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ABSTRACT

Areas in which ultrasonic energy can be effectively applied in production
metalworking processes, particularly in the mamufacture of Army helicopters
and light aircraft, were explored. Literature covering ultrascnic applica-
tions in various metal forming, metal removal, and metal joining processes
was thoroughly reviewed to establish, in each case, the present status and
the potentisl in terms of cost effectiveness and product improvement. An
annotated bibliography is included in an sppendix.

Several leading Army sircraft mamfecturers were surveyed to exsmine
specific metalworking problems that might be solved by ultrasonic spplica-
tion, and analyses were made to indicate potential benefits snd cost savings
in these areas.

Production equipment and techniques were found available for ultrasonic
tube drawing and ultrasonic drilling of composite materials. Production
engineering was recommended for several processes of short-range applicability:
ultrasonic welding, swaging, turning, boring, twist drilling, broaching, torque
wrenching of small fasteners, press fitting, and tube flaring. Other ultra-
sonic processes of long-range applicability were recommended for further inves-
tigation and possible development: drawing and straightening of rotor spars,
forming of chafing strips, milling, thread cutting, diffusion bonding, wrench-
ing of large fasteners, forging, extrusion, and powder metallurgy processing.
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FOREWORD

This summary report on the feasibility of applying ultrasonic energy to
metalworking processes of significance in the manufacture of Army helicopters
and light aircraft was prepared by Aeroprojects Incorporated, West Chester,
Pennsylvania, under Army Contract No. DAAJO1-72-C-0737(P1G), AMS Code 1497,
Project 1728037. The work was carried out under the sponsorship of the U.S.
Amy Aviation Systems Command, St. Louis, Missouri, with Mr. John Gassner of
USAAVSCOM serving as Contracting Officer's Representative.

This project was funded under the U.S. Army Mamufacturing Methods and
Technology (MM&T) Program, which has as its goal the development of new and
improved mamufscturing methods, processes, and techniques in support of the
production of Army Materiel.

In support of this work, visits to representative aircraft companies
were made primarily by Mr. J. Byron Jones, President, and Mr. Philip C.
Krause, Assistant to the President, of Aeroprojects. Messrs. Jones and
Krause also provided insight in evaluating the potentisa® of the various
ultrasonic processes. Acknowledgement is made of the «~:tributions of
Mr. James D. Anderson, Ferris State College, Big Rapiu., Michigan, who
assembled the information and provided the cost effectiveness studles pre-
sentaed in Appendix A. Appreciation is also expressed to Branson Sonic Power
Company, Danbury, Connecticut, for providing the photographs of Figure 7.

The findings in this report are not to be construed as an official

Department of the Army position unless so designated by other authorized
documents.
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I. INTRODUCTION

This study was undertaken to explore areas in which sonic and ultrasonic
energy can be effectively applied in production metalworking processes, par-
ticularly in the manufacture of Army helicopters and light aircraft. The
areas of specific interest include ultrasonic metal forming, ultrasonic
metal removal, and ultrasonic metal joining.

A. Significance of Investigation

Recent attention has been focused on the skyrocketing costs of military
aircraft, reflecting increased performance and sophistication as well as in-
flationary pressures that have driven up material and labor costs. Mjor
effort is being directed toward reducing costs without sacrifice in aircraft
performance and reliability, and the "design to cost" philosophy has become
the guiding principle in all aircraft manufacture.

Accordingly, the Army is scrutinizing all aspects of initial fabrication
costs of aircraft, as well as life cycle costs as reflected in serviceability
and maintainability. Conventional processing techniques are being examined
to determine if there are ways to make a part or an assembly faster in order
to reduce manpower requirements, with less scrap loss to reduce material
costs, and/or with lower capital equipment investmeat to reduce depreciation
and overhead costs,

Ultrasonic application in various metalworking processes has th= poten-
tial for reducing costs with concomitant improvement in product quality, but
this potential has not been adequately explored nor implemented for the air-
craft industry.

Literature over the past 30 years has lauded the actual or ‘potential
benefits of ultrasonic metal processing, sometimes in glowing and sometimes
in guarded terms. Industrial observers and potential users have generally
been slow to recognize these claims and accept this new technology, often
with some justification.

In a few areas, enterprising aircraft engineers have ventured into
ultrasonic processing only to find that it does not provide an instant solu-
tion to their problems and that there are unresolved difficulties that appear
too costly and time-consuming to pursue. The process may thus be rejected on
the basis that the anticipated benefits do not appear to be worth the effort
involved. The result is a "pie in the sky" attitude toward many of the
claims and a resistance to more thorough evaluation.

On the other hand, ultrasonic investigators have often been intent in
carrying out small-scale feasibility studies in the confines of their labora-
tories without an appreciation of manufacturing problems and without coming
to grips with the task of translating their efforts into specific hardware
for industrial use or providing hard data on the cost effectiveness of a
process.
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In spite of these handicaps, progress has been made. By the mid-1950's,
several ultrasonic processes had received limited acceptance in industry, par-
ticularly ultrasonic soldering, slurry machining, cleaning, and nondestructive
testing. Additional applications in limited production use today, although
not necessarily in the aircraft industry, include ultrasonic welding, tube
drawing, non-slurry machining, certain types of deburring and finishing opera-
tions, and a variety of low-power applications involving measurement and de-
tection.

Industrial activity has been spurred to some extent by the interests
of the Materials Advisory Board of the National Academy of Sciences (now
National Materials Advisory Board) and by the Metalworking Processes and
Equipment Program (MPEP), an inter-agency program involving Army, Navy,
Air PForce, and NASA, concerned with the development and implementation of
new techniques for deforming metals, particularly the newer high-strength and
refractory metals and alloys that resist conventional processing. Under this
program, work has been sponsared in ultrasonic rolling, wire, rod, and strip
drawing, draw ironing, extrusion, and machining, as well as basic studies in
ultrasonic metal deformation. 1In most of these instances, however, economic
feasibility has not been established, and the results have not been translated
into production-type hardware useful to industry.

This study attempts to provide a realistic appraisal of the potentialities
of ultrasonic application in metal forming, metal removal, and metal joining
processes, with a view to determining where the trade-offs favor the use of
these techniques. The effort has involved a survey of past technical achieve-
ments in each area and an appraisal of its present status with regard to in-
dustrial utilization; evaluation of the ultrasonic technology in terms of
immediate and long-range applicability to existing problems in aircraft manu-
facture; examination of the cost effectiveness of such processes for specific
applications; and recommendations for implementation of these processes.

B. Potential Areas for Ultrasonic Application

At the outset of the study, the metalworking areas for consideration
were limited by contract definition and through discussions with USAAVSCOM
personnel to those involving:

1. Processing of metals in the solid state, specifically by metal
forming, metal removal, and metal joining.

#* "Metalworking Processes and Equipment," Publication MAB 206-M (7),
Materials Advisory Board, National Research Council, National Academy
of Sciences, Washington, D. C., September 19¢8. Also T. F. Kearns,
"MPEP--The Metalworking Processes and Equipment Program," Metals
Engineering Quarterly, Vol. L, May 196k, p. 1-1l.




2. Vibratory frequencies above about 5000 hertz, in the upper sonic
and ultrasonic ranges.s

3. High vibratory power levels, wherein ultrasonic energy is used to
perform work.

L. Potential applications in the fabrication and assembly of Army air-
S craft (light fixed-wing aircraft and helicopters) specifically re-
lated to the air frame, rotor or propeller system, transmission
system, controls, and landing gear.

Py Thus the following areas are specifically excluded from consideration:

1. Molten metal processing, as in melt casting.

|
|
|
|

2. Processing of nonmetallic materials such as ceramics and plastics,
except where the same ultrasonic process is effective for both
metallic and nonmetallic materials. Thus we have excluded such
processes as slurry machining, effective primarily for ceramics
and other brittle materials, and ultrasonic welding of plastics,

i which operates by a different mechanism from ultrasonic welding
of metals.

1 3. Ultrasonic cleaning.

L. Ultrasonic applications involving measurement and control, such as
- - nondestructive testing, thickness measurement, material property
’ measurement, and the like.

5. Low-frequency applications, usually involving frequencies of a
few hundred hertz. Such frequencies have been found useful for
¢ certain applications, such as vibratory finishing, stress relief,
v upsetting, forging, and arc welding, but these are included only
insofar as they suggest analogous ultrasonic processes.

6. Potential applications for aircraft avionics, ordnance, and engines,
as in ultrasonic welding, soldering, or drilling in electronics
assembly or ultrasonic ring-weld encapsulation of ordnance devices,

Within the limitations thus imposed, all available literature on ultra-
sonic processing was assembled and carefully reviewed, and pertinent refer-
ences were abstracted. The abstracted references are included as Appendix B.

# For convenience, the type of processing covered in this work is referred
to as ultrasonic, even though the actual frequencies may fall below this
range. In practice, most frequencies used are ultrasonic because of the
noise factor with frequencies in the audible range.




From this literature review, from discussions with personnel of other
organizations, and fram our own experience and knowledge in ultrasonic metal-
working, we have compiled a list, presented in Table I, of metal forming,
removal, and joining processes wherein ultrasonic application has shown
actual or potential beneficial effects.

Table I

POTENTIAL AREAS FOR ULTRASONIC APPLICATION

Metal Forming Metal Removal Metal Joining

Tube Drawing Turning Ultrasonic Welding
Wire Drawing Boring Diffusion Bonding
Rod Drawing Core Drilling Wrenching

Section Drawing

Twist Drilling

Press Fitting

Extrusion Milling Soldering
Rolling Broaching Brazing
Forging Reaming Fusion Welding
Resistance Welding

Swaging Thread Cutting Arc Welding
Coining Grinding
Rivet Upsetting Sawing
Stretch Forming Planing
Tube Flaring Shaping
Dimpling Finishing

Polishing
Draw Ironing Honing

Lapping
Straightening and Bending Deburring

Powder Metallurgy Processing
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With certain of these processes--ultrasonic tube drawing, wire drawing,
tube flaring, core drilling, ultrasonic welding, soldering, and brazing--
production application has been achieved, although some applications engi-
neering may be required to further extend use of the process. For other
processes, prototype equipment has been evolved and successfully demon-
strated, but actual production processing has not yet been achieved. Still
other processes have shown promising results on a laboratory scale, but
further research and/or development, as well as applications engineering,
is required to achieve production utilization.

Section II of this report provides background summaries for many of the

processes listed in Table I, defines the present status of each, and indi-
cates its potential in terms of cost savings and product improvement.

C. Aircraft Industry Survey

To provide meaningful orientation to this study, visits were made to
several leading manufacturers of Army helicopters and light aircraft to ex-
plore problem areas which may be amenable to solution by ultrasonic process-
ing, as well as other metalworking areas wherein production may be facili-
tated by ultrasonic application. The results of this survey, discussed in
detail in Section III, indicate the universa.ity of certain problems, reveal
substantial interest in the ultrasonic potential for solving same of these
problems, and underline specific areas of major importance.

The ultrasonic processes listed in Table I have accordingly been grouped
to reflect the interest of the aircraft industry. Table II indicates areas of
major interest, of minor interest, and of little or no interest. The eval-
uations included herein place greatest emphasis on the areas of major interest,
although other processes that appear to have long-range potential also receive
consideration.

D. Cost Effectiveness Studies

Consideration has been given to potential cost savings that can be
achieved by substituting an ultrasonic process for an existing one or by
using ultrasonic energy as an assist to a conventional process. Generally
the cost savings can be attributed to one or more of the following factors:

1, Increased processing rates. Accelerated metal forming and metal
removal under ultrasonic influence, for example, have been re-
peatedly demonstrated, and production unit cost savings with this
factor alone can be substantial,

2. Reduced force requirements, so :hat lower capacity machines can be
used or a machine of a given capacity can be used for a broader
range of applications, thus effecting savings in capital equipment
investment.



Table II1

AREAS OF INTEREST EXPRESSED BY ATRCRAFT COMPANIES IN
ULTRASONIC PROCESSING

Major Interest

Minor Interest

Little or No Interest

Metal Forming

Metal Removal

Metal Joining

Swaging

Tube Drawing
Section Drawing
Straightening
Tube Flaring

OD Turning
ID Boring
Twist Drilling
Finishing

Ultrasonic Welding

Weld Bonding
Diffusion Bonding
Wrenching

Press Fitting

Tube Bending
Riveting
Dimpling
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3. Elimination of discrete process steps. In tube drawing, for
example, it has been shown that a three-draw operation may be re-
duced to two draws with ultrasonics or that certain intermediate
annealing operations may be eliminated. In metal removal, the
altered surface finish may eliminate or minimize the necessity
for certain finishing operations. In ultrasonic fluxless solder-
ing and brazing, the necessity for subsequent cleaning for flux
removal is eliminated.

i. EBxtended tool life. In metal removal operations, effective tool
life may be extended severalfold when the tool is ultrasonically
activated, so that machine downtime for tool changes is substan-
tially reduced.

5. Fewer rejected parts or assemblies. With the improved product
quality achieved with ultrasonic processing, material and labor
costs that go into producing components subsequently found to be
unacceptable can be sharply reduced.

6. Extended service life of component or assembly. and/or reduced
maintenance. For example, the bolt head corrosion problem re-
quires constant surveillance, and detailed inspection procedures
are prescribed for eritical bolted assemblies; an ultrasonically
ring-welded metal patch over the bolt head, to replace currently
used protective coatings, would provide a hermetic seal of greatly
extended life, with substantial reduction in maintenance costs.

Cost savings emanating from the above would of course be offset to some
extent by costs associated with introducing ultrasonic processes into produc~
tion operations: ultrasonic equipment costs; costs of modifying conventional
machines to accept ultrasonic systems where this is possible; costs of special
tooling; and costs of developing and/or engineering the ultrasonic process to
the production stage in areas where production techniques and tooling are not
yet available.

