peak) was reached in attempts to
deliver the 2400 watts dictated by the test criteria.

In summary, visually good-quality bonds were obtained
with three different size contact areas, without excessive
deformation, within a few seconds ultrasonic bonding time,
on as-received surfaces, without special atmospheres, on
etched foil fluidic laminate stacks made from 1145 aluminum
alloy, as supplied by ARRADCOM.

2. DIFFUSION BONDING TESTS ON A STANDARD W-4000 SPOT
WELDER

As noted in Appendix E, the ultrasonic diffusion bonding
system differed acoustically and mechanically from the more
conventional ultrasonic spot welders.

During the period when the diffusion bonding system
was undergoing mechanical changes, a Sonobond standard
W-4000 metal spot welder was used for accustic design com-
parison tests. Table B-4 in Appendix B summarizes the key
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design features and differsnces for the two systems. To
facilitate recommendations toward ultrasonically activated
diffusion bonding of larger laminates and thicker stacks,
these differences were evaluated directly by laminate
bonding tests.

The most pronounced effect was the skewing of the lami-
nates within a stack during bonding on the W-4000 welder.
A variety of stack clamping approaches were tried, includ-
ing pop rivets and binder head screws, with little success.
A review of the welder revealed a "kick" at the reed tip
at medium to high power levels. This kick was a visible
forward jerk of the reed tip relative to the anvil tip,
probably induced by a static couple associated with the
offset clamping force axis and the moving head design.

Each time a kick was observed, the upper laminates were
skewed forward with reference to the lower laminates. The
skewing was too severe to provide meaningful high-power
tests as planned.

However, medium power tests typified by data in Table
10 show a few interesting differences., The effective trans—
ducer impedance on the W-4000 welder was consistently lower
than for the diffusion bonding system. This lower imped-
ance had the advantage of requiring lower drive voltages to
reach similar load power levels (as shown in Table 10). The
lower impedance occurs because of the different flexural
mode of vibration designed into the two resonant reeds.
Consequently, future diffusion bonding systems would per-
form best if the reed design were similar to the W-4000 and
the static force were applied via a moving anvil. This com-
bination corresponds to the new M-8000 spot welder made
available within the last 6 months. Unfortunately, the
latest M-8000 welder was shipped before it could be eval-
uated for diffusion bonding.

In-situ stack resistance measurements also showed
the effects of laminate skewing as the final value in-
Ccreased with each skewing increment (Samples W3 to W7 in
Table 9). The revised diffusion bonding system (operated
at medium power) produced a six-layer stack with a stack
resistance (< 200 microhms) manyfold lower than obtained
on earlier tests. Stack resistance measurements confirmed
the presence of better bonds as seen by visual examination
of surfaces and edges.
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Flexural rigidity tests made on samples assembled on
the W-4000 spot welder at higher bond energy levels (5400
joules) showed higher stiffness, indicating a larger per-
centage of interface area bonded (see Figure 14). These
results suggest additional studies should be conducted at
still higher energy density levels fer the larger laminated
stacks.

G. BONDING TIME VERSUS EXTRUSICN TIME

The 1-1/8-inch-square tips criginally made for the
1/2 by 1/2 inch overlap laminates were tried without the
two aligning pins. Bonding with extended time (3-4 sec-
onds) at medium power caused the aluminum to partially
extrude into the vacant pin holes. Reducing the bond
time to 1 second produced very little extrusion and good-
appearing bonds when the load power was above the thresh-
old value. It became apparent that a trade-off exists
between time required to form a diffusion bond and the
allowable time for extrusion of unsupported areas. The
optimum time appeared to be in the order of 1 second.
While this conclusion needed verification via sectioned
stack assemblies, it did appear a promising way of mini-
mizing fluid channel collapse while providing low-leak
assemblies.

Electrical resistance measurements on samples from
this group (Samples #76 and #78 in Table 9) showed uni-
formly low values (< 60 microhms), approaching the range
where acceptable leak rate samples should be obtained.

He STACK ASSEMBLY BY SUBGROUPS

Since thickness limitations do exist with each ultra-
sonic system, it is appropriate to ask if subgroups of
laminates can be bonded separately and then combined.

From a simple energy density viewpoint, subgroups offer
no advantage because the final stack assembly thickness
limitation still exists. However, because of the energy
threshold phenomena, assembly of bonded subgroups into
the total stack could extend the stack thickness limit.

The interassembly of active element laminates with

fluid channel and manifold laminates can lead to unsupported
regions involving more than one layer. Interface bonding
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at unsupported regions is weaker than at supported regions.
For this reason, the last test conducted during this pro-
gram consisted of assembling stacks via the subgroup approach.
Four layers of active elements plus two bonding manifolds
constituted one subgroup (see Figure 11). A second subgroup
consisted of four layers of fluid channels and a final mani-
fold. These two subgroups were then assembled into the
active device stack at the same power density levels em-
ployed for the subgroups. Stack resistance measurements
indicated the same final value was obtained as for the
earlier assemblies made with a single power burst. Visual
examination of the exhaust port channels and the images of
the underlying channels showed less distortion for the sub-
group approach, as shown in Figures 19 and 20. Optimization
via stack resistance and visual deformation revealed that
shorter power bursts would lead to both low distortion and
low stack resistance.

The reduced distortion effect is understandable in
terms of the time required for material flow during plastic
deformation associated with laminate distortion. For power
bursts under 1/2 second, very little distortion occurred.
By employing 1/2-second bursts for each subgroup and the
final assembly, each laminate was exposed to ultrasonic
activation for 1 second total. But only half of the total
time involved attempts to bond multiple layers of unsupported
regions.