In order to obtain a more specific indication of potential cost savings,
we retained the services of Mr. James D. Anderson, Machine Tool Department,
School of Technical and Applied Arts, Ferris State College, Big Rapids, Mich-
igan, who has had significant experience in aircraft and helicopter manufac-
turing, particularly at North American Aviation and Hughes Tool Company.

Mr. Anderson assembied cost information, insofar as it could be made
available, on some operations of urgent concern to several of the aircraft
companies and evaluated potential time and cost savings that could be
effected with ultrasonic processing. The operations covered were in the
areas of ultrasonic welding, swaging, drilling, press fitting, and wrench-
ing. A summary of his work is included as Appendix A.



II. SURVEY OF ULTRASONIC METALWORKING PROCESSES

As indicated in the literature review of Appendix B, there has been much
examination and experimentation in ultrasonic application to the whole range
of metalworking processes, A few of these ultrasonic applications have
achieved production status; others have reached an advanced state of develop-
ment and production use is imminent; still others require further experimen-
tation and development to establish their effectiveness as a production tool,
although technical benefits may be apparent.

It should be observed that ultrasonics may not always be an effective
adjunct to a metalworking process nor does it solve all metalworking prob-
lems. In some instances the projected benefits are highly speculative and
may be incapable of realization in a production environment, at least in
the present state of the technology. Perhaps the benefits are small and do
not justify development or equipment costs; perhaps ultrasonic power require-
ments are beyond the capabilities of existing or presently projected ultra-
sonic equipment; perhaps the problem of coupling the ultrasonic energy into
the work area presently appears insurmountable. Application and use of this
new technology must be selective.

The evidence indicates, however, that ultrasonics 1s and can be an effec-
tive production tool for many applications. The years of research and de-
velopment have paid off. We have learned much of the basic mechanisms of
ultrasonic effects on metals and of how to transmit the energy effectively
into metals. Concomitantly, there have been engineering advances related to
thb development of highly efficient ultrasonic generating, transducing, and
transmitting systems that contribute to economic feasibility.

The basic requirements of any ultrasonic system are: the frequency con-
verter, which converts ordinary 60-hertz electrical line power to the fre-
quency of operation; the transducer, which converts the high-frequency elec-
trical power from the converter into high-frequency mechanical vibration; and
the coupling system, which transmits the vibratory energy from the transducer
to the work. Recent developments in all of these areas have given strong
impetus to production use.

Solid-state frequency converters of the silicon-controlled rectifier (SCR)
or transistorized types provide substantial advantages over the older electron-

tube and motor-generator types. In comparison, the solid-state devices are
smaller, more compact, lighter in weight, and easier to maintain. More sig-
nificant is the fact that these devices have approximately 90 percent conver-
sion efficiency, compared to about 50 percent for the electron-tube conver-
ters. An ancillary development is that of automatic frequency control for
precise system matching during the varying conditions of a process cycle.

Conversion of electrical to vibratory power has been greatly facilitated
by the development of highly efficient transducer assemblies incorporating
disks of advanced electrostrictive ceramic compositions such as lead zirco-
nate titanate. Until recently, the most satisfactory transducers were

e




laminated nickel stacks, which are rugged and durable and can withstand high
temperatures and some degree of overloading., Their efficiency is low, how-
ever, and only about 25-35 percent of the input electrical power is converted
to acoustical output power, The new ceramic transducers, designed into
rugged, compact, relatively inexpensive assemblies, have electromechanical
conversion efficiencies of 75 percent or higher, so that substantially lower
electrical input power is required to achieve equivalent acoustical output.

Acoustical coupling systems, which serve as links between transducer
and work area, have also been developed to a state of high efficiency through
intensive evaluation of materials of construction and geometry. Effective
materials include stainless steel, K-Monel, aluminum-bronze, beryllium-copper,
and 6A1-LV titanium alloy because they withstand high cyclic and static
stresses, permit reasonable acoustic impedance match with other components,
and exhibit low vibratory energy loss. The geometry of such systems is de-
pendent on end-item use.

It is now generally recognized that any ultrasonic system, to achieve
maximum effectiveness, must be designed specifically for its end use. His-
torically, much experimentation has been nonproductive because "generalized"
equipment was used and not enough attention was paid to acoustic impedance
matching into the work material. The work-contacting tool, which terminates
the coupling system, requires the same meticulous acoustic design considera-
tion as any other member of the acoustic energy train.

A recurrent problem has been evident in many applications involving
transmission of ultrasonic energy into metals under high static loads. Fre-
quently a transducer is noted to "stall" when loads of more than a few pounds
are applied through the systems., Various nodal mountings and other arrange-
ments have been used in an effort to minimize this problem, It has become
evident that high-power ultrasonic transmission requires the use of force-
insensitive mounting systems which prevent vibratory energy loss to the sup-
port structure and minimize frequency shift under such conditions. The mount
is essentially an axially resonant member, often a sleeve metallurgically
attached to the transmitting coupler at one end and with the opposite end
free., With high acoustic impedance into air at the free end, almost complete
wave reflection occurs; a true vibratory node is produced at the point of at-
tachment, and an antinode, with maximum vibratory amplitude, at the terminus
of a prcperly designed coupling system. Such force-insensitive mounts have
been effectively used with static loads of several hundred tons.

The above equipment developments are largely responsible for the emer-
gence of some aspects of ultrasonic metalworking from the laboratory into
actual or imminent production usage.

It should be noted that in these processes the vibratory frequency
%r se is not usually a controlling parameter. Essentially equivalent re-
sults have been obtained over the range from 15 to 75 kilohertz, and higher
or lower frequencies appear to show no markedly different effects. Fre-
quency, however, does govern the size of the transducer, and the higher fre-
quencies may be indicated where physical space or weight restrictions dictate
a smaller transducer-coupling system. Conversely, the larger vibratory



amplitudes associated with the lower frequericies may be desirable for cer-
tain applications.

Vibratory power, on the other hand, is an important variable in any
application. Usually there is a lower power threshold below which no sig-
nificant effect is obtained. There is also frequently an upper limit beyond
which vibratory energy may damage a workpiece. This parameter needs to be
examined for any given application. s

In the following pages, each of the various metalworking processes is
examined with regard to its present status, mechanism of operation, equipment
requirements, observed effects, and actual or potential benefits for indus-
trial use. &

A. Metal Forming

The areas of metal forming in which ultrasonic application has provided
useful effects include both tension and compression forming process: drawing
of tubing, wire, and rod; stretch forming such as deep drawing, draw ironing,
tube flaring, and dimpling; forging-type processes such as upsetting, closed
die forging and swaging; primary metal working by rolling or extrusion; bend-
ing and straightening; and powder metallurgy consolidation processes.

Ultrasonic effects in facilitating such forming processes have been at-
tributed to two major phenomena: increased metal plasticity and reduced fric-
tion between the tool and the workpiece. The extent to which each contributes ;
has not been determined quantitatively, and it is possible that the relative
significance differs for different forming processes.

The discovery that metals deform more readily with ultrasonic excitation
dates back to the mid-1950's,# when experimentation in tensile stressing of
fine metal wires under vibratory influence showed substantial reduction in the
yield strength and increase in elongation of the wire. The magnitude of the
effect was independent of frequency but increased linearly with increasing
vibratory power or amplitude. This phenomenon is attributed to ultrasonically
facilitated formation and movement of dislocations within the crystal lattice {
structure so that intercrystalline slip can take place more readily.

The friction-reducing effect of ultrasonics can be surmised by tactile
sensation: an ultrasonically excited coupler or tool feels slippery to the
touch. This phenomenon has been demonstrated independent of the plasticity
effect, as for example in the assembly of close-tolerance parts or the
torque-tightening of threaded fasteners. Reduction of frictional forces
normally acting between a forming tool, such as a die or punch or roller,
and the workpiece facilitates the forming process primarily by reducing the
force required for deformation.

# Literature on this phenomenon is not included herein but is reviewed rather
extensively in Refs. 5 and 16 in Appendix B.
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The results of the reduced friction and increased plasticity, in addi-
tion to reduced force requirements, are generally evident in terms of in-
creased processing rates, increased deformation per pass, and possible elimi-
nation of one or more processing steps, all of which effect savings in
processing costs. In addition, product quality may be improved as with
closer tolerances, improved surface finish, and/or improved mechanical

2 properties. Specific advantages for each process are indicated in the
discussions below,

|

1. Tube Drawing (Refs. 19-L0, P16, P2L-P27, P29, P31, P33)

Since the earliest known work in ultrasonic tube drawing in the
early 1960's, this process has made rapid progress and is being effectively
used in production with report=d substantial time and cost savings. Initially
developed for drawbench drawing with an ultrasonically activated plug, it has
also been applied to bull block drawing with ltrasonic die activation.

T LT L R g e v T F

§ In plug drawing, which involves drawing of tubing over a plug or
mandrel supported at the end of a back support rod (of suitable length for
the tube being drawn), the ultrasonic energy is transmitted longitudinally
through the back support rod, with the transducer-coupling system screw-
attached at the rod end opposite the plug. For effective transmission, the
rod/plug assembly must be tuned and impedance-matched to the transducer-
coupling system frequency. Such systems can be installed on conventional
drawbenches with minor modification, generally involving only a means for
supporting the transducer-coupling assembly at the end of the bench and
acoustical design of the rod and plug. Ultrasonic plug drive systems are
available in multiples so that, for example, one rod can be loaded while
another is being drawn,

In ultrasonic die drive systems, vibratory energy from the trans-
ducer is usually transmitted through a curved wave guide system (providing
clearance for the drawing operation), which teminates in a die holder into
which interchangeable dies are threaded and locked. The die is thus excited
in a longitudinal moae. Such a system may be installed on a standard draw-
bench, possibly even in conjunction with an ultrasonic plug drive system, or
on a bull block for continuous drawing of small-diameter tubing.

A number of production benefits have been reported by users in
terms of both reduced costs and higher quality tubing:

a. Reduction in required draw force, usually in the order of
20-L4O percent, but sometimes as high as 75 percent, so that
there is less hazard of tensile fracture of the tubing.

b, Increased cross-sectional area reduction per pass so that
fewer passes are required to achieve a given size.

c. Possibly elimination of one or more interdraw anneals,
d. Increased drawing rates, particularly with materijals normally
difficult to draw.

11
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e. Elimination of stick-slip and chatter, resulting in smoother
drawing and prolonged tool life,

f. Minimized lubricant breakdown and possible use of lower grade
lubricants,

g. Smoother surface finish. With ultrasonic plug drive, ID
finishes of 3-8 microinches are reproducibly obtained;
16 microinches is considered exemplary with non-ultrasonic

drawing.
h. Improved dimensional control over long lengths.

i, Increased diameter-to-wall thickness ratios. Whereas 50:1 is
atout maxiram in non-ultrasonic drawing, ratios up to 500:1
have beern achieved with ultrasonic activation.

j. Ability to draw from round to complex shapes in a single pass.
k. Sharper corner radii for angular-section tubing.
1. No residual effect on microstructure or mechanical properties.

Various of these effects have been achieved in production processing
of tubing ranging from hypodermic needle size to about 2-1/2 inches diameter
by 1/L-inch wall thickness. Processed materials include common metals such as
aluminum, copper, and steel, as well as more exotic and difficult-to-draw ma-
terials such as titanium, niobium, Zircaloy, beryllium-copper, cupro-nickel,
Monel, and phosphor-bronze. Reported savings in processing time and cost
range up to 35-LO percent,

The greatest effectiveness of the process has been found in the
drawirg of tubing that is difficult or impossible to cold-draw by the usual
techniques, as in thin-wall or complex-shaped tubing, or in the manufacture
of tubing that must meet stringent design requirements, as for aerospace and
nuclear applications, pressure and instrumentation tubing.

2.  Wire Drawing (Refs. L41-68, PlL, P15, P17-P2L, P28, P30-P32)

Ultrasonic wire drawing, first described in a patent filed in 19Lk,
has been investigated extensively, and production use has been established.
Its basic mechanisms are the same as for tube drawing--reduced friction be-
tween the wire and the draw die and possibly also increased metal plasticity--
and many of the same beneficial effects are achieved.

The process involves ultrasonic activation of the draw die. Longi-
tudinal, torsional, and transverse modes with reference to the wire axis have
variously been investigated; greatest effects are generally obtained with the
longitudinal mode. Usually drawing is carried out in air with an applied
lubricant, but a recently developed technique, said to be used in production
at rates up to 2000 feet per minute, involves drawing through one or more
dies immersed in a liquid lubricant which simultaneously cleans the wire and
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prevents accumulation of debris at the mouth of the die. As with tube draw-
ing, mounting of ultrasonic systems on conventional wire drawbenches is
feasible.

Reported benefits of ultrasonic wire drawing over conventiocnal
drawing include:

a. Substantially reduced draw forces, which may range up to
75 percent reduction at the lower draw speeds. This effect
increases with increasing ultrasonic power and decreasss
with increasing draw speed.

b. Increased area reduction per pass. In a wet drawing operation,
copper wire of 0,0l-inch diameter was reduced to 0.003 inch
through 9 consecutive dies; 1l dies were required for non-
ultrasonic drawing.

¢. Reduced wire breakage especially with fine wires of brittle
materials.

d. Facilitated drawing of difficult-to-draw materials and elimi-
nation of the necessity for cladding the wire vorior to draw-
ing. For example, beryllium wire, which is ordinarily nickel-
clad and drawn warm, was ultrasonically cold-drawn in con-
tinuous lengths without cladding from 0.005 inch to 0.001 inch
in successive draws,

e. Reduced die heating and wear,
f. Improved surface finish and more uniform wire diameter.

g. Poussibly more homogeneous and finer-grained metallurgical
structure.

h, 1Increased ductility in the drawn wire and with probably negli-
gible effect on its tensile strength (increases, decreases,
and no change in tensile strength have variously been reported).