The original photographs of the top and bottom views
of assembled active device stacks (Figure 12) show surface
texture differences which reveal the underlying fluid channel
and control geometry. This X-ray-like portrayal is due to
the heavy impression of the tip EDM surface upon the best
Supported regions. The unsupported regions do not replicate
the EDM texture and hence leave a contrasting image.
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*-] l.l“l—ﬂ—— Bond Region

Top Manifold

Interconnecting
Channel
Laminates (4)

Middle Manifold

Active Element
Laminates (4)

Bottom Manifold

Total Stack
1l Laminates

Figure 11. Array of 5-mil etched laminates as assembled
for active element tests.
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#99 #100 #101 #102

1.1" x 1" Bond
Region

Figure 12. Top and bottom views of assembled stacks
containing an active fluidic circuit,
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VI. CHARACTERISTICS OF BONDED LAMINATES
WITH UNIFORMLY DISPERSED BONDING SITES

-

A. TENSILE-SHEAR STRENGTH

Through the use of chemically roughened surfaces,
initial contacts between surfaces become widely separated
but with uniform concentration over interface areas large
compared with the peak roughness values. Initially, the
Site concentration is very low, giving an apparent low
strength per unit area of overlap. The bond strength at
e€ach bond site, however, may be of "nugget" quality. 1In
fact, the total bond averaged over the contact area (only)
is expected to equal parent metal strength.* It is the
low bond site concentration density which facilitates large

area laminate bonding at relatively low acoustic power
densities.

Tensile-shear testing of 3-mil-thick 1/2 by 1/2 inch
laminate assemblies was attempted early in the study. The
bond interface shear strength exceeded the parent metal
Strength of the thin laminates in each assembly tested.

These tests only defined a lower limit to the tensile-shear
strength where:

Parent metal breaking load, Pb =t w oy
t = laminate thickﬁess = 0.003 inch
w = laminate width = 0.5 inch
o-. = ultimate tensile strength = 23,000 psi

Py, = 35 pounds. (See Appendix E.)

*Tensile~-shear testing of 1/2 by 1/2 inch laminate assem-
blies was abandoned early in this program when the samples
all failed in the parent metal outside the overlap region.
No quantitative data on bond strength could be obtained
under those conditions. These early tests did establish
lower limits to the apparent strength.
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B. COMPRESSIVE LDEFCRMATION

Each of the laminate stack assemblies has been measured
for compressive deformation (i.e., permanent stack thickness
change) at several locations within the overlap region.
These measurements were made manually with a standard
micrometer (0.0001 inch vernier) to provide guidance in
defining "excessive deformation." Conventional ultrasonic
bonding can often be accomplished with only a few percent
compressive deformation. However, the maximum spacing
shown on Figure C-2 indicates that a minimum of 8 percent
would be required to establish full area contact on etched-
surface 3-mil laminates.*

Elastic solids in compressive loading exhibit a lateral
eXpansion due to the Poisson effect. This lateral expansion
could have the effect of reducing the fluid channel cross
section. Havever, with etched-surface laminates, the Pois-
son effect will start at zero and increase toward a value
of 0.5 (pure plasticity) as the interface gap approaches
zeéro. In other words, the Poisson effect will be small for
the initial 8 percent compressive deformation.

cC. PEEL STRENGTH

The apparent peel strength of a laminate stack assem-
bly with 1 percent interface contact area will appear low,
as reported in Table 1ll1. But the effective peel strength
over a small bond site can correspond to nugget quality.
It is apparent that conducting peel tests without defining
contact area will have little wvalue. Since the functional
fluidic device is not exposed to peel-type loading, peel
tests were abandoned except for model confirmation data.

*A typical interface spacing of 225 microinches per laminate
interface equals:

6

TR -
For t = 3mils, 2220 = 1) , 150 ~ 7 5y
3 x 10 N
: 225 x 10~° (N = 1)
For t = 5 mils, = =3 = x 100% =~ 4.5%.
5 x 10 N
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TABLE 11. PEEL STRENGTH IN MULTI-LAYER TEST COUPONS

0.0035 x 1/2 x 1 inch coupons
1/2 x 1/2 inch overlap area

Maximum
1145-H19 Layer from Peel Peel
Unetched Drive Reed Strength Strength
Sample No. Tip (1b) (1b/inch)
3 1 4.0 8
« 2 4.0 8
8 0.5 L
4 * *
’ 5 i 5.0 10
2 6.5 13
3 8.0 16
4 0 0]
7 1 8.0 16
2 10.0 20
N 3 10.5 211
4 6.5 13

*This layer was subjected to tensile test
mentioned in accompanying text.
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D. FLEXURAL STIFFNESS

Ten sile-shear tests and peel strength tests were not
found to be adequately sensitive to small changes in bond-
ing parameters. Neither would be usafi:l for parametric
optimization studies. A brief review of flexural stiffness
calculations suggested that a standard three-point loading
fixture might provide a means of nondestructive mechanical
evaluation of assembled stacks. Figure 13 shows a minia-
ture fixture used for exploratory measurements.

Force-deflection measurements were made on a few
assemblies using fixed spaced drill rods to apply line
contact loading over the central portion of the stacks.
Figure 14 shows the very low stiffness (70 pounds per inch)
measured for loosely stacked laminates (12 layers) where a
l-pound force produced a 0.0l4-inch deflection.

Similar deflection on bonded specimen #98 required a
force of 21 pounds (giving a flexural stiffness of 2200
pounds per inch). Hence the interface bonding obtained
with 0.8 second ultrasonic activation increased the flexural
stiffness by more than twentyfold. A solid aluminum bar
with the same dimensions as the laminated stack (11 layers)
would have a stiffness of 18,000 pounds per inch, which is
121 times the loose stack. This shows +hat the percent
interface area bonded at low energy (e.g., specimen #98)
is small but finite.

A higher bond energy sample (#W-4) assembled on the
W-4000 spot welder gave 50 percent higher stiffness (0.010
inch deflection with 24 pounds force = 3700 pounds per
inch). Thus, these stiffness measurements confirm that a
significant fraction of the interface area is bonded at
low ultrasonic energy and that both the stiffness and the
bond area increase as the bond energy increases.

B. SINGLE NUGGET VER3US DISPERSED SITE BCND AREA
LIMITATIONS

With onventional ultrasonic metal bonding, the lar-
gest weld spot dimension is smaller than the diameter of
the resonant reed. Rectangular bar tips typically have
a weld length of 60 percent of the reed diameter or less.
Sphericaily crowned spot weld tips typically generate an
oval-shaped nugget less than 50 percent of the reed diameter.
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Test Stack
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Figure 13, Miniature flexural loading fixture.
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Flexural Stiffness in Pounds per Inch of Width

10
100% Solid
1l Layer 2024-T3 64-mil
///}Stack
4 |
10 ;30% Solid
2 Layers 2024-T3 |égégzggs)
Unbonded jGO—mil
!/// Stack
10° i v _
S/ /! {
! | C//#v;z—zz (5400 joules)
' I
! #98 (2500 joules)
2 '  /
10 I
I
| é
12 Layers| l
Foil { 4|
lol Unbonded :
EW/IZ Unbonded Etched Laminates
10°
1074 1073 10™2 107t 10°
Interface Contact Area Fraction
Figure 1l4. Flexural stiffness of laminated aluminum

stacks.
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Table 9 shows data from laminates bonded with a 1 x 1
inch overlap area using the diffusion bonding system having
a 1-1/8-inch-diameter reed. Clearly the l.4-inch diagonals
on the above laminates extend beyond the reed diameter, yet
the corners responded as if equally active with the central
region. Because of the distributed bonding sites associated
with the etched foil surfaces, the conventional size limi-
tations no longer apply and possibly may be exceeded by
severalfold. The statistically random surface texture
created by chemical etching suggests that the average bond
strength will be uniformly distributed over the full over-
lap region.