Ultrasonic techniques have been effectively used in drawing wires
of aluminum, copper, steel, nickel, lead, tin alloy, titanium, and molybdenum.
Production drawing is economically feasible because of relatively low ultra-
sonic power requirements and because existing drawbenches can be equipped for
ultrasonic activation with some modification.

It is anticipated that production use of the process will be extend-
ed. One potential application, not mentioned in the literature, is for draw-
ing fine wires of horon, etc. used in the fabrication of fiber-reinforced
composite materials,

13



3. Rod and Section Drawing (Ref. 55)

Although ultrasonic drawing of rods and other elongated workpieces
of constant cross section has received only minor experimental consideration,
these processes offer the same potential as ultrasonic tube and wire drawing:
increased drawing rates, reduced draw forces, greater reduction per pass,
minimized chatter and stick-slip, drawing of otherwise difficult-to-draw
materials, etc. Activation of the draw die is involved, at least for solid
cross sections, but ultrasonic power requirements could be considerably
higher than for tube or wire drawing, depending on cross-sectional area.

Further development is required to determine the interaction of
ultrasonic and processing variables; economic feasibility will need to be
established; and a survey must be made to determine potential applications
in industry.

L. Extrusion (Refs. 69-73, 117, 130, P3L-P37)

Experimentation and some limited pilot plant work has indicated
that ultrasonic extrusion offers substantial potential for fabricating parts
from both bulk and powdered metals.

Extrusion of bulk metals (aluminum, lead, copper, and brass) has
been carried out at suitably elevated temperatures with ultrasonic activa-
tion of the die, ram, or cylinder; most effective results are obtained with
die activation. The benefits include:

a. Extrusion rate increases up to about 300 percent and/or force
reductions of up to 50 percent.

b. Reduced friction between work material and tooling and improved
metal flow.

c. Higher extrusion ratios.

d. Improved effectiveness of lubricants,

Extrusion of powdered metals evolved from earlier work in ultra-
sonic extrusion of ceramic powders usually mixed with plasticizer and water.
Die activation was used, at times also with mandrel activation in extrusion

of hollow objects. Demonstrated advantages of such processing include:

a. Extrusion rate increases up to several hundredfold and/or
force decreases up to about 90 percent.

b. Reduced plasticizer and water content, with effective extru-
sion of mixes too stiff for conventional extrusion.

c. Increased green density and strength from closer particle

packing so that handling of the extrudate before plasticizer
burn-out and sintering is facilitated.

1
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d. Improved surface finish, free from tears and cracks.
e. Improved concentricity with tubular members.

This technique was used for the experimental fabrication of cupro-
nickel tubing which, after sintering, was ultrasonically cold-drawn to the
required size. Density of the final product was 98-99 percent of theoretical,
and strength was equivalent to that of the wrought product. Economic analysis
of the process indicated production costs at least competitive with those of
equivalent wrought tubing. Refinements of the process are required for full-
scale production application.

Both bulk metal and powder metal extrusion with ultrasonic applica-
tion appear practical and economical for production use with further develop-
ment. Ultrasonic systems for either die or mandrel activation can be in-
cialled on modified conventional extrusion presses.

5. Rolling (Refs. 7L-83, P38-PL2)

Ultrasonic rolling has been investigated in only limited experimen-
tation with wire flattening, ribbon rolling, and rolling of strip metal up to
a few inches wide. The mechanism is the same as with other metal forming
processes: reduced friction between the rolls and the material being worked,
and increased formability of the material.

Various techniques have been used to activate the metal, and the
literature indicates that the greatest range of experimentation has been car-
ried out in Russia. One or both of the work-contacting rollers has been acti-
vated in the longitudinal, torsional, or radial mode, and the metal sheet
itself has been excited to vibration via the tension device for pulling the
strip between the rolls.

Claimed advantages, demonstrated with aluminum, copper, steel, and
lead strip material and with zinc and molybdenum wires, are:

a. Decreased force requirement (up to 70 percent reduction) and/or
increased thickness reduction,

b. Increased rolling rate.
c. Reduced heating, lubrication, and annealing requirements.
d. Reduced friction and wear on the roller bearings.

e. Decreased grain size and improved mechanical properties of the
rolled material.

With the present state of ultrasonic technology, it is doubtful
that ultrasonic rolling can be practical or economical except for relatively
narrow strip or wire. The ultrasonic power and equipment requirements for
standard wide sheet would probably not justify the improvements attainable.
Even for strip materials, development costs will be substantial.
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6. Forging (Refs. 84-96, P61)

Little investigation of ultrasonic forging has been carried out
except for free upsetting of small specimens of aluminum, copper, steel,
and lead, but the potential certainly exists for closed-die forging with
an ultrasonically activated press, particularly in view of the results ob-
tained with ultrasonic extrusion, which also involves metal compression.

Ultrasonic upsetting has been demonstrated to effect:

a. Substantially reduced upsetting forces. In one investigation
it was noted that with sufficient vibratory intensity the
pressure could be reduced essentially to zero.

b. Reduced upsetting temperatures.
c. Increased effectiveness of lubricant,

d. Increased homogeneity and refined grain structure in the upset
specimen.

e. Increased hardness and freedom from porosity.

Here again the effects were attributed to reduced friction and increased
metal plasticity.

Although substantial development effort will be required to realize
these benefits for closed-die forging, there appears to be real potential for
producing superior forgings of relatively small parts, free from cracks and
residual stresses so that longer service life can be anticipated. Because of
the decreased force requirements, smaller presses could be used or press
capacity increased.

One forging-like operation that offers the possibility of more
immediate use is swaging, for example, of tubes onto end fittings. Usually
relatively small metal masses are involved, and ultrasonic activation of a
swaging tool could improve metal flow into grooves and threads to provide
a stronger, more durable assembly.

7. Rivet Upsetting (Ref. 97-103, P59, P63)

Experimentation within the past few years has shown considerable
effectiveness with ultrasonic excitation during upsetting of rivet heads,
with such benefits as:

a. Reduced force requirements in the range of 50.1 to 100:1,

b. Greater head height i‘educt.ion.

Cil Improved shank expansion and hole fill, perhaps with actual
bonding in the joint around the shank.
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d. Freedom fram cracking and splitting of the rivet head.
e. Increased joint strength.

Such effects have been demonstrated with rivets of up to 5/l6-inch diameter
of alumimum, titanium, and steel.

In at least some of the investigations, ultrasonic systems for this
operation were installed on commercial riveting equipment, transmitting vibra-
tory energy axially through the rivet. The force reductions are said to per-
mit smaller, lighter, simpler, and less expensive equipment, less cumbersame
to operate. Portable ultrasonic riveters for use in the field appear feasible.
The improved quality of the joint, increased operating facility, and equipment
cost savings, as well as the possibility of noise abatement with ultrasonic
operation, suggest that further development into a production technique would
be profitable.

8. Stretch Forming (Refs. 104-112, P10-P13, PS6-P58)

Various forming operations, includinc dimpling, tube flaring, deep
drawing, and draw ironing have been facilitsted by ultrasonic sctivation of
the forming tool in either an axial or a torsional mode. Such processing has
been used with alloys of alumimum, copper, steel, nickel, and titanium.

Both cost savings and product improvement have been demonstrated in
terms of':

a. Reduced force requirements and/or increased deformation.

b. Elimination of one or more processing steps, such as draw
passes or intermediate anneals.

c. Possibility of forming to geometries otherwise difficult to
achieve in a given material.

d. Elimination of cracks, splits, ripples, or other imperfections.
e. Improved surface finish.
f. Closer dimensional tolerances.

In dimpling of aluminum and titanium alloy sheet up to 0.040 inch
thick, dimples produced at room temperature with an ultrasonically activated
die were "at least as good" as those obtained with a non-activated but heated
die. These results were obteined in spite of recognized vibratory dampi
difficulties (apparently a force-insensitive mounting system wss not used),
and the investigators considered it feasible to sdept existing dimpling equip-
ment for ultrasonic sctivation.

Ultrasonic tube flaring to angles of from 30 to 90 degrees has

frequently been used on a pilot-production basis with materials that are
ordinarily difficult to flare without local heating or annealing. A
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frequently used technique in ultrssonic ring welding involves flaring the
mouth of a cylinder to a 90-degree angle to provide & flat flange for weld-
ing a closure thereto, followed by re-forming to & cylindrical geometry.

With ultrasonic flaring, the flange material is not damaged even in the re-
forming operation. In one application, aluminum and steel tubing was flared
to the precise dimensions and surface finish required for spacecraft use, and
excellent reproducibility was obtained.

With most of the stretch forming operations, the potential of ultra-
sonic application can be realized only with further development effort.
Ultrasonic tube flaring, however, appears to require only production engi-
neering oriented to specific end-item use.

9. Bending and Straightening (Refs. 113-11L, PL3-PL7, P60, P62)

Sporadic investigations in ultrasonic bending and straightening in-
dicate potential benefits in these areas in terms of achieving more permanent
set in the material with less springback. This effect appears to involve in-
creased metal plasticity and flow under ultrasonic influence, attributed to
activation and migration of dislocations in the lattice structure, eventually
forming locked lattice defects.

For example, ultrasonic application during tube bending is noted to
promote metal flow from the inside to the outside of the bend so that wall
thickening and thin-out are reduced. Application during coiling of coil
springs eliminated the usual normalizing process. lLess springback was meas-
ured when steel ribbons were bent or twisted with simultaneous ultrasonic
activation. Integrally reinforced metsl extrusions were more effectively
straightened with contoured rollers when ultrasonic energy was applied, pro-
viding a smoother serodynamic surface. Relief of internal stresses was ob-
served to be a contributing factor.

Further investigation should be carried out in this area with
respect to the mechanisms involved and the interaction of variables to pro-
duce the desired geometrical stabilization, and engineering development is
required for a given application to establish equipment requirements.

10. Powder Metallurgy Processing (Refs. 115-130, PL48-P55)

Since powder metallurgy processing is becoming recognized as a
means for fabricating more or less complex parts without extensive machining
and material scrap loss, the potential benefits of ultrasonic application in
this technology become increasingly significant.

Current techniques usually involve blending of the metal powders,
perhaps with the addition of a lubricant; compaction at high pressures into
a preform approximating the end geometry; sintering; and hot forging or coin-
ing or finish machining to the final geometry. The consolidation step may in-
volve hot pressing, cold pressing, extruding, roll compacting, or the like.
All of these consolidation processes are improved by ultrasonic application.
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Ultrasonics has been variously applied to the punch, ram, die, man-
drel, or contalner in axial, transverse, torsional, or bell modes in process-
ing a wide range of metal, ceramic, and cermet powders. Although much of the
work in the United States has involved ceramic processing, applicability to
metal powder processing has also been established. Stated advantages include:

a. Reduced temperature and/or pressure and/or time required to
achieve a given density.

b. Reduced binder or plasticizer or lubricant content in the
initial mix.

c. Increased green density and strength to facllitate handling
of the preform before firing.

d. Increased density and strength after sintering.

e. Improved homogenelty with mixed powders.

f. Greater dimensional accuracy and stability.

g. Improved surface finish with less tearing and cracking.

These effects are usually attributed to reduced interparticle fric-
tion so that closer particle packing is achievable, as well as reduced wall
friction. Interparticle bonding, removal of adsorbed gases from particle
surfaces, and creep rate acceleration have also been mentioned as possible
mechanisms.

Development effort will be required to evolve techniques and equip-
ment for specific materials and end geometries, but such effort appears justi-

fied in terms of achieving the high product quality required for aircraft
components.

B, Ultrasonic Metal Removal

Ultrasonic application to metal removal processes was first proposed in
Germany in the late 1930's (Ref. P66), with claims of accelerated cutting and
greater dimensional accuracy with lower applied forces than normally required,
in such operations as turning, sawing, milling, planing, and boring. For the
next 20 years there was little significant activity in this field except as
described in patent literature. During this period, ultrasonic slurry machin-
ing of hard, brittle materials (omitted from this study) was evolved to pro-
duction use, and out of this work came some equipment developments claimed to
be applicable to other types of machining processes.

Since 1960, increasing attention has been given to single-point and

multi-point cutting of materials with ultrasonically excited tools, and de-
velopments indicate that production use of such processes is imminent.
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Although the results obtained have sometimes been contradictory, possibly
because of different equipment setups and approaches, most current investi-
gators agree that ultrasonic tool activation increases the rate of metal re-
moval, reduces tool forces, increases tool life, eliminates machine chatter,
and improves dimensional accuracy and surface finish on the machined part.

The mechanisms involved in achieving these effects have not been clearly
established. One factor is certainly reduction in friction between the tool
and the work material. There is possibly also local softening in the material
just shead of the tool, perhaps due to dislocation movements and/or localized
heating, so that tool penetration is facilitated.

Extensive production use can be forecast for ultrasonic turning, boring,
twist drilling and core drilling. Technical feasibility is unquestionably
established, production-type equipment is available or imminent, and economic
feasibility is being established. Other processes such as milling, broaching,
and thread cutting offer substantial promise but will require further develop-
ment before realistic appraisal of their potentialities can be made.

1. Turning and Boring (Refs. 137-152, P88-P91)

Within the last ten years, the benefits of ultrasonic activation of
cutting during lathe turning and boring have been realized, and appropriate
equipment has evolved through several generations to prototype production
models for a limited range of applications.

Experimentation in various modes of activation of the cutting tool
with respect to the workpiece has led to general agreement that the tool
should vibrate into and out of the cut being made. With OD turning, this
has resulted in a tool post providing tool activation in a direction tangen-
tial to the OD surface. With ID machining, the boring bar is activated in
the torsional mode. Ultrasonic systems of both types are designed for mount-
ing on the cross slide or compound of a standard engine lathe via an appro-
priate adapter plate.

Both faster processing and improved cutting characteristics have
been variously reported. Negative results obtained in some early experimen-
tation are probably attributable to the operating conditions used. Actually
the process as applied to a given material involves complex interactions
between ultrasonic parameters of vibratory mode and direction, power, and
tool amplitude and standard operating parameters of cutting speed, depth of
cut, and feed rate. The more recent work indicates the following effects to
be achievable:

a. Increased rates of material removal.

b.  Significant reductions in tool force (up to about 70 percent
reduction).

c. Elimination or marked reduction in tool edge buildup.

d. Elimination of tool chatter.
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e. Longer tool life.
f. Less heating of workpiece.

g. Improved surface finish, without the waviness and surface tear-
ing that sometimes characterize non-ultrasonic cuts.

h. Chips characterized by greater curl radius, smoother edges,
and evidence of more uniform lateral flow.

i. Less subsurface workhardening or damage as observed micro-
scopically.

An Atomic Energy Commission installation is currently using ultra-
sonic tool posts and boring bars for machining certain difficult-to-machine
ceramics; reportedly the major objective of this work--improved surface finish--
is beling reproducibly achieved.

Thus production applic&tion of ultrasonic boring and turning is
imminent. Further efforts should involve establishing appropriate machin-
ing conditions for a wide range of materials, as well as developling heavy-
duty ultrasonic systems for installation and use on turret lathes.

2. Drilling (Refs. 153-168, P92-P100)

Two types of ultrasonic drilling, both involving rotary tools, have
received considerable attention within the last few years: drilling with a
diamond-impregnated tool, for which standard commercial equipment 1s availa-
ble, and twist drilling, which is in the prototype stage.

The rotary diamond-impregnated drill is an outgrowth of the ultra-
sonic abrasive slurry machining process that evolved to production use in the
1950's. In this case, the abrasive particles are added to the tool, and the
tool is made to rotate to effect abrasion and material removal from the work-
piece; the complexities of using a slurry are thus avoided. The rotary
machine tool, which can be variously used for drilling, milling, and thread-
ing, can be installed on a standard drill press or milling machine. Its
greatest usefulness is in machining nommetallic materials such as ceramics,
composites, and other hard, brittle materials. It is included here as a sig-
nificant technique because of the increasing interest in boron-epoxy and
other composites as aircraft materials.

Advantages of this type of drilling over non-ultrasonic processes
for drilling such materials include:

a. Increased cutting rates (up to 100 percent increase).
b. Lower cutting forces on tool and workpilece.

c. Reduced tool loading.

d. Longer tool life (threefold increase).

e. Elimination of core seizure in core drilling.

f. Elimination of binding seizure in deep-hole drilling.
g. Increased drilling accuracy.

h. Less material tear-out and improved surface finish.
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In view of its effectiveness in drilling composite materials, in-
creasing production use should be made of this process. The largest sige
holes that can be effectively drilled with solid drills is about 3/8-inch
diameter; with core drills, 1-1/2-inch holes in composites have reportedly
been drilled at rates up to 2-1/2 inches per mimute.

Ultrasonic twist drilling, for which prototype equipment is availa-
ble, involves modification of a standard drill press to incorporate an axial
ultrasonic system for twist drill activation. Its primary effectiveness is
with metals, as demonstrated in work with alumirmuum, copper, steel, and ti-
tanium. TIts advantages over standard twist drilling include:

a. Higher rates of material removal (up to fourfold and higher).
b. Reduced torque and thrust loads and elimination of chatter.
c. Less tool breakage and longer effective tool life,

d. Holes drilled to greater depth without tool retraction.

e. Improved chip clearance from the hole.

f. Cleaner hole breakout.

g. Improved dimensional tolerances.

This technique is available not only for ordinarily difficult-to-
drill materials such as titanium, but also for soft gummy materials such as
alumimum and copper, and requires only applications engineering for exten-
sion of its usefulness.

3. Milling and Broaching (Refs. 169-173)

Very 1ittle work has been done in applying ultrasonics to milling
and broaching machines, but the few reports uncovered in the literature indi-~
cate effects similar to those obtained in other chip machining processes:

a. Reduced cutting force and power,

Y. Increased depth of cut.

c. Increased rate of material removal.
d. Inhibited chatter.

e. Improved surface finish.

These effects have been demonstrated with materials such as alumirum, copper,
steel, brass, titanium, and carbides.

Process development should be facilitated by the technology already
evolved in other machining processes. Presently foreseeable applications are
probably limited to relatively small-scale applications. The power available
with existing ultrasonic equipment is not sufficient for a massive operation
such as slab milling, for example, although future developments mey well make
it practical.

L. Thread Cutting (Refs. 174-180, P122)

Sufficient work has been carried out with ultrasonic thread cutting
and tapping, using workpiece materials such as alumimm, copper, brass, steel,
magnesium, and titanium, to indicate the potential of such processes in terms
of:
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a. Torque reduction (up to 93 percent specified).
b. Greatly improved ease of tool withdrawal and chip expulsion.
c. Accelerated cutting rates.
d. Elimination of workpiece tearing.
e. Improved thread quality and surface finish.

With the already accomplished development work in other ultrasonic
machining operations, it appears that only moderate englneering development
is required for production application, and that cost effectlveness can be
evaluated on the basis of equipment purchase and operating costs versus
product and process improvements.

S. Grinding (Refs. 181-192, P101-P106)

Work in ultrasonic grinding has progressed in three directions.
One involves activation of the grinding wheel in any of several modes,
another involves vibration of the workpiece as it is pressed against the
wheel, and a third employs excitation of a coolant jet impinging against
the wheel. so that cavitation in the liquid rids the wheel of embedded metal
particles.

Some of the reported results are contradictory, particularly with
regard to effect on wear of the grinding wheel and on production rate. The
most recent experimentation, however, shows beneficial effects on these param-
eters. In general, the improvements with ultrasonic activation of any of the
three types are:

a. Substantially reduced wheel loading and longer times between
redressings.

b. Increased wheel life, although some instances of more rapid
wheel breakdown were observed.

C. Incre?sed material removal rates (decreased rates were also
noted).

d. Elimination or reduction in tool chatter.

e. Reduction in grinding temperatures by as much as several hun-
dred degrees, with consequent elimination of warping, distor-
tion, and other evidences of excessive heat.

f. Reduced residual stresses and stress cracking.

g. Improved surface finish and dimensional accuracy.

In several instances, ultrasonic grinding was used to sharpen steel

and carbide cutting tools. In subsequent lathe turning {non-ultrasonic) of

heat-resistant alloys, these tools exhibited up to 100 percent increase in
tool 1life and also permitted increased cutting speeds.
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Prototype equipment consisting of an ultrasonic spindle vibrating a
special wheel and hub assembly has been instelled and operated on internal,
external, and surface grinders, and simulated production runs showed twofold
to fivefold increase in material removal rates. It appears that production
use of this process should be investigated in ter s of economic feasibility.

6. Finishing (Refs. 193-20k, P107-P119)

Ultrasonic application is reported to produce beneficial effects in
a variety of finishing process, including deburring, honing, lapping, polish-
ing, and reaming, and production use is being made at least of ultrasonic de-
burring processes.

One such technique is an outgrowth of ultrasonic slurry machining,
in which metal removal is effected by high-frequency hammering of the abrasgive
particles, induced by ultrasonic cavitation in the slurry, agalnst the work-
piece surfaces. For deburring, the workpleces are immersed in an ultra-
sonically activated liquid, which may be an etching solution, lubricant, or
other liquid and which may contain abrasive or non-abrasive particles. Small,
hard burrs and sharp edges are attacked first, and smocth surfaces are rela-
tively unaffected. This technique is most effective for small precision parts
where conventional tumbling and blasting can not be used. In one application,
however, a large tank was assembled for ultrasonically deburring a 2h-foot
wing spar; output was tripled and manhours reduced by two-thirds.

In a variation of this immersion technique, a shaped cutting tool
was used with an abrasive slurry to remove fine burrs. For deburring holes
and slots, a small portable ultrasonic tool has been used without a liquid
medium; because of the relatively low fatigue strength of the burr, it is
rapidly loosened and removed.

Another finishing operation involved the use of ultrasonics in con-
Junction with electrochemical etching and chemical milling to remove nickel
cladding from beryllium wire. The rate of material removal was increased,
surface finish was smoother, and the finished wire showed higher strength and
elongation in comparison with non-ultrasonically treated wire. In prototype
production, 50,000 feet of wire was processed without replenishing the solu-
tions.

Investigation of reaming with an ultrasonic torsional array mounted
on a lathe demonstrated fourfold increase in speed, as well as improved sur-
face finish and diametral precision.

Ultrasonic lapping and honing operations have likewise been carried
out with increased rates of metal removal, reduced pressures, and improved
surface finish. The ultrasonlc activation had the effect of reducing glazing
of the honing stones by fracture of the abrasive particles, thus contimiously
dressing the stone. -

Production application of these finishing processes is in being or

imminent, and their potentialities should be examined as a replacement for
present laborious hand-finishing techniques.
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C. Ultrasonic Metal Joining

The various ultrasonic processes included in the metal joining category
(ultrasonic welding, diffusion bonding, wrenching, press fitting, soldering
and brazing, and fusion welding) have little in cormon except they are all
means for joining two or more metal components. Their basic mechaniams dif-
fer, ultrasonic equipment configurations are different, and different ultra-
sonic effects are involved. In all cases, however, the ultrasonic assist is
observed to provide a stronger joint, more serviceable and more resistant to
static and fatigue stresses.

Ultrasonic welding and diffusion bonding are solld-state metallurgical
joining techniques wherein ultrasonic excitation ruptures surface films and
promotes either interatomic diffusion across the interface or mechanical
keying between the bare contiguous surfaces. Ultrasonlc wrenching and press
fitting are primarily friction reduction processes whereby closer mechanical
fits are achieved with lower mechanical power requirements. Soldering and
braging involve cavitation in the molten solder or braze alloy to rupture
surface films and permit wetting of the base metal. In fusion welding,
ultrasonics acts on the weld metal in the molten state to retard or break
up dendritic formations and produce refined grain structure along with the
accompanying improved mechanical propertles.

Of these processes, ultrasonic soldering and welding are accepted pro-
duction techniques for a broad range of applications. Prototype ultrasonic
wrenches have been developed and demonstrated on a pilot-plant basis. The
other techniques require further engineering development to achieve equiva-
lent status.

1. Ultrasonic Welding (Refs. 209-333, P129-P201)

This process, developed in the mid-1950's, has received more atten-
tion in the literature than any other ultrasonic metalworking process and is
being used in production in a variety of applications.

Ultrasonic welding of metals is a solld-state process wherein the
workpieces are clamped at moderate pressure between a welding tip or sono-
trode and a supporting anvil, and vibratory energy is introduced in a direc~
tion parallel to the weld interface. The high-frequency alternating stresses
rupture surface films, permitting nascent metal contact so that metallurgical
bonding can occur without melting of the metal (which produces brittle cast
structure) and without excessive deformation.

Commercial equipment is available covering power levels ranging
from about 10 watts to 6 kilowatts and frequencies from 15 to 60 kiloherts.
This equipment is of four basic types, for spot welding, ring welding
(peripheral welds of various planform geometries), line welding, and con-
timious seam welding. A welder may be a completely contained unit or it
may be a "kit" for installation on other processing equipment or in close-
packed production lines.
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Welds between a wide variety of similar and dilssimilar metals, and
also welds between metals and glass, ceramlcs, or other hard materials, can
be effected using ultrasonic energy. The process is presently limited to
sheet gauges below about 0.10 inch (there is no lower 1limit), and thin-to-
thick metal weldments present no problem. Welding machine settings, which
depend primarily on material hardness and thickness, are ultrasonic power,
clamping force, and weld time; pulse time may be less than a second for spot,
ring, or line welds, and rates up to several hundred feet per mimute are pos-
sible for seam welds in thin foil material.

Some of the important advantages of ultrasonic welding over other
Joining techniques are:

a. Effective joining of both similar and dissimilar metal combi-
nations, including high-strength, low-weight materials that
may be otherwise joinable only with difficulty.

b. Joint strength approaching parent metal strength with no cast
structure and no filler metal.

c. Capability of joining thin to thick metals, offering possi-
bility of weight reduction.

d. Less critical surface preparation.

e. Capability of joining through coated, insulated, or adhesive-
coated materials.

f. Thickness deformation of usually less than about 5 percent.
g. Power requirements lower than those of resistance welding.

h., Elimination of weight, time, and cost of surface preparation,
forming rivet holes, and riveting.

i. Possibility of more efficient joint design because of reduced
edge distance, spot spacing, etc.

j. Improved fatigue resistance.

k. Electrical conductivity and corrosion resistance values as
high as those of the parent metals.

1. No degradation of joint strength at elevated temperatures.

m. Non-degradable joints in hermetic sealing by ring welding.

n. Amenability to fast automated production assembly.

Among the current production uses of the process are joining of com-

ponents in the electronics industry, ring-weld encapsulation of sensitive
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materials and devices, fabrication of muclear fuel elements and bellows assem-
blies, splicing of alumimum foil in foil mills, alumimm honeycomb fabrica-
tion, assembly of heating and air conditioning ducts, and electrical connec-
tions of various types. Equipment and tooling developments are constantly
being made in response to new applications and particularly as more stringent
joining requirements are evolved for jointes in the automotive, electrical, and
other industries.

In the aircraft industry, scceptance of ultrasonic welding as a re-
placement for riveting and resistance welding in primary and secondary struc-
tures has been slow particularly because the process has never been qualified
to military specification standards. Military specifications have beer estab-
lished for ultrasonic spot welding equipment,* and much strength data have
been accurmlated over the years of development and application, but a rigid
process qualification program is required to provide a basis for aircraft
industry acceptance.

2. Diffusion Bonding (Refs. 380-381)

Although very limited experimental data have been accurmlated, ultra-
sonic activation during diffusion bonding promises significant reductions in
bonding times (from hours to mimtes), and thus has potential for becoming a
practical means for assembling complex geometrical parts.