Other system design factors also affect the bond area
limitations. The static clamping force system (discussed
on page 29) was rather severely limiting. Figure 15 shows
the available compressive stress versus spring compression
for several stack sizes. Since a compressive stress level
in the order of 2000 psi is indicated so far, stack sizes
larger than 1 by 1.5 inches will require modifications to
the screw-spring system.

The acoustic power density available is determined by
the RF load power available from the frequency converter
(see Appendix B) and the RF excitation rating of the trans-
ducer. Figure B-1l shows the RF power densities available
for various stack sizes, for two transducer sizes, and for
different frequency converter ratings.

By modifying the system to accommodate the larger
tension-shell transducer (rated 5 kilowatts at 50 percent
duty cycle), stack sizes up to 1.0 by 1.5 inches can be
activated at power densities of 2400 watts per square inch.
This power density has produced good results for several
stack sizes. The optimum power density is vet to be deter-
mined, but should be a similar order of magnitude.

R RELATIVE LEAK RATE

Two roughened surfaces in light contact will present
a tortuous path to fluid flow along the interface. As the
contact area increases due to ultrasonically activated
plastic deformation of the larger peaks, the resistance
to fluid flow would increase. The engineering trade-off
between average bond strength, total compressive deforma-
tion, and fluid leak rate now envisioned suggests that a
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Compressive Strees in Pounds per Square Inch
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compromise will be selected where the fluid path will be
diffusion. Dushman (7) shows that the gaseous flow rate
through a porous solid can be defined by the following
equation:

6

P = 7.282 x 10 o 0.l1636 {cmafsec],
g M
where n = shear viscosity of gas,
M = molecular weight of gas,
Aa = gas pressure in atmospheres.

For air (with a pressure differential of 7 psi):

Viscosity, n = 1.845 x 10-4 poise
M = 29
Aa = 0.5 atmospheres
ana p, = 1.282x 10:2 v 0.5 4+ 0.1636
1.845 x 10 V 29
= 0.050 cm3/sec = 0.006 scfm.

l. Soap Bubble Leak Tests

A simple but effective test for leaks consists of
applying soap film along the exterior surfaces of a pressur-
ized device. The creation of soap bubbles clearly defines
the presence of a leak. To establish the order of magnitude
of the leak rate, the following assumptions were made:

Bubble shape = sphere
Bubble size = 2 mm diameter

Bubble formation rate 24 1 per second

bubble volume
formation rate

Gaseous flow rate, F =

(7) Dushman, S., Scientific Foundations of Vacuum Technology,
J. Wiley & Sons, Inc., New York, 1958, p. 118.
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_ 4,3
Fb = 3 " r” /BPS

Fb = 0,004 cm3/sec.

In comparison, the gaseous volumetric flow rate through
a duct of uniform rectangular crcss secticn which simulates
a fluidic channel is given by the Hagen-Poisseuille law (8)
as:

r 2
_ AP i ab 2
Q = ( A L) 2 n LZ(a - b)] ab (cm™/sec)
where a = duct width
b = duct height
ab = duct cross-sectional area
AL = duct length
AP = pressure differential across channel length
B = shear viscosity (poise)
ab _ . :
T B = hydraulic radius.

For air at 25°c, P = 180 x 1078 poise (dyne—sec/cmz)

Let a = 0.2 om
b = 5 x 3 mils = 0.006 cm
AL = 1 com
AP = 7 psi = 4.8 x 105 dyne/cmz.
Then:
4.8 x 10° B, 2
Q =( == — [0.0029] X 0.2 x 0.006
: 2 x 180 x 10
Q = 13 cm3/sec,

and the relative leak rate F/Q is small:

F 3
6; _ 0.05 cm /sec = 0.004 = 0.4%

13 cm3/sec

(8) Eshbach, O. W., Handbook of Engineering Fundamentals,
2nd Ed., J. Wiley & Sons, Inc., New York, 1965.
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F 3
6]9 = 0.00¢ em /sec _ 4 4003 = 0.03%.

13 cm3/sec

Two l2-layer assemblies consisting of S-shaped fluid
channels and enclosing manifold plates were sent to
ARRADCOM for leak testing. Unfortunately, the mani-
fold holes did not align with the leak test fixture holes.
After drilling holes in the laminated assemblies, both were
subjected to the socap bubble leak test. Only one developed
small bubbles at a fluid pressure of 5 pounds per square
inch. This small leak may have been introduced by laminate
burr distortions during drilling.

It is clearly evident that additional leak testing and

related bond parameter optimization should be conducted
during the next program.

G. ELECTRICAL RESISTANCE

An introduction to an analytical model for the elec—
trical resistance of aluminum laminates is presented in
Appendix D. Table 12 summarizes the analysis showing that
the constriction resistance associated with the localized
contact sites was of major importance. It was also shown

that the effective value of constriction resistance depends
upon:

a. Number of contact sites

b. Distribution of contact sites

C. Area of contact at each site

d. Height of contact sites relative to base plane

€. Concentration of oxide particles within the inter-

face region.

Each of these parameters alsoc has a pronounced effect
upon mechanical strength and acoustic response. Hence, in-
situ monitoring of stack resistance during ultrasonic bond-
ing does provide a direct measure of the mechanical proper-
ties generated.

Measurement of laminate stack resistance has been
greatly facilitated through the use of a dig%tal microhm-
eter with a resolution of 1 microhm (1 x 10— ) ohms. This
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high resolution permits measurement of primary effects such
as bond contact area, secondary effects such as pressure

and temperature dependence of stack resistance, and possibly
even third order effects involving nonlinear dependencies.