Russian work reported vacuum-sinter joining of copper washers in
30 seconds at 875°C with ultrasonic application where 1 hour at this tem-
perature was required without ultrasonics; at 600°C, 6 mimites was required
with and 8 hours without ultrasonics for the same assembly. American studies
in diffusion bonding of beryllium showed a temperature reduction of 12-18 per-
cent with a concomitant time reduction of 87-92 percent with a 25-second
ultrasonic pulse during the early part of the bonding cycle.

To realize the advantages of such accelerated processing, develop-
ment effort should be directed toward the mechanics of incorporating ultra-
sonic systems in conventional diffusion bonding apparatus and determining the
interaction of ultrasonic and operating parameters for various materials and
applications, perticularly with aluminmum and titanium alloys.

3. Wrenching (Refs. 382-389, P2l6-P2L8)

The potential of ultrasonically assisting the wrenching process has
been demonstrated in the torque-tightening of flared tubing connections for
aerospace applications, gear shaft assemblies, and bolt-mut assemblies, as
well as in the disassembly of tightened fasteners that have become "frozen"
in use. The process operates primarily by the reduction of friction between
the mating thread surfaces, which is ordinarily recognized to consume as much
as 90 percent of the torque required to tighten or loosen an assembly.

# MIL-W-80187, dated Sept. 8, 1969, and MIL-W-80227, dated Aug. 25, 1971.
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Experimental and prototype ultrasonic wrenches of both the mamal
and torque-stand types have been evolved, with activation of the wrench head
in either the flexural or torsional mode. A prototype mamal wrench for
flared tubing connections was provided with multiple interchangeable wrench
heads to accommodate fittings ranging from 1/8-inch to 1-inch diemeter.

Experimentation has indicated that ultrasonic wrenching offers the
following benefits:

a. Reduced torque to achlieve a given preload on the fastener.

b. Increased relative rotation between components and increased
tensile strain in the fastener without increasing applied

torque.

c. Decreased residual torsional strain as a function of bolt
preload.

d. Higher non-ultrasonic breakaway torque required to loosen
ultrasonically tightened assemblies.

e. Less chance of vibrating loose under fatigue loading.

f. Higher sealing stresses on flared tubing connectlons, with
lower incidence of leaking.

g. Possible reduction of variability in bolt tension values,
although complete statistical validation has not been
achieved.

h. Facilitated loosening of rusted >r corroded fasteners, possibly
obviating the need for drilling out the corroded member.

i. Possible elimination of the need for torque-multiplying devices,
which are heavy, cumbersome, and awkward to use in confined
spaces.

Although prototype wrenches have been designed and built for spe-
cific applications, these are not applicable to all torquing problems.
Wrenches should be designed for example, for tightening or loosening fasteners
in locations of poor accessibility. A lightweight, essily manipulated manual
wrench for field maintenance use would have broad applicability.

L. Press Fitting (Refs. 390-395, P2L9-P250)

The assembly of components with close-tolerance or interference fits
is facilitated with ultrasonic activation, usually in the axial mode, of one
or both members. This phenomenon has been demonstrated in the telescoping
assembly of concentric tubes, of a close-fitting ring on a mandrel, of tapered
rods, pins, or shafts into sockets or bores, and of Hi-Lok type fastener~ into
sheet or plate material.
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The effect is attributed primarily to friction reduction between the
mating surfaces. Possibly the superposition of alternating stresses on the
spplied static stress also plays a role because of the relative motion thus

imparted.

Such parts are often assembled by a static pressing or hammering
action. In some applications, such as staking of bearings into forgings or
plate material, the parts are differentlally heated prior to assembly so that
a tight fit is produced after temperature stabilization. Ultrasonically as-
sisted staking or press fitting offers several advantages over such techniques:

a. Reduced static force requirement to achieve close-tolerance or
interference fits.

b. Additional penetration of tapered fittings into bores.

¢c. Minimization of seizure, galling, scoring, or other damage to
mating parts.

d. Elimination of differential heating of parts.
e. Reduced stress distortions in assembled parts.

f. Facilitated disassembly of press-fit parts.

The process has potentlial for a varlety of assembly operations such
as staking of bearings or bushings, insertion of straight or tapered pins into
bores, installation of fastener fittings, assembly of gears onto shafts, in-
stallation of liner inserts, telescoping of concentric tubes, fabrication of
bimetal tubing, etc.

Standard ultrasonic equipment is not available for such applications.

Each type and geometry of assembly requires engineering development to de-
termine (1) the most effective means of coupling vibratory energy into the
part, (2) whether one or both components should be vibrated, and (3) the in-
teraction of static force ard ultrasonic power as a function of component
material, time of ultrasonic application, and other variables. It appears
that certain difficult assembly problems would justify the cost of such engi-
neering development.

5. Soldering and Brazing (Refs. 334-379, P202-P2Li5)

Ultrasonic soldering, tinning, and brazing was probably the first
significant application of ultrasonics to metal processing. Conceived in the
1930's and developed in the 1940's, by the early 1950's it had beccme an effec-
tive production technique, and a variety of production equipment is available.

The process was initially developed for use with alumimm, which
historically has been difficult to solder by the usual techniques because of
the refractory oxide coating that forms on its surface instantaneously upon
exposure to air ard that is resistant to most ordinary soldering fluxes.
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Ultrasonic soldering is accomplished without the use of flux. Vibra-
tory energy transmitted through molten solder on the alumimum surface generates
violent cavitation in the solder which hammers at high frequency sagainst the
oxide film and effects its removal, exposing bare alumimm which 1s then readily
wetted by the solder. The process has been extended for use with other metals
and to the higher temperatures required for brazing operations.

Two basic types of soldering equipment are avallable: self-con-
tained mamal soldering irons, similar in appearance to ordinary soldering
irons but containing a transducer for excitation of the tip; and ultra-
sonically activated soldering baths, containing molten solder into which the
parts to be soldered or tinned are immersed. The soldering irons may contain
integral tip heaters for melting the solder or may be used with external heat
sources. Soldering baths must be heated to maintain the solder in a molten
state. Vibratory energy may be transmitted through walls of the bath, or an
ultrasonically activated soldering iron may be lmmersed in the solder in close
proximity to the part to be tinned or Joined. With either type of equipment,
parts may be tinned and later "sweated" together or joined by ordinary solder-
ing techniques.

Recognized advantages of soldering and brazing are:
a. Elimination of fluxing which permits greater ease of soldering,

b. Elimination of meticulous pre-solder and post-solder cleaning
operations.,

c. Greater corrosion resistance of soldered joint because there is
no chance of flux entrapment.

d. Improved wetting by the solder inside sharp corners and small
crevices.

e. Effective jolning of both similar and dissimilar metals, in-
cluding ordinarily difficult-to-join materials such as alumimm,
uranium, germanium, and Kovar, as well as metals to normetals.

f. Stronger and more uniform joints.

g. Solder selectlon on basis of end use rather than wettability.

h. Possibility of tinning and soldering enamel-coated wires with-
out pre-stripping, since the cavitating solder ruptures such
coating materials. Other insulation coatings are effectively
removed with higher temperature brazing operations.

i. Adasptability of the process to high-quality, high-production-
rate processes.
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Typicel produclion applicetions include: pretinning of wire leads
and other components for the electronics industry, soldering tubing and fit-
tings for refrigerator and air conditioning systems, assembling antenna struc-
tures, joining bare or insulated electrical wires, joining and repairing alu-
mimm die castings, and sealing of pressure vessels, cans, and the like. New
and different applications generally require only the design of appropriate
soldering tips and/or tooling.

6. Fusion Welding (Refs. 396-L17, P251-P261)

Since the early 19L40's, ultrasonic application to fusion welding
processes, including both resistance spot welding and arc or lnert-gas weld-
ing, has been the subject of mumerous investigations and patent conceptions,
and beneficial effects have been reported. Apparently none of the techniques
has achieved production status, possibly because of difficulties associated
with transmitting vibratory energy effectively into the molten weld metal;
these difficulties are evident from the many approaches used.

In resistance welding, ultrasonic transducers have been installed
in or on one or boih electrcdes, electrodes have been vibrated in or out of
phase, vibratory energy has been introduced independently of the electrodes,
and vibration has been applied before or after the weld cycle or during the
squeeze, weld, or forge phase of the cycle. In arc or inert-gas welding,
ultrasonic energy has been transmitted to the molten metal through (1) the
welding rod, (2) an arc or gas torch, (3) a coupling liquid, (L) a wire intro-
duced into the weld pool, or (5) the workpiece support structure or the work-
plece itself.

Whatever the transmission medium, generally similar results have
been obtained:

a. Refined grain structure and frequently elimination or breakup
of dendrites.

b. Heduced porosity in the weld metal.

¢. HReduced incidence of weld cracking.

d. Improved tensile, shear, and fatigue strength.

e. Improved corrosion resistance.

f. Elimination of necessity for post-weld annealing.

Various of the techniques have also been noted to disrupt surface films, im-
prove surface wetting, reduce heat, energy, and/or pressure requirements,
and reduce the size of the weld bead.

It is likely that further development of ultrasonically assisted
resistance spot welding was diverted by the advent of ultrasonic solid-state
welding. With other fusion welding processes, the improved weld structure
obtained may not be justified in the light of the added equipment complexi-

ties. In either case, economic feasibility. .of these processes is questionable.
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D. Present Status of Ultrasonic Metalworking

The present status of the various processes previously described is sum-
marized in the chart of Table III.

As noted, six of these processes are in production use, at least for a
limited range of applications: tube drawing (both plug drive and die drive
systems), wire drawing (with sutmerged die), drilling with diamond-impregnated
tools, finishing (deburring), welding (spot, ring, and contimous seam), and
soldering and brazing. In some instances, new applications of certain of
these processes may require further applications engineering and/or prototype
equipment development.

Prototype equipment has been evolved for lathe turning and boring, twist
drilling, grinding, and wrenching, and for certaln types of extrusion and
stretch forming. Applications or production engineering is required for
these processes to achieve production status.

All other processes reguire further development before production appli-
cability can be established.

Figures 1-11 show typical production or prototype equipment for some of
the more advanced processes.

32

'V




i
|
*
\
¥
L |

Table IIT

PRESENT STATUS OF ULTRASONIC METAIWORKING PROCESSES
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METAL REMOVAL

Turning, Boring
Twist Drilling
Core Drilling
Milling
Broaching
Thread Cutting
Grinding
Finishing

METAL JOINING
Ultrasonic Welding
Diffusion Bonding
Wrenching

Press Fitting
Soldering, Brazing
Fusion Welding
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Figure 1 ¢
ULTRASONIC TUBE DRAWING
INSTALLATION
(Plug Drive System) 4

Figure 2

STANDARD LO-TON EXTRUSION
PRESS EQUIPPED FOR DIE
AND MANDREL ACTIVATION
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Figure 3

STANDARD TWIST DRILL
HEAD INCORPORATING
ULTRASONIC SYSTEM

Figure L

STANDARD TWIST DRILL HEAD
INCORPORATING ULTRASONIC SYSTEM
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ULTRASONIC BORING SYSTEM
FOR ID MACHINING ¥

Figure 6

ULTRASONIC TOOL POST
FOR OD MACHINING
INSTALLED ON ENGINE IATHE
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HIGH-SPEED ARO PORTABLE
ATR DRILL CONVERTED TO
ULTRASONIC DRILLING

ULTRASONIC DRILL ADAPTER
BEING INSTALLED IN
A BRIDGEPORT MILIER

Figure 7

ULTRASONIC CORE DRILLING UNITS
FOR COMPOSITE MATERIAILS
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Figure 8 Figure 9
TYPICAL TABLE-MODEL

ULTRASONIC RING WELDER
ULTRASONIC SPOT WELDER

WITH FREQUENCY CONVERTER
INCORPORATED IN CABINET

Figure 10

AUTOMATED CONTINUOUS-SEAM
WEIDING (OF ALUMINUM FOIL)
SHOWING TRAVERSING TIP
ON RETRACTABIE GATE
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Figure 11

PROTOTYPE ULTRASONIC WRENCH
WITH INTERCHANGEABLE WRENCH HEADS
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ITI. AIRCRAFT INDUSTRY SURVEY

Army helicopter and light alrcraft mamufacturers were surveyed in order
to identify areas in the manufacture of such aircraft in which ultrasonic ap-
plication may solve difficult fabrication problems, provide an improved
product, and/or reduce processing time and costs.

Efforts in aircraft mamifacturing are belng directed toward reduced
costs, decreased weight, and improved rellability and maintainability, par-
ticularly with regard to fatigue life. Hellcopters in particular are sub-
jected to intensive fatigue vibration manifested as low-frequency vibration
from rotation of the main rotor, high-frequency vibration from the engine
and tail rotor, and ground resonance. This behavior Imposes severe demands
on the materials and components of the structures. Failures may be merely
inconvenient or they may be catastrophlc.

Structural materials used in helicopters have heretofore been primarily
alumirmum and high-strength steel alloys; some magnesium is used, as well as
honeycomb of alumimum or other materials. With the advanced aircraft now
under development, increasing use is being made of titanium alloys and of
boron or carbon fiber composites. These materials offer new challenges to
the fabricator in terms of forming, machining, and joining, and frequently
the more or less standard techniques used with aluminum and steel require
modification to obtain the required high-quality components and assemblies.

To determine specific areas in which ultrasonic processing may offer
solutions to such problems, visits were made and discussions held with repre-
sentatives of the following marmufacturers of Army helicopters and light air-
craft:

Bell Helicopter Company, Fort Worth, Texas

Boeing Vertol Company, Morton, Pennsylvania

Cessna Aircraft Company, Wichita, Kansas

Hughes Helicopters, Culver City, California

Sikorsky Aircraft Division, United Alrcraft Corporation, Stratford,
Connecticut.

\nEw D e

A concurrent visit to North American Rockwell, Los Angeles, California, re-
vealed similar problers, although in connection with heavy aircraft mamfac-
ture. Information from this visit is included since it reinforces the evi-
dence of need for improved processing.

The personnel interviewed were those closely associated with mamfac-
turing processes, keenly aware of the limitations of existing techniques, and
concerned with potential improvement: managers and directors of mamfacturing
engineering, tooling engineering, mamfacturing research and development, and
production development, as well as factory managers and project engineers.
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In addition, extended discussions were held with Mr. George W. Townson,#
who, with a broad background of experience in maintenance and repair of both
military and civilian helicopters, provided insight into life cycles of com-
ponents and field service, maintenance, and replacement requirements.

Varied initial reactions to the prospects of ultrasonic processing were
encountered, ranging from skepticlsm to enthusiasm. The attitude of a few
was that, although the benefits had been widely extolled, they had seen no
concrete evidence of what could be accomplished. It was generally indicated,
however, that ultrasonic technology for certain metalworking areas does not
need to be sold; there was enthusiasm for the Army's interest in ultrasonic
approaches to improved fabricatlion techniques; and there was urgent interest
in obtaining equipment immediately to aid in problem solving and cost reduc-
tion.

Table IV shows the areas of expressed interest and the frequency of
interest in each of the processes. The specifics of each problem area and
the ultrasonic potential for solving the problem are discussed below. Some
of these specific processes were selected for cost effectiveness studies;
the supporting data are provided in Appendix A.

A, Metal Forming

Many of the problems associated with metal forming processes are related
to the fact that all metals have limited plasticity and, as the limits of a
metal's deformability are reached, the characteristlcs of the metal change
markedly. The problems which then occur, including cracking, splitting, tear-
ing; wrinkling, springback, and hardening, may be corrected by reworking or
annealing the plece; alternatively the plece may have to be scrapped.

Ultrasonic assistance in these forming processes reduces or eliminates
the problems mentioned by temporarily increasing the plasticity of the work-
piece and/or by decreasing the friction between the tool and the workpiece,
depending upon the process. Ancillary benefits, such as increased production
rates and superior product quality, are described in the following sections
as applicable.

1. Swaging

Several companies indicated problems in swaging the ends of control
rod tubes. Present techniques are only partially effective, and up to 25 per-
cent or more of the assemblies must be scrapped. A typical configuration con-
sists of a 2024 alumimum elloy tube which is swaged down on both ends; the

ends are tapped, and stainless steel tie rods are screwed in and locked with
mts,

# Mr. Townson is Director of Maintenance, Copter, Inc., Philadelphia, Pa.;
formerly Chief of Maintenance, Kellett Aircraft Corporation; Director of
Training Aids, Boeing Vertol Division; Consultant for Pitcairn Industries;
and Piasecki Helicopter Corporation.
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Table IV

EXPRESSED INTEREST OF AIRCRAFT INDUSTRY
IN POTENTTIAL OF ULTRASONIC METAL PROCESSING

Company
Process A B € D _F G
METAL FORMING
Swaging x x x
Tube Drawing x
Secticn Drawing x x
Straightening x x
Tube Flaring x x
Tube Bending x
Rivet Upsetting x b4 x
Dimpling x
Other Processes
METAL REMOVAL
Turning and Boring x x x x x
Twist Drilling x x
Finishing x
Milling x x x
Broaching x x
Core Drilling x
Thread Cutting x x
METAL JOINING
Ultrasonic Welding x x x x
Diffusion Bonding x
Wrenching x x x x
Press Fitting x x x x
Soldering and Brazing x x
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Swage reduction of the tube ends often produces internal wrinkles or
folds that may be a source of serious weakness and/or other difficulties in
subsequent thread formation. Where heavy reductions (50-60 percent) are re-
quired, several intermediate anneals are not uncormmon; final sizing is accom-
plished on a mandrel. In at least one instance, internal threads are subse-
quently upset-formed by a chipless tapping process, but btecause of internal
flaws, precise thread contours accurately mating with the threads on the tie
rod ends are not always achieved.

Ultrasonic application has potential for two stages of this opera-
tion because of its capability for reducing friction and facilitating metal
flow. Applied during reducing of the tube ends in a process perhaps similar
to that of drawing and ironing, the metal can be controllad to flow longi-
tudinally rather than peripherally, thus minimizing formation of wrinkles and
folds. One or more of the presently required intermediate anneals may also
be eliminated, in line with experience in tube drawing and draw ironing.
Ultrasonic swaging at this stage thus offers potential for reducing fabrica-
tion costs by reducing scrap loss and eliminating one or more processing
steps.

An alternate method of effecting the required joining involves form-
ing the internal threads directly onto the threaded tie rod ends. This would
eliminate the need for upset-forming the threads, a process of uncertain effec-
tiveness. Ultrasonic activation of the swaging tool can cause the metal of
the control tube to flow into the thread grooves on the tie rod end, effecting
complete thread fill.

A modified version of this concept, proposed in Appendix A, involves
providing the tie rod end shank with radial and axial grooves rather than
threads, ultrasonically friction fitting the shank into the swaged tube end,
and ultrasonically swaging the tube material into the grooves. The cost reduc-
tion study in Appendix A indicates that this modified technique will effect a
50 percent savings in the time now required to cut and swage the tube and lock
the ends in place (from 28 mirutes to 14 mimtes), with concomitant cost
savings.

2. Tube Drawing

Metal tubing in helicopters is used in engine mounts, drive shafting,
and control systems. Generally such tubing is purchased to specifications by
the prime mamfacturers, and appears to present no problems. Interest was ex-
pressed, however, in the drawing of titanium tubing for hydraulic systems, and
it was observed that stainless steel tubing will sometimes burst at the fit-
tings. possibly because of flaws in the tubing.

Ultrasonic tube drawing equipment is immediately available and can be
installed on conventional drawbenches or bull blocks with minor modifications.
Its effectiveness in drawlng steel and titanium alloy tubing, with concomitant
product improvement, has been demonstrated on a production basis.
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3. Section Drawing and Straightening

Problems are encountered in mamufacturing the leading edge spar of a
rotor blade, which is made of titanium alloy in a "D" section with a constant
inside diameter and wall thickness varying from about 0.050 inch to 5/16 inch.
Present fabrication involves hot rolling and drawing from rounds. The process
requires about 18 minmutes, and the product emerges so distorted that up to
i hours of hand work may be required for straightening and conforming to re-
quired dimensional tolerances.

Ultrasonic cold drawing has been effectively used to produce titanium
tubing up to about 0.5 inch OD by 0.030-inch wall thickness, with an area re-
duction of 23 percent and at drawing rates up to 100 feet per mimute; conven-
tional drawing was unsuccessful under these conditions. In additi.on, 11/16-
inch-diameter 6A1-L4V titanium alloy solid rods have been ultrasonically cold
drawn to 7 percent area reduction at 100 feet per mimute without the stick-
slip that characterized non-ultrasonic drawing.

It therefore appears that ultrasonic application could alleviate
problems in fabricating the rotor blade spar. This would probably involve
substantial development effort, since hollow shapes of varying cross section
and of the required size have not been previously drawn. Present tooling and
fabrication techniques will need to be examined in greater detall to determine
how ultrasonics might best be applied. There is, however, good possibility of
reducing the drawing time required and of achieving closer dimensional accuracy
so that subsequent hand operations would be substantially reduced.

The ultrasonic effect in straightening may also be effectively ap-
plied to assist in achieving the final geometry, further reducing the required
finishing time. By setting up a series of progressive waves in the spar, in-
troduced from one end and taken out at the opposite end, the yield strength of
the material can be reduced and formability increased.

L. Tube Flaring

While not of major concern, flaring of alumimm alloy (5052, 6061,
and 2024) tube fittings i1s sometimes accompanied by cracking and tearing of
the metal, particularly where reverse bends are concerned. Tubing sizes of
interest range up to about 2-1/2 inches diameter but are generally below
about 3/L inch.

Sound, crack-free flares and flanges have repeatedly been produced in
aluminmum alloys, as well as steel and other materials, with the use of an ultra-
sonic torsional system not unlike an ultrasonic ring welder except for the
geometry of the flaring tool and the support tooling. Required static loads
are substantially reduced, smoother surfaces without rippling are achieved,
and closer flare tolerances are reproducibly obtained. This technique has
been successfully used with tubing up to 1-1/L-inch diameter and wall thick-
nesses up to 0.035 inch, and equipment is available for processing up to
2-1/2-inch-diameter tubing. Development effort will be required to evolve
tooling and techniques for reverse loop flares.
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5. Stretch Forming

Several mamfacturers expressed interest in improved forming tech-
niques, for example, for titanium chafing strips for the rotor blade leading
edge and for other rotor blade parts. Titanium alloy tends to crack in the
area of the bend. Moreover, with processes such as cold forming or hydro-
forming, springback occurs, and excessive amounts of marual drop-hammer and
rebending work are required to achieve the desired geametry. One mamufac-
turer has resorted to hot forming of the chafinrg strips, but heated dies for
this process are expensive, If cold forming cculd be successfully accom-
plished, tooling and dies would be greatly simplified and costs substantlally
reduced.

Appropriate ultrasonic application during such forming operations
could eliminate the requirement for heat, reduce required static loads, re-
duce springback, and facilitate forming without cracking. Development will
be required to evolve effective means for introducing vibratory energy into
a long object such as a chafing strip and to evaluate ultrasonic power re-
quirements, and the economic feagibility of such an approach will need to be
examined.

6. Tube Bending

Bending of L4340 steel tubing has been noted as a problem. The only
known instance of applying ultrasonics to such an operation is contained in a
U. S. patent specification (Ref. P62), which indicates beneficial effects in
terms primarily of facilitated metal flow, lower bending force, and reduction
in springback. This potential application will require development effort,
but may be worthy of further consideration.

7. Riveting

Riveting is presently used for secondary structures such as attach-
ment of ribs, stringers, stiffeners, reinforcement plates, and the like. Gen-
erally alumimum rivets are used and apparently present few problems, except
that they are a costly fastening technique, particularly because of the time
required for drilling and preparing the holes. Some problems were noted in
upsetting titanium rivets, as well as Monel rivets used to attach weights on
rotor tips.

One mamufacturer was concerned with the noise level of hundreds of
stationary and portable riveters operating in a single locale, and believed
that the relatively quiet operation anticipated with ultrasonic riveters would
be beneficial to the work envirorment.

Technical feasibility hes been established for ultrasonic rivet up-

setting. Shank expansion to fill the hole and formation of the head are ac-

complished more effectively and with lower applied forces than can be accom-

plished with existing riveters, so that the size of equipment required for a
given type and size of rivet is reduced.

L5



It should be noted that ultrasonic welding may provide a superior
fastening method. A discussion of the benefits of substituting welding for
riveting with a cost comparison of the two methods is contalned in the
"Riveting" section of Appendix A.

8. Dimpling

Dimpling of aircraft sheet material to accept countersunk rivets,
screws, etc., generally used with aluminum sheet thicknesses in the range of
0.016 to 0.060 inch, apparently does not present a serious problem, although
some difficulties with dimple tear-out, especially in the thinner sheets,
have been encountered.

The efficacy of ultrasonic activation of a dimpling tool in the
axial mode has been established for aluminum and titanium alloy sheet, al-
though some of the systems used were force-sensitive and thus limited to the
thinner sheets. Use of a torsional mode, as in flaring and flanging, in con-
junction with a force-insensitive mount should effect superior results and
permit dimpling in a range of sheet materials and thicknesses at lower loads
than normally used and with less incidence of cracking and tearing. Equipment
is available that can possibly be adapted to this process, but it will be
necessary to evaluate the interaction of ultrasonic and operating variables
for a given material. :

9. Other Forming Processes

Among the aircraft mamfacturers, little interest was expressed in
exploring the ultrasonic assist capabilities to some of the basic metal form-
ing processes, such as forging, extrusion, rolling, section or rod drawing,
casting, or powder metallurgy processing. Generally, items produced by these
processes are purchased from subcontractors, and specific problems in these
areas are not a primary concern of the prime mamfacturer.

There is concern, however, over the extensive processing required
for some of these items after they sre received, in order to meet rigid de-
sign standards. Generally forgings, extrusions, etc. are produced considerably
oversized, and substantial machining is required. With forgings, for example,
the final part may weigh 30 percent or less of the as-received forging. The
balance is scrap. This represents a considerable loss in the case of titanium
forgings, which may cost in the order of $10.00 per pound, while the scrap is
worth 3 or L cents per pound.

At least one mamufacturer suggested that the Army could profitably
focus attention on the role that ultrasonics could play in improving these
forming processes and the cost savings that could thus be effected.

While the application of ultrasonic energy to the production of
large forgings is outside the capabilities of existing equipment and present
plans, its use in the production of small forgings is a readily attainable
goal. Typical in the workable size would be control system parts such as
bracket.s, bell cranks, sockets, and rotor system yokes, where problems are
presented because of inclusions, built-in stresses, and incipient cracks, any
of which could lead to premature failure.
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The demonstrated ultrasonic effects in schieving superior products
with forgings, extrusions, and the like offers the possibility of producing
such components more nearly to size, so that less secondary working is re-
quired, and scrap loss is significantly reduced. The superior quality could
also reduce the mumber of rejects due to unacceptable flaws.

Ultrasonics also offers the possibility of using new materials and/or
processes to produce critical parts such as gears or bearings, for example.
Gear tooth failures are noted to present problems, and bearing races in service
may undergo brinelling, spalling, and tearing. High-quality forgings produced
with an ultrasonic assist could alleviate such difficulties and provide longer
service life.

Ultrasonic powder metallurgy processing offers another approach to
fabrication of such components. Tool makers and automotive companies are
using powder metallurgy products (not ultrasonically produced) for many parts,
but aircraft manufacturers are just beginning to recognize the potential for
this type of fabrication. The increased densification, strength, and homo-
geneity obtained with ultrasonic application could be the averme to achlieving
aircraft quality parts. The significant advantage here 1s that the part can
be produced essentially to size, with 1little subsequent processing and with
negligible loss of material as scrap. Thus substantial cost savings are
inherent in the process.