The high sensitivity of the microhmeter permits meas—
urements of resistance effects usually considered negligibly
small. For example, it was reported in Appendix D that the
resistance of copper foil 10 mils thick by 1 inch wide was
90 microhms for a l-inch clip lead spacing, and further that
the ohmic resistance of 59 microhms and a spreading resis-
tance of 30 microhms fully describes the origin of the
measured values. Obviously, if the microhmeter can relia-
bly measure the resistance in a short section of copper
foil, it can also measure a variety of effects in aluminum
laminated stack assemblies.

Figure 16 illustrates measurements made on unbonded
laminated stacks while statically loaded within the ultra-
sonic bonding system. A hysteresis type result was found
as resistance measurements were made with both increasing
and decreasing loads. During initial loading, the larger
surface peaks made contact with the opposite surface and
were plastically deformed. This localized plastic defor-
mation caused a reduction in the constriction resistance
which largely remained as the loading was reduced.

Figure 17 shows that the entire stack resistance versus
static load curve moves to higher values as the number of
laminates (and interfaces) increases. It should be noted
that the initial (low load) value of stack resistance is
in the order of thousands of microhms and increases in pro-
portion to the number of interfaces. It should also be
noted that even with very high compressive loads, the final
stack resistance of unbonded assemblies remains at several
hundred microhms. After bonding, the corresponding stack
resistance is manyfold lcwer (see Table 12). Hence, the
Stack resistance measurements can distinguish between con-
tact area changes induced by static pressure and those
permanently induced by ultrasonic bonding.
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Face-to-Face Stack Resistance in Microhms
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VII. PHOTOMICROGRAPHIC ANALYSIS OF
LAMINATE ASSEMBLIES

Because of the relatively high cost of mounting, sec-
tioning, and photographing, photomicrographic analysis has
been conducted on a limited scale. Figure 6 is a photo-
micrograph of a six-layer stack cross section at 200X mag-
nification near the center of specimen #59b. This stack
was assembled with low power and shows a well-consolidated
region with localized metallic becnds near the left and
right hand extremes (about 0.02 inch apart). Interfaces
are clearly evident over much of the region as would be
expected for roughened contact surfaces that are incom-
pletely bonded. The interface gap appears to vary from
0 to 100 microinches but may average near 32 microinches.
Better consolidation and greater bond areas were obtained
on later specimens as the bonding process was improved.

Based upon the randomly roughened surfaces of etched
aluminum foil, each cross-section view of low-energy assem-
blies will have a different arrangement of contact sites.
The average fraction of interface shown with metallic bonds
present is related to the statistically distributed rough-
ness values, the compressive load applied during bonding,
the ultrasonic power level relative to the power threshold,
and the ultrasonic energy density.

Figure 6 is a representative cross section for the
compromise bonding conditions selected, i.e., low compres-
sive deformation, low ultrasonic energy density, and short-
duration bonding times. Nugget quality metallic bonds are
Seen over approximately 10 percent of the exposed interface.
This value is quite consistent with the randomly dispersed
bonding site model discussed earlier in this report.

Table 13 shows the effect upon bonding parameters of
different bond area definitions, i.e., overlap area, solid
area, true contact area. It can be seen that the dispersed
bond site model predicts energy densities corresponding to
those required in conventionzl ultrasonic bonding to pro-
duce nugget quality. This model alsc shows that the com~
pressive loading falls just belcw the static yield stress,
but with the onset of ultrasonically induced superplasticity,
the dynamic yield point is exceeded.
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Figure 18 shows an end sectional view of the same
specimen shown in Figure 6. It can be seen that metallic
bonding occurred over a larger fraction of the exposed
interface, being pronounced at the upper and lower inter-
faces. Consclidation appears complete over the three cen-
tral interfaces, indicating a very low leak rate assembly.

Some of the photomicrographs showed the effects of
highly textured reed and anvil tip surfaces. At high bond
energies, some of the stack upper surfaces show a tip pen-
etration in the order of 20 percent of a single 3-mil layer.
This corresponds to 6C0 mic roinches, which appeared too
rough for this application. A scanning surface profilo-
meter gave a surface rcughness on these tips of 280-300
microinches (rms) as compared with the 6-10 microinches
(rms) used at the beginning of this study. A geometric
mean between these two extremes (about 50 microinches rms)
appeared to be a better compromise. However, attempts to
generate tip surfaces to this roughness by electrical dis-
charge machining (EDM) and hand lapping were not successful.
Further attempts to generate 50-microinch surfaces were
abandoned when the abnormally hich electrical impedances
were traced to imperfect tip-to-stack acoustic coupling.

Figure 19 shows a magnified (25X) view of a l12-layer
stack edge containing an exhaust port. The edge shown is
the unetched and untcuched exposed edge of the assembled
stack as removed from bonding. The miror distortion of
the ccver plates over the unsuppcrted fluid channel was
kept small by the choice of bonding parameters, namely:

RF load power: 2700 watts
Bending time: 1.0 second
Bond energy: 2700 joules
Static clamp force: 2200 pounds.

Figure 19 also shows that simple aligning procedures
provide exhaust port sides as straight as the etched varia-
tions would allow.

Figure 20 shows the magnified (25X) edges of three
stacks assembled with different bond times and bond ener-
gies. Each of these s*tacks containad 11 layers total with
four layers containing an active element. The four active
layers had one exhaust port shown in Figure 20. It can be
Seen that the fluid channel remained over 90 percent open
iln each case.
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Figure 18. End sectional view of ultrasonically bonded
aluminum laminates at 200X magnification.
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Specimen #83 (12 layers)

Figure 19. Magnified (25X) view of exhaust port with
as assembled edges.
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Specimen #89
1.25 seconds

Specimen #88
1.00 second
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Specimen #87
0.75 second

Figure 20. Magnified (2t£X) view of active exhaust ports
with as-assemkled edges (1l layers).
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Figure 21 shows a magnified (50X) sectional view of
the exhaust port and solid stack region of specimen #83
(same as shown in Figure 19). These views show a fully
consclidated and bonded assembly with only minor distor-
tion of the unsupported layer regions. Specimen #83 was
prepared for photomicrography by casting in clear epoxy
resin, sawing through the assembly, belt sanding, coarse
grinding, polishing, and etching as a subcontracted
service.