B. Metal Removal

The three problems mentioned repeatedly in conjunction with metal removal
processes in discussions with sircraft mesmufacturing personnel were residual
stress, precipitating early product failure; control of cutting tool, result-
ing in inadequate surface quality, surface tearing, and metal buildup on the
cutting tool; and excessive time and labor investments in mamual operations.

The temporarily increased plasticity and reduced frictional forces asso-
clated with ultrasonic metalworking facilitate these removal processes by de-
creasing the power requirements and increasing the ease with which the cutting
tool removes the metal. The problems mentioned are either reduced or elimi-
nated, depending upon the process.

Additional benefits are also obtained, including increased metal removal
rates, longer tool life, and increased machine and process capacity.

1. Turning and Boring

The potential of ultrasonically assisted turning and boring gen-
erated considerable interest among most of the mamufacturers. The primary con-
cerns with existing techniques appear to be surface finish and residual
stresses, and substantial effort is being expended in cutter geometry, coolants,
and other process variables to insure good surface finish and uniform stress
distribution with no loss in part quality. For structural parts, hand finish-
ing and polishing are frequently used to remove tool marks and other surface
defects that could contritute to structural failure. Mackining of titanium
shafts and boring of gear hubs were problems specifically mentioned.
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Ultrasonic machining has been noted to result in improved surface
finish and less grain tear-out. Conventional machining usually produces a
glossy surface, apparently resulting from tearing, material enfoldment, and
burnishing, and microscopic examination shows a marked surface waviness.
Ultrasonically machined surfaces have a mat finish with evidence of more com-
plete shearing of the chips from the bulk material; surface waviness 1s essen-
tially absent. The extent of the improvement needs further evaluation with
a wider range of materials and machining conditions.

The possibility of relieving internal stresses and increasing fatigue
strength with ultrasonic machining has not been intensively investigated, al-
though there are indications that this effect could be significant. Ultra-
sonic stress relief has been demonstrated in ultrasonic bending and straight-
ening operations, where springback is markedly reduced. In an investigatlom*
of surface machining of titanium alloy by various techniques, including slab
milling, chemical milling, grinding, electrical discharge machining, and
ultrasonic slurry machining, the ultrasonically machined specimens showed the
highest resistance to bending fatigue, and fatigue strength was increased by
spproximately 60 percent over that of the as-rolled material. Measurements
with ultrasonically turned specimens should show similar stress relief, thus
increasing the useful 1ife of the part.

Other pntential economic benefits of ultrasonic machining include
significantly increased rates of material removal, longer tool life, and re-
duced tool forces, thus extending the capabilities of standard lathes.

Appendix A includes a cost analysis involving drilling, boring, and
turning operations in the production of a sample helicopter part, both with
and without ultrasonically assisted production methods. This analysis shows
an estimated 69 percent reduction in production time and labor cost with the
use of ultrasonics. In addition, the parts would have a lower reject and
damaged part rate, further reducing production costs.

2. Drilling

Various drilling problems were encountered. In hard materials such
as titanium alloys, deep-hole drilling (cdeeper than about four diameters) is
difficult to accomplish; required tool forces are high, frequent tool with-
drawals are necessary to clear the hole of chips, and there may be frequent
tool breakage, possibly damaging the part. With many materials, tool breakout
in conventional twist drilling leaves a jagged edge requiring subsequent hand
finishing.

#* R. J. Rooney, "The Effect of Various Machining Processes on the Reversed
Bending Fatigue Strength of A-110 AT Titanium Alloy Sheet," WADC
Technical Report 57-310, Project 7360, Wright-Patterson Air Force
Base, Ohio, Nov. 1957.

L8




T

[

Sl

Such problems are alleviated with ultrasonic twist drilling, for
which prototype equipment has been evolved and successfully demonstrated. In
addition to increased rates of material removal, the process offers reduced
tool torque and thrust loads, so that tool breakage 1s minimized; improved
chip clearance from the hole and drilling to greater depths without tool re-
traction, substantially improved hole breakout, and longer effective tool life
also characterize the process.

The drilling of composite materlals and composites with laminates
presents special problems which are being solved with ultrasonic core drilling
using rotary diamond-impregnated tools. This process has shown increased
drilling rates, reduced tool loads, minimized drill retraction for dislodging
the core, improved surface finish, and reduced tool wear. Economics studies
have shown substantially reduced costs per hole drilled.

Such core drilling is effective with laminated composites involving
titanium alloy where the titanium sheet is less than about 1/8 inch thick.
With thicker sheet, it has been necessary to resort to a stepped operation
wherein a twist drill 1s used to penetrate the titanium sheet and a diamond-
impregnated core drill is used for the composite material. A similar prob-
lem is involved in drilling through a dual-hardness metallic material such as
is used for ammor plate. Drilling tools and conditions that successfully
penetrate the soft material are ineffective with the hard material, and vice
versa.

For such drilling, concepts have been evolved for an ultrasonic array
involving two concentric tools for alternate advance and retraction. In drill-
ing laminated composites, for example, a carbide-tipped cutter could be used to
drill through the titanium end a diamond cutter for the composite material.
With an acoustical impedance-sensing device, the impedance change at the inter-
face could signal the retraction of one tool and the advance of the other so
that the operation through laminated materials would be essentially contimious,
thus eliminating mamual tool changes and mamual indexing at each interface. A
similar arrangement could be used for drilling through dual-hardness armor
plate. Development effort is required to achieve such a dual-tip tool.

An analysis in Appendix A provides estimated cost figures on the
following disadvantages of conventional twist drilling: excessive tool wear
and tool breakage; inspection and removal of broken drill bits; reworking or
scrapped parts necessitated by deformation of hollow tube workpieces, and over-
sized holes caused by "orbiting" drill bits. These disadvantages can be alle-
viated or eliminated by ultrasonically assisting the drilling process. The

analysis indicates that $64.80 per ship can be saved on control rod assemblies
alone.

3. Broachi

One company indicated broaching to be a serious problem, for example,
in the production of square and round fluted holes ranging from 1 inch to
L inches in size in L34O and 17-4 PH steels. Carbide cutters are used, and
to be successfully broached, the material must have tensile strength in the
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range of 160,000-180,000 psi. With softer materials, the process is unsuccess-
ful. Troublesome aspects include metal buildup on the broach teeth, generation
of surface tears and other defects ir the workpiece, strength limitations, and
residual stresses induced in the parts, which can range from 30,000 to 50,000
psi and can lead to serious corrosion and fatigue problems. The high cost of
the broaching tool is also a significant factor.

The success achieved with ultrasonic applicatlion in other metal re-
moval processes indicates that effective activation of a broaching tool is
capable of achievement and could produce a significantly improved product,
although development (based on existing ultrasonic machining technology)
would be required for this application.

L. Milling

Milling is extensively used by the aircraft marmufacturers to shape
castings and forgings, and, as previously noted, more than 70 percent of the
material may be lost as chips. An increase in the metal removal rate with
such workpieces would certalinly offer time and cost savings.

Experimentation carried out with ultrasonically activated end mill-
ing and face milling tools has indicated accelerated material removal and re-
duced forces; in some ingtances, the depth of cut could be almost doubled.
Moreover, satisfactory milling could be obtained with less rigid machines,
according to some investigators. In the few instances in which ultrasonic
milling has been attempted, vibration was generally introduced along the tool
centerline.

Slab milling with ultrasonics has apparently not been explored, and,
because of the size of the cutting tools, considerable extrapolation of the
state of the art may be required. With appropriate development, the economic
benefits could be substantial.

5. Thread Cutting

Thread cutting was observed to be a perennial problem, particularly
with the higher strength alloys. The only specific example cited was thread-
ing of a titanlum shaft, wherein current techniques generate unacceptable
residual stresses. Improved surface finish would also be desirable,

As with other cutting processes, such problems can be alleviated
with appropriate ultrasonic activation of the cutting tool. Experimental
work has demonstrated improved surface finish and less tearing of the ma-
terial, as well as reduced torque, increased processing rate, and improved
chip expulsion. There is also good possibility of stress relief with ultra-
sonic processing. Development will be required to establish the best means
for delivering vibratory energy to the tool/work interface, as well as appro-
priate processing psrameters.
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6. Finishing

Finishing of parts particularly after metal removal was observed
to be one of the largest single-slement costs in helicopter mamfacture be-
cause it is primarily a hand operation. In some work areas, dozens of workers
many be engaged solely in finishing operations such as deburring, honing,
reaming, smoothing, eliminating tool marks, and the like. Particular problems
have been observed with parts that require precision finish, such as hydraulic
control pistons, the interior of transmission cases, and bores on the rotor
hub.

As previously noted, ultrasonic application to other metal removal
processes frequently res.lts in imoroved surface finish, thus reducing the
requirement for subsequent finishing operations.

In addition, several ultrasonic approaches may be used to facilitate
certain types of finishing operations. Ultrasonic activation of a grinding
wheel or honing tool has been proven effective. Also, a small, hand-operated
ultrasonic deburring tool has been successfully used for such applications as
removing the rough breakout left bty a drilling tool. Since the burr generally
has lower fatigue strength than the bulk material, it is readily removed with
ultrasonic application. Effective use has also been made of an ultrasonically
activated abrasive slurry bath in which parts are immersed for removal of ex-
traneous material. Equipment for most of these operations is commercially
avallable.

C. Metal Joining

The major problems associated with metal joining processes involve prepa-
ration of the workpleces to be joined (cleaning, drilling, aligmment), process
requirements such as high and low temperature processing locales, and side
effects of the joining methods (uneven resultant stresses, undesirable work-
plece deformation, lack of process precision).

The different ultrasonic metal joining methods described below resolve
these difficulties in markedly different ways, but each avoids most of the
problems associated with conventional joining methods.

1. Ultrasonic Welding

A number of problems amenable to solution by ultrasonic welding were
uncovered, and this process offers one of the most fertile sources for improve-
ment in joining technology because of the immediate availability of a variety
of types and sizes of production ultrasonic welding equipment.

a. Secondary Structures

One major area is the use of ultrasonic spot welding to replace
resistance welding, riveting, or adhesive bonding for secondary structures
such as the attachment of skin to skin, stringers, stiffeners, and honeycomb,
for attachment of access ports, cowling, for door fabrication, and the like.
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Resistance welding is limited to maxirmm sheet thickness ratios
of about 3:1; it is not reliably reproducible, and machine settings require
periodic (often daily) adjustment and requalification; and joint efficiencles
are lower than desirable because of the brittle cast of the weld mugget. Indi-
cations are that resistance welding is being phased out in favor of other join-
ing techniques.

In ultrasonic welding, only three machine settings (power, time,
and clamping force) require adjustment for different workpleces, and once the
settings are established for a given application, no further adjustments are
required to achieve reproducible results. Furthermore, the welds are solid-
state bonds with no cast mugget or intermetallics in dissimilar Joints that are
susceptible to accelerated fatigue. The materials and sheet gages of interest,
generally alumimum alloys less than 0,100 inch thick, are within the capabili-
ties of existing equipment. No maximum thickness ratios are applicable in
ultrasonic welding.

Riveting as a means for joining secondary structures is often
used without enthusiasm because of the high cost of drilling the holes, and it
has been observed that the difference between winning and losing a bid on air-
craft structures is dependent upon cutting down on the mmber of rivets. Some
aircraft companies are utilizing commercial DRIVMATIC machines,i which drill
and countersink the hole, insert the rivet, upset the rivet head, and may even
shave the head to produce a flush surface, in successive automatic operations.
These machines are claimed to have the capability of installing 18 rivets per
mimite. The experience of one mamufacturer, however, indicates a maximm rate
of 9.2 rivets per mimite for the most accomplished mechanic and 7 rivets per
mimte for the average mechanic. Moreover, most of the machines are massive
and expensive. Ultrasonic welding of alumirmum alloy sheets is accomplished
generally in less than 1 second, so that substantially higher rates are obtain-
able,

The major drawback to immediate use of ultrasonic welding for
secondary structures is the lack of specifications and qualification of the
process for such applications. Until detailed specifications are developed,
it cannot be used with confidence. Extensive data are required particularly
on tensile-shear, cross tension, and fatigue strength in the ve .-ious alloys
and gauges of interest. Fatigue data would be particularly valuable; very
limited experiments have indicated ultrasonic welds to be superior to re-
sistance welds in fatigue strength. If this advantage can be statistically
confirmed with a large rumber of specimens of various materials and sheet
thicknesses, it will offer a significant advantage for helicopter structures.

b. Ultrasonic Weld Bonding

Another ultrasonic welding application, weld bonding, involves
ultrasonically spot-bonding through the adhssive used to bond the rotor blade
subassembly, honeycomb panels, or other members to ensure structural integrity

% Mamfactured by Gemcor, Buffalo, New York.
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and proper aligmment during the sssembly process. When the adhesive is oven-
cured, the ultrasonic spot-bond location will be as strongly bonded as the
rest of the assembly. Presently employed resistance weld-bonding techniques
run the risk of overheating in the vicinity of the spot location, which pre-
cludes bond formation during oven curing, and the assembly may be rajected
upon inspection,

Appendix A discusses this process in more detail in terms of
the main rotor blade assembly.

Several mamfacturers expressed the desire to bypass the labor-
intensive, time-consuming processes involved in "lay-ups" of the pre-cured ad-
hesive bond assemblies mentioned above. Ultrasonic weld bonding would enable
far easier assembly handling prior to curing and finally provide more securely
bonded units.