Figures 22 and 23 provide a magnified (50X) compari-
Son of cross sections bonded at different bond energy
levels. These specimens were prepared by casting, sawing,
and coarse grinding only. These sectioned surfaces show
more grinding marks and gouges than the etched surface in
Figure 21. Both specimens (#87 and #89) show nearly com—
plete consolidation but incomplete interface bonding as
would be expected for the short bonding times employed.

Figures 19 through 23 are photomicrographs made at
the end of this program. The information presented sug-
gests that the bond parameter optimization might have
appeared better at higher bond energies than the 3000
joules employed.
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Figure 21.

Specimen #83 (polished and etched)

Magnified (50X) sectional view of exhaust
port and adjacent solid section.
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Specimen #87 (3600 joules)

Figure 22. Magnified (50X) sectional views of active
device assembled at medium energy



Specimen #89 (2000 joules)

Figure 23. Magnified (50X) sectional view of active
device assembled at low energy.
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VIIT. REVIEW OF ULTRASONICALLY ACTIVATED
DIFFUSTON BONDING

The physical model of two roughened surfaces in par-
tial contact can be quantitatively described by a statis-
tical distribution of surface peak heights, surface con-
centration, and interpeak distances (see Appendix C).

This model of uniformly dispersed bonding sites provides
an explanation for the apparent low bond energy require-
ments found with fluidic laminates. As was shown in Table
8, the actual bond energy density utilized for assembly of
aluminum laminates agrees well with conventional ultrasonic
bonding requirements when the true contact area is care-
fully defined. This conceptual breakthrough permits
extrapolation of bonding parameters to larger areas and
thicker stacks with much better confidence than before,
Both the uniformly dispersed bonding site model and the
experimental evidence show a linear increase in ultrasonic
power requirements with increasing laminate size and in-
creasing stack thickness.

The analytical model also aids in understanding the
mechanical properties created by diffusion bonding. The
parent metal bond strength is present, and it is dispersed
via many contact points over the entire overiap region.
Hence, if the full stack size is used for area averaging,
the strength appears low. The local bond strength, however,
is equal to the more conventional ultrasonically bonded
nugget.

The present analytical model presents a clear picture
of the engineering trade-off available between percent
area bonded, permanent deformation, lezk rate, and mechan-
ical strength (Table 14). It is apparent that the thick-
ness deformation should ke greater thar the 8 percent
required just to reduce the interface c¢ap associated with
unnested, randomly rcughened surfaces. Furthermore, the
initial 8 percent of thickness change will have very little
effect upon the fluid channel geometry,

Measurement of the electriczl resistance of laminated
assemblies across the full area of the overlap region pro-
vides both confirmaticn of the model predictions and status
of the bonding process. Figure 1€ summarizes the resis-—
tance trends versus the assembly stages. Static clamping
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forces reduce the initially high resistance to the several

thousand microhm level. But compressive loading alone will
not cause the stack resistance to reach the very low values
associated with metallic bonding (under 10 microhms over

1l square inch).

Figure 16 dramatically illustrates the threshold
energy level effect (i.e., the minimal energy level at
which dynamic yielding occurs) which precedes the onset
of ultrasonically induced superplastic deformation of
the contact sites. 1In this region, tond area increases
rapidly with bond energy until the stack resistance falls
by more than tenfold. Then, the bond area increases mere
slowly at the expense of increasing ccmpressive deforma-
tion. Within the lower valley lies the engineering trade-
off region cited earlier. For example, specimen #59b
shown in section view in Figure 6 had a final stack resis-
tance of 110 microhms (Table 12) and an average compressive
deformation of 9.4 percent. Figure 16 shows that the bond-
ing should have been continued for twice as long (double
the bond energy density) to obtain minimal stack resistance.
Such a schedule was applied to specimen #59a, wherein the
stack resistance was reduced to zbout 80 microhms and the
deformation increased to 12.3 percent. Note that when the
area resistance product is calculated (16 microhm-square
inches), a "good bond” value is obtained. Features of this
good bond are:

a. Low intralayer distorticn: 12.3 - 8.0 =¥ 4%.
b. Practical kond area: <<100 microhms.

C. Acceptable leak rate: < 5%.

d. Minimal fluid channel changes: 0.5 x 4% = 2%.
e. Nonfragile assembly: Can be handled.

f. Suitable for manifold assembly: Flat exterior
surfaces.

A, LIMITING FEATURES OF PREVIOUS ULTRASONIC BONDING
SYSTEM

l. Stack Thickness Limitaticon

The bonding apparatus used +o develop small-stack
bonded assemblies consisted of a single wedge-reed acoustic
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system with a passive contra-resonant anvil support. Since
ultrasonic energy was transmitted into the laminated stack
from only one face, a severe stack thickness limitation was
imposed. We propose to increase the bondable stack thick-
ness by using a driven wedge-reed system on both faces of
the laminate stack. The relative phasing will be chosen to
maximize the net shearing displacement (e.g., opposite
faces will be excited 180 degrees out of phase) .

2. Laminate Length Limitation

The largest lateral dimension of a bonding tip on
a wedge-reed system is fundamentally limited to a small
fraction of an acoustic wavelength. At a 15-kilohertz
operating frequency, the longitudinal wavelength in steel
is about 13 inches. Acoustic design guidelines suggest
tip dimensions should not exceed 1/8 wavelength or about
1.6 inches at 15 kilohertz. We propose to extend the
maximum lateral dimension by using an array of abutting
tips, each driven by a separate wedge-reed system. Previous
experience with abutting bar tips for fabricating leak=
tight seam welds in aluminum heat exchangers has confirmed
the merit of the abutting approach.

The alternative of operating at much lower fre-
quencies would be more costly in terms of acoustic engi-
neering design time. At this time, it appears more
appropriate to utilize the existing 15-kilohertz acoustic
know-how.

3. Laminate Area Limitation

The largest area laminate which could be bonded
was established by the available acoustic power density,
which was in turn limited by the maximum excitation voltage
that could be safely imposed upon the 4-kilowatt transducer.
We propose to modify the Sonobond tension-shell transducer
design to permit operation at voltages higher than the
present 3000-volt (zero to peak) breakdown limit. This
will facilitate the utilization of the full power-handling
capability of this transducer. We were unable to exploit
the 5-kilowatt, 50-percent-duty-cycle transducer rating due
to the combination of high effective electrical impedance
of the larger area laminate stack and the high voltage
breakdown limitation.
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IX. THE PROPOSED NEW LARGE-STACK
BONDING SYSTEM

Several approaches could be considered appropriate
for the develovment of a diffusion bonding system for
large fluidic stacks. In order to maximize chances of
success, we have selected a low-risk equipment develop-
ment approach. This approach utilizes much of the exist-
ing ultrasonic technology associated with 15-kilohertz
wedge-reed metal bonding systems developed at Sonobond.

Having systematically defined, in quantitative terms,
each of the existing bonding system limitations, we are
able to describe the ultrasonic system needed to bond
larger laminate stacks.

A. STACK-CONTACTING BONDING TIPS

We propose each driven face shall consist of a sym—
metrical array of four abutting tips, each driven by a
separate wedge-reed system for a total of eight wedge-reed
acoustic subassemblies, as indicated in Figure 24. Nominal
tip size will be 1.5 inches square to provide an array face
size of 3 by 3 inches. Any pair of adjacent tips may be
employed for studies cn 1 by 3 inch laminates.

Abutting tips are proposed to reduce plate-mode vibra-
tions expected with large face dimensions. While separate
tips will necessitate extra alignment provisions to permit
mounting in a common plane, separate tips will allow stan-
dard acoustic joints between reed and tip, which are essen-
tial to efficient acoustic transmission at high power
densities.

B. ACOUSTIC SUBSYSTEM FCR ULTRASONIC ACTIVATION

The ultrasonic transducers to be erployed will cor-
respond in physical size to the standard 4-kilowatt ten-—
sion-shell design. Because of the 4.5-inch shell diameter,
a simple parallel array of four transducers can not be
placed cn 1.5-inch centers.

We propose to rotate the acoustic axes within a
common plane so that each pair forms the oblique sides
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Figure 24. Abutting reed-tip bonding array for
3-inch laminates.
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Since the actual bonding time with ultrasonic activa-
tion is 4 seconds or less, it appears appropriate to con-
sider sequential or alternate excitation of the acoustic
subassemblies. For example, alternate excitation of each
stack face array would reduce the RF power requirements
from 32 kilowatts to 16 kilcwatts while increasing the
total bonding cycle to 8 seconds. This appears to be a
reasonable approach with only a small sacrifice in stack
thickness capabilities.*

We propose to use sequential excitation of acoustic
assemblies within a single face array. Single wedge-reed
acoustics or pairs of wedge-reed acoustics would be ex-
cited in & time-sequencing cycle. Sequential excitation
would permit the use of a single 8-kilowatt frequency con-
verter for all sizes of laminates and stack thicknesses
within the system capabilities.

D. STATIC CLAMPING FORCE SUBSYSTEM

The original bonding apparatus was designed to fit
inside a commercial bell jar to provide a high-vacuum
atmosphere. This design inhibited the use of conventional
pneumatic or hydraulic clamping force systems. A pair of
tension bolts and compression springs was arranged to
provide a manually adjustable clamping force. However,
this manual procedure was tedious, lackasd high precision
and repeatability, and was severely limiting in the maxi-
mum force available. Since diffusion bonding has been
accomplished without high vacuum by using ultrasonic
activation, we propose to delete the high vacuum limita-
tions and return to more conventional clamping force
systems.

E. LAMINATE STACK SIZE GOALS

Having had several discussions relative to fluidic
device applications and representative sizes thereof, we

*Alternate face excitation should double the stack thick-
ness capability while simultaneous excitation would more
than double it due to superimposition of dynamic shearing
stresses near the stack contrcl layers.
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present the following stack size goals as useful and
realistically achievable:

1. Maximum laminate length: 3 inches.

2. Maximum laminate diameter: 3 inches.

3. Maximum laminate diagonal: 3.2 inches (corres-
ponding to diagonal of 1 by 3 inch laminate
layer).

4. Maximum laminate bond area: 5 square inches

(corresponding to 70 percent solid contact on
3-inch-diameter laminate layers).

5. Maximum stack thickness: > 0.100 inch (to be
experimentally defined).

B SUMMARY OF CHARACTERISTICS

Table 15 summarizes the characteristics of the pro-
posed large-stack bonding system in comparison with linear

extrapolations computed from small-stack data obtained on
this program.
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TABLE 15.

PROJECTED BONDING SYSTEM REQUIREMENTS

Extrapolation Proposed
from Small Stack Large Stack
Characteristic Study System
1l X 3 Inch Laminates Overlap = 3 in.2 Contact A 5
= 2.4 in.

Tip Size
Contact Area per Tip
No. Active Tips

No. Wedge-Reed
Assemblies

Clamp Force @ 2200 psi

High Voltage Limit,
Z = 1000 .

High Voltage Limit,
Z = 1500 -

RF power @ 2400 W/in.

Transducer Rating

2

3-Inch-Diameter Laminates

Tip Size
Contact Area per Tip

No. Active Tips

No. Acoustic Assemblies

Clamp Force @ 2200 psi
High Voltage Limit
RF Power @ 2400 W/in.2

Stack Face Excitation

Transducer Rating

1.0 x 1.5 in.
<£1.5 in.?
Two per face

Four
6600 pounds

2200 V rms
3200 vV (0-pk)

2700 V rms
3900 vV (0-pk)

7200 watts
2 X 4 KW/face

Overlap = 7 in.?2

1S g lseS iy
< 1.5 in.?2

Four per face
Four per face
13,200 pounds
Same as above
12 KW/face

Single face

4 x 4 KW/face

90

1.5 % L.5 im
1) in.2
Two per face

Four
7500 pounds

4 RV (0-pk)

4 KV (0O-pk)

8 kilowatts

4 x5 KW

Contact A
=5 dm.

haSi g 1e5 S,

1.25 in.?

Eight

Eight

15,000 pounds

Same as above

1o KW

Alternating
faces

8 X 5 KW



X. CONCLUSIONS

LOW POWER INVESTIGATION

I,

Q.

Ultrasonically activated diffusion bonding can be
accomplished with aluminum foil laminates at room
temperature and with ambient atmospheric condi-
tions.

At energy dens%ty levels of 3 kilowatts per square
inch (20 KW/cm“), stack thicknesses of 60 mils can
be bonded within a few seconds.

The aluminum oxide surface layer normally present
on aluminum laminates does not require removal for
ultrasonic bonding.

Textured laminate surfaces resulting from the
photochemical etching process employed to fabri-
cate fluid channels, etc. are preferred over mill-
rolled surfaces for ultrasonic bonding.

As-received laminate surfaces can be bonded with-
out cleaning or special surface preparation. How-

ever, the bond energy required is lower for freshly
cleaned surfaces.

With fixed-head, moving-anvil ultrasonic systems,
laminate alignment can be maintained with as few
as two pins. Steel dowel pins in the anvil tip

were adequate and did not inhibit local bonding.

Ultrasonic bond energy requirements increased
almost linearly with the number of laminates in
the stack.

Ultrasonic bond energy requirements increased
linearly with overlap area for sizes up to 1.0 by
1.1 inches.

Commercial aluminum foil alloy type 1145-H19 is
one of the best choices for ultrasonic multi-
laminate bonding.

Engineering trade-offs do exist between bond

strength, relative leak rate, and relative distor-
tion of fluid channel paths. If small leak rates
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ni,

12,

13y

14.

15.

16.

17.

18’

1.5k,

can be tolerated, minimal channel distortion is
obtainable.

Laminated stacks can be assembled in subgroups to
minimize local distortions in unsupported regions.
However, time and materials ran out before this
approach could be fully evaluated.

Laminate dimensions larger than the bonding tips
inhibit unifcrm bonding near the laminate overhang.

No evidence of non-uniformity in bonding was found
along planar interfaces within the confines of the
bonding tips.

The face-to-face electrical resistance of lamin-
ated stacks provides a quantitative measure of
the interface metallic contact area from the
rudimentary three points upwards over several
orders of magnitude.

Commercially available digital microhmeters provide
a fast convenient resistance measuring system with
resolutions of 1 microhm and a nigh degree of
repeatability.

Microhmeters provide the means for in-situ monitor-
ing the diffusion bonding progress, especially
during the critical early stages.

Fundamental relationships exist between final stack
resistance and degree of interface bonding with
laminated aluminum stacks.

Static compressive stresses of 2000 psi reduce
laminated stack resistance values frcem a few
hundredths of an ohm to a few milliohms. However,
ultrasonic activation reduces the stack resistance
by a thousandfold to a few micrchms (12 layers of
1l by 1 inch area).

The wedge-reed ultrasonic System provides a gcod
method for modularizing apparatus toward larger
stack diffusion bonding. The moving-anvil ultra-
sonic system is superior to the moving-head system

in terms of preserving laminate alignment.
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20

2~

22.

23.

Ultrasonically activated diffusion bonding of
laminates up to 3 inches in diameter is techni-
cally feasible and practically attainable within
the state of the art.

Ultrasonic diffusion bonding of laminated stacks
is amenable to high-volume production requirements.

Energy costs associated with ultrasonic diffusion
bonding are a small fraction of those associated
with thermally activated diffusion konding.

The final analysis reveals higher bond energy
should be employed during the assembly of laminated
stacks for leak testing or active device testing.
These studies should be conducted prior to the
design of ultrasonic bonding systems for the assem-
bly of larger or thicker stacks.

INCREASED POWER INVESTIGATION

L,

2.

In-situ testing and monitoring of stack leak inte-
grity is a viable quality assurance technique.

Bonding results with leak-test specimens showed
inconsistencies which are believed to be attribut-
able to variations in part cleanliness, presence
of burrs, and heating of the tooling.

In general, ultrasonic bond energy requirements
increased with the number of stack laminates.

The delivery of higher bond energy is related to
the capability of aligning the laminate stack with
suitable constraint to prevent interlaminate slips
with the pin alignment method used, the laminates
were severely compromised at power levels exceeding
RF load power of 3500 watts.

Ultrasonically activated diffusion bonding of alu-
minum foil laminates has the potential for assem-
bling fluidic stacks if suitable stack handling
equipment is provided.

An interim program is recommended to ascertain the
optimum stack handling technique for the ultrascnic
joining of fluidic elements in order to achieve a
production specification for assembly of fluidic
stacks.
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APPENDIX A

SUPPLEMENTARY EVALUATION

After completion of the previously described work,
additional experimentation in tltrasonically assisted
diffusion bonding was carried cut primarily to supply
extended baseline data for evaluation of the process and
to evaluate leak rate as a function of the bonding para-
meters. The additional werk consisted of the following
tasks:

a. Design and fabrication of laminates suitable for
leak testing.

b. Modification of the ultrasonic bonding equipment
to achieve higher power capability and necessary
tooling modifications to accommodate the leak test
laminates.

c¢. Evaluation of the modified equipment at power
levels up to 8 rms kilowatts, and bonding and
evaluation cf test laminates.

d. Assembly and evaluation of functional fluidic
laminate stacks.

1. TEST LAMINATES

In a fluidic device, it is important that liquid flow
through the channels with minimum leakage. In the earlier
work, little consideration had been given to evaluating the
leak rate of ultrasonically bonded assemblies. In this sup-
plementary phase, studies were made to optimize bonding
conditions for minimum leak rate assemblies.

Sonobond personnel, with assistance from ARRADCOM and
Harry Diamond Labcratory personnel, designed a test laminate
stack that would permit in situ leak testing while the stack
was still clamped in the bonding machine. Monitoring the
leak rate by this means would permit determiring the change
in leak rate with changing cower density.

The leak test laminates were configured to simulate the

bonding conditions which would be typical of fluidic logic
devices in circuitry:; that is, large open areas simulating
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manifolding, small fine gaps simulating nozzles and control
ports, and the circular cutout to simulate the distance
between passages within a circuit.

The assembly consisted of four identical center lamin-
ates and two cover plates, as shown in Figure A-1. All
laminates ‘were made from 1145-H19 aluminum alloy. Each was
0.0045 inch thick, providing a total package thickness of
0.0270 inch. The assembly was 1.200 inches square and had
four through-holes for mounting in the bonding machine.

The layer adjacent to the anvil had a small-diameter hole
for leak testing. The laminates were fabricated by a photo-
etch process by Tech-Etch, Plymouth, Massachusetts. For

all stack assemblies, the etched side of the layer was
oriented toward the reed tip.

2 EQUIPMENT AND MODIFICATIONS

Earlier studies had indicated that the ultrasonic bond-
ing equipment, which had a maximum power delivery capability
of 2400 RF watts, was marginal for bonding l-inch-square
laminates. Before bonding the leak test packages, this
equipment was modified to accept higher power levels.

The original welding machine had a wedge-reed coupling
system that was driven by a single 3.2-kilowatt piezoelectric
ceramic transducer. This was replaced by a dual-drive system
incorporating a "Y" transition coupler, shown in Figure a-2.
The reed member was driven by two identical 3.2-kilowatt
transducers (Figure A-3) capable of accepting in excess of
7 kilowatts input power on a 50 percent duty cycle. The new
assembly operated satisfactorily with a 4-kilowatt frequency
converter and subsequently with two 4-kilowatt frequency
converters for the higher power levels.

The reed and anvil tips were modified to accept the test
laminates. The reed tip, shown on the left in Figure A-4,
had a flat surface. The anvil tip, on the right in Figure
A-4, contained the pins for alignment of the laminates, as
well as an input-output manifold for the in-situ monitoring
of the leak rates.

35 LEAR TESTS

Eight (8) test laminated packages were bonded at various
ultrasonic energy levels and clamping forces as shown in
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’/“‘Mounting Holes, 0.147" dia. (typ)

Drive
Laminate

Center
Laminates
(4 reqgd)

Anvil Tip
Laminate

-1.200" -~
“ Leak Test Hole, 0.109" dia.

Figure A-1l. Configuration of leak test package.
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Figure A-2. Dual-drive transducer-coupling system
incorporating "Y" transition coupler.

Figure A-3. 3.2 Kilowatt transducer assembly.
Two such transducers were used to
drive the high power system.
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Figure A-4. Reed (left) and anvil (right)
modified to accept leak-test
laminates.
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Table A-1. These were subjected to leak tests before
removal from the ultrasonic bonder. For cemparison, sev-
eral assemblies clamped in the machine at similar clamping
forces without ultrasonic application were also leak
tested.

The leak tests were performed with a Digital Pressure
Decay Leak Tester Assembly System, Model 326G-50, manufac—-
tured by S. Himmelstein & Co., Elk Grove Village, Illinois.
This equipment is shown in Figure A-5.

The results are presented in Table A-1. As noted, the
ultrasonically bonded packages showed an order of magnitude
improvement in leak rate over the clamped but unbonded
packages in the limited number of tests conducted. Average
leak rates for the bonded assemblies were less than 0.05
cubic inch per second. The results, however, were compro-
mised by the limited number of packages available for the
program. Individual test results varied as much as 2 to 1
at the same bonding conditions.

4. FUNCTIONAL FLUIDIC ASSEMBLIES

For further evaluation of the ultrasonic bonding pro-
cess, Harry Diamond Laboratories provided two types of
functional fluidic element assemblies:

a. Six-laminate assembly, 0.040 inch thick
Top cover 0.105 inchk thick
Bottom cover 0.0095 inch thick
Four inner laminates each C.005 inch thick.

b. Four-laminate assembly, 0.040 inch thick
Top cover 0.0105 inch thick
Bottom cover 0.0095 inch thick )
Two inner laminates each 0.010 inch thick.

The tools evolved for bonding these assemblies are
shown in Figure A-6. The anvil tip, as with the earlier
tools, contained pins for alignment of the laminates during
bonding.

The laminates were ultrasonically bonded at conditions
selected on the basis of the leak test results, i.e., at
high power levels up to about 7000 watts., Even though the
total package thickness was the same for both types of
assemblies, much better bonding gpeared to be obtained
with the four-laminate packages.
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TABLE A-1, LEAK TEST PACKAGES

Static Total
RF Load Clamp Coupling Test Leakage*
Power Force Time Pressure ' —3
(watts) (1b) (sec) (psi) (psi) (in.”/sec)
Unkonded 2220 -- 45 12.4 0.519
3500 2220 3.0 45 0.65 0.027
4700 3000 2.0 40 0.94 0.039
4700 3000 0.5 40 0,79 0. CE8
5600 2700 1.C 40 1508 0.043
6600 3000 il ® 40 0.60 0.025
6600 3000 dvd 215 40 0.83 0.035
7100 3000 1,50 40 0.43 0.018
6700 3200 1.0 40 0.58 0.024

*Each leak test value represents an average of 3 to 5
samples made at the same conditions.
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Figure A-5. Leak test assembly system.

Figure A-6. Reed (left) and anvil (right) tips
for bonding functional fluidic
element assemblies.
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Both types reacted differently from the test laminates
prepared for leak testing. During ultrasonic application at
high power levels, the laminates shifted and deformed in
contact with the alignment pins. Efforts to proceed at
power levels up to 6000 watts resulted in complete destruc-
tion of the laminates. This had not occurred in the earlier
work, and substantial unanticipated effort was directed to
re-evaluating the bonding parameters to achieve minimum
deformation. This activity consumed the supply of functional
laminates on hand.

Harry Diamond Lakoratories supplied additional packages
for continuation of the work. One type consisted of four
laminates, prepared by fine blanking, and a second type con-
sisted of seven laminates, prepared by photo-etching.

These laminates were bonded with the tools shown in
Figure A-5, at the conditions noted in Table 2-2. 1In all
instances, the clamping force was 3200 pounds, which was the
maximum available with the equipment. After three of these
assemblies were bonded, the alignment pins were found to be
deformed and were replaced. Initially the new pins improved
alignment, but as load power was increased, the laminates
were again subjected to damage with high power ultrasonic
application.

The bonding results, included in Table 2-2, were not
consistent. Measured power delivery into the assemblies
varied even when the same power settings were used. For
some unidentified reason, coupling of ultrasonic power into
the assemblies was not consistent. There may have been
variations of cleanliness of the parts, burrs may have been
present on some of the laminates, the packages may have been
non-uniformly sensitive to the slight heating of the tooling,
or combinations of these or unidentified factors may have
been present.

An analysis of the 23 packages which were programed for
inclusion in Harry Diamond Laboratory circuits indicated
that success on this program would have been achievable only
by investigation of a large population of specimens which
were joined under optimum conditicns that were never reached
within the framework of this program. For example, where
improved alignment and light to fair bonds were achieved,
the next effort was to increase *he power to achieve better
bonds with minimized leak rates. The immediate result,
however, was a tearing of the laminates at the alignment
pin.
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