Even greater advantage would be obtained by using ultrasonic
welding to replace adhesive bonding completely. Appendix A contains a de-
talled analysis of the use of these two joining methods in the fabrication of
a helicopter door. The cost analysis included therein indicated substantial
savings in time (119 mimtes vs. L43.5 mimtes for the fabrication of a single
door) and costs with the substitution of ultrasonic welding.

¢. Bolt Head Corrosion Protection

A major problem is presented in service use with corrosion of
the sheets around exposed bolt and screw heads, even though such areas are
coated with corrosion-resistant paint. Fatigue stresses may crack the paint
and expose the metal to accelerated corrosion. One helicopter company, for
example, has detailed inspection and maintenance procedures for the screws
securing the inertia weights on the outboard end of the main rotor blades.
Inspection must be made after the first 600 hours or 6 months of service,
whichever occurs first, and thereafter after every 25 hours or 30 days. If
there 1s any evidence of corrosion, blisters, or cracks in the paint, the
paint is stripped, and the metal around the fastener head is inspected by dye
penetrant techniques; 1f no defecis are found, finishing treatment is again
applied. Greater reliability of the corrosion protection mesns would sig-
nificantly reduce maintenance and repair time and costs.

The technique of ultrasonically ring welding patches over bolt
heads has been shown to provide reliable protection from corrosion and is
worthy of introduction into production use. Engineering for a production
ultrasonic welder requiring access to only one side of an assembly should be
undertaken to maximize utilization of this technique.

d. Miscellaneous Welding Applications

The phenomenon of fretting is constantly observed in the use of
titanium for shafts and the 1like. Present techniques for preventing fretting
involve the installation of a stainless steel. sleeve on the shaft or a steel
bushing in the II! bearing surface. The adhssive bonding now used is not
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completely acceptable because of problems relating to cleaning, curing, etc,
Ultrasonic welding of these assemblies could be accomplished in shorter time
without the complexities of adhesives. No problems have been encountered in
ultrasonically welding 0.010-inch stainless steel to a dissimilar metal such

as titanium.

Another potential application concerns two hellcal gears which
are joined at their mating flanges, currently by electron beam welding, to
make a herringbone gear. The welding is expensive, and the heat generated by
the process distorts the parts, causing variations in tooth aligmment. Ultra-
sonic welding could accomplish this joint in a brief interval without heat
distortion.

Ultrasonic ring welding also presents a means for bonding a
vacuum-tight closure near the outboard end of the rotor '"D" spar, which is
now joined with adhesives.

On some helicopters, door shafts consisting of 2-1/lL-inch OD
tubing have brass weights bonded onto the exterior for balancing. Ultrasonic
welding has potential for this application.

Although avionics is excluded from the scope of this investi-
gation, the usefulness of ultrasonic welding in making electrical connections
deserves mention, particularly for use in field maintenance and repair. Prob-
lems such as welding wires to harnesses in control panel assemblies have been
reported. The capability for welding dissimilar metals such as aluminum and
copper makes it a particularly valuable tool. A hand-held squeeze welder, for
which design concepts have been evolved, appears to present especially useful
potential for such applications.

2. Diffusion Bonding

Diffusion bonding has heretofore not been used to any great extent
in helicopter and light aircraft mamufacture, possibly because of the com-
plexities and time involved in making such joints. TlLis process, however, is
now being investigated for z2lumimum and titanium jolnts for some of the newer
aircraft. The high strengths that can be developed in diffusion bonded joints
make this a candidate means for fabricating camplex parts that are ordinarily
machined from castings or forgings, permitting elimination of extensive machin-
ing and loss of material in chips. Integral stiffeners, T-joints, and the like
are candidates for this processing. Investigations are currently being carried
out under the auspices of Army Materials and Mechanics Research Center, Water-
town, Massachusetts, to establish diffusion bonding techniques for such appli-
cations.

Although ultrasonically assisted diffusion bonding has not been ex-
tensively investigated, sufficient work has been carried out to demonstrate a
dramatic decrease in time, and possibly also in temperature, in comparison to
conventional diffusion bonding techniques. Bonding times have been reduced
from hours to mimites, and temperatures concomitantly reduced by a few hundred
degrees Centigrade. Further development will allow the manufacturers to use
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this advanced fabrication technique to achieve the high-quality bonds required
in sircraft structures.

3. Wrenching

Many torque fasteners are used in helicopter manufacture, especially
in the transmission system, rotor assembly, and landing gear assembly. These
may range in size from less than 1 inch to 16 inches or more in diameter.
Small fasteners in the vicinity of 1 inch are used on gear and transmission
cases. Larger fasteners of L4-6 inches are used to attach rotor fittings to
spars. In some instances, the fasteners are sealed with epoxy on the first
one or two threads to insure adequate fatigue resistance, Particularly
troublesome are the large-diameter retainer muts for thrust bearings, which
are part of the main bearing assembly and in essence support the entire heli-
copter. In one instance, a l6-inch-dlameter steel mut is installed on a ti-
tanium shaft, requiring torque loads up to 50,000 foot-pounds and higher. In
this assembly, it is important that the nut does not gall or otherwise damage
the titanium part (which may cost in the order of $70,000.00).

The significant advantage of ultrasonically assisted wrenching of
such fasteners is the reduced torque required to achieve a given bolt tension
and/or the increased bolt tension (up to 35 percent increase has been measured)
achieved at a given torque level. Thus greater effectiveness can be achieved
without increasing wrench capacity; with the reduced friction between mating
threads, galling or other thread dsmage is minimized; and the higher bolt ten-
slons provide added insurance against fatigue loosening of the fasteners.

An equally troublesome problem is the disassembly of torqued fas-
teners, particularly in field maintenance. Breakaway torque is usually about
50 percent higher than tightening torque, and the problem is aggravated for
fasteners that are disassembled only infrequently, are rusted, or have been
exposed to high in-service temperatures (as in the case of brakes) and have
become "frogen." Disassembly is frequently impossible, and a bolt must be
drilled out and replaced. Even fasteners that can be untorqued msy not be
reusable because of damage to head or threads.

Prototype ultrasonic wrenches have been developed for torquing and
untorquing small-size fasteners. Development effort is required for fastener
sizes in the range of L inches and larger.

The cost reduction study in Appendix A discusses the potential bene-
fits of ultrasonic wrenching of alrcraft fasteners, but without mavhour and
dollar figures. The stated advantages include:

a. Reduced time spent in recalibrating tools.

b. Less need for inspection as a result of increased accuracy and
precision of torque values obtained.

c. Reduced rejection rate and need for retorquing.
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d. The possibility of reduced work force resulting from reduced
manual force requirements (up to 50 percent).

e. Higher output per worker as a result of reduction of marmial
fatigue.

f. The possibility of reduced tool size, facilitating work in the
cramped spaces common in aircraft assembly.

L. Press Fitting

The assembly of parts with interference fits by press fitting or in-
sertion fitting has presented serious difficulties. Typical exsmples are the
assembly of parts in the rotor head, fitting of gears and bearings onto shafts,
insertion of bearings into forged or machined parts, etc. Such assembly fre-
quently utilizes a thermal differential between the two parts. For example,
the part to be inserted may be frozen, as in liquid nitrogen, and the holder
heated while the parts are forced together. Subsequent temperature stabiliza-
tion may result in unpredictable or non-uniform stress distribution about the
inserted part, with cracking or other damage to the holding member. Rejects
of such assemblies are noted to be high.

Experimentation has indicated the feasibility of assembling components
to interference fits at room temperature with ultrasonic activatlon of one or
both members. The reduced frictional forces permit assembly with less suscepti-
bility to damage or undesirable stress distributions. Ultrasonic equipment
suitable for such assembly is avallable, although engineering is required for
specific applications.

Appendix A includes an estimate in time and cost reduction required
to produce a bearing-hub assembly typical of those used in helicopter mamfac-
ture. Assuming equivalence of product quality, ultrasonic press fitting can
reduce labor costs by an estimated 3% percent and process time by an esti-
mated 79 percent. Further cost reductions can be expected from:

a. Elimination of need for cooling bath and heating oven.
b. Increased productivity.

c. Decreased manpower requirements.

d. Decreased reworking and inspection costs.

e. Increased product reliability.

The Appendix also postulates that ultrasonics can, with the fabrica-
tion of interchangeable tooling such as holding fixtures and installing man-
drels, increase the utilization of existing press fitting equipment.

5. Soldering and Brazing

A few soldering and brazing problems were identified but did not ap-
pear to be of first-order magnitude. Apparently heat exchangers and cooling
systems are frequently assembled by such methods; generally these are pur-
chased in the assembled state from subcontractors and, as long as they meet
specifications, are not of particular concern to the prime manufacturers from
the aspect of fabrication techniques.
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One aircraft company mentioned a problem in brazing L340 steel parts
for landing gears. Brazing is carried out at 1800°F, followed by rapid quench-
ing. Peject rate is high, perhaps because of the temperature differential
during quenching. Ultrasonic application may alleviate this problem, but
further investigstion into the problem would be required.

Soldering is also used for electrical connections, and this some-
times presents problems in field service. The elimingtion of flux in ultra-
sonic soldering of aluminum junctions offers distinct advantages. However,
even greater advantage would be obtained with the use of a hand-held ultra-
sonic welder for making such connections. Joints are stronger and more reli-
able for service use and are not degraded with elevated temperatures; this
technique is equally effective in joining copper to copper, alumimum to alu-
minum, or alumimum to copper connections.
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IV. SUMMARY AND CONCLUSIONS

The problem areas uncovered in the aircraft industry which appear to be
amenable to solution with ultrasonic application were evaluated in terms of
their potential for cost savings and the time required to achieve production
use of the ultrasonic technology.

Those that offer good potential in cost savings and product improvement
and that are either immediately available or can be evolved to production use
within the short-term future (2-3 years) include:

1. Swaging of control rod tube ends.

2. Tube drawing.

Tube flaring.

. Lathe turning and boring.

Twist drilling.

Core drilling of laminates.

Drilling of dual-hardness materilals.
Broaching.

Ultrasonic welding of primary and secondary structures.
10. Ultrasonic welding for electrical systems.
11. VWrenching of small fasteners.

12. Press fitting.

N0 O~ N NLET\W

An sdditional group of processes appear to offer good potential but will
require further study of the problems and the technology presently used.
These are candidates for long-range development:

Spar drawing.

Spar straightening.

Stretch forming, as of the rotor leading edge chafing strip.
Milling.

Thread cutting.

Diffusion bonding.

Wrenching of large fasteners.

Forging.

Extrusion,

Powder metallurgy processing.

O\OCD\'IO\\J'LJ:'\O!\)P—'
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A. Processes of Short-Range Applicability

Consideration was given to the time and cost required to achieve effec-
tive use of the more advanced ultrasonic techniques in the production mamufac-
ture of Army aircraft. Two of the processes--ultrasonic tube drawing and
ultrasonic drilling of composites--are currently being used in production for
similar type applications and can be applied without further develomment or
engineering. Production equipment is available for ultrasonic welding, but
this process will require qualification for aircraft purposes. For other
poosses, prototype equipment is available, but not necessarily of the type
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or size required for aircraft industry use, and further development may be
indicated. Technical feasibility of several processes has been demonstrated,
but prototype development oriented to specific end uses will be required.

Table V provides estimates of the elapsed time and costs required for
each process through the necessary stages: development through fabrication
of prototype equipment; test and evaluation of production or prototype equip-
ment for a specific application or range of applications; and tooling engi-
neering to provide production-type equipment.

The production equipment costs provided in the last column are actual
costs where available; otherwise these costs were estimated on the basis of
the estimated acoustical horsepower probably required for the application and
on the complexity of the equipment, based on experience with equipment of
similar type. The price range provided in most instances represents the
range of power outputs anticipated to be required for processing different
materials, part sizes, etc. The equipment thus projected is for mamial op-
eration only.

The prices quoted are for ultrasonic equipment only and include the fre-
quency converter, the transducer-coupling systems and associated accessories,
and the necessary tooling. Ultrasonic welders are completely self-contained
units, and this may be true of some of the other equipment such as ultrasonic
wrenches or press-fitting devices. In other instances, the ultrasonic system
will be capable of installation on standard metalworking equipment with some
modification. Experience has indicated that such modification costs are
usually about 10 percent of the ultrasonic equipment price if several machines
are altered.

The production prices assume the manmufacture of three or more identical
units. If single units are desired, the costs may be somewhat higher. Time
for fabrication and delivery of the equipment is usually in the order of 3 to
S months.

The following comments are provided to explain and qualify the informa-
tion provided in Table V:

1. Swaging

This projection is limited to the swaging of control rod tubes, both to

reduce the diameter at the ends of the tubes and to swage the tube end onto
the tie rod. Only one or two sizes and/or materials will be selected for
development,

2. Tube Drawing

Available equipment is capable of handling tubing sizes up to about
2 inches OD by 0.20-inch wall thickness.
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3. Tube Flaring

Tubing sizes up to about 1.0 or 1.5 inch diameter appear within the
capabilities of existing technology. The process will involve rotation of
either the transducer-coupling system or of the tube and its support tooling.

L. Lathe Turning

Prototype tool posts are available for installation on engine lathes
only. The projected develomment is for turret lathe installations of 5 to LO
horsepower. A single installation will consist of one frequency converter and
possibly four transducer-coupling systems. Test and evaluation data will be
obtained on several materials.

5. Boring

Prototype ultrasonic boring bar designs for installation on engine
lathes are available. It is contemplated that a 15-horsepower lathe will be
thus equipped. Time and cost for test and evaluation are included in the
figures for turning, since these processes are interrelated insofar as per-
formance is concerned.

6. Twist Drilling

Existing laboratory-prototype equipment is for hole sizes up to
about 1/2-inch diameter. The projected development is for ultrasonic drilling
of holes of up to about 1-1/2-inch diameter in several materials. The ultra-
sonic systems will be capable of installation on more or less standard drill

press equipment designs.
7. Core Drilling

Avallable equipment is capable of drilling holes of up to about
1/4-inch diameter in composites with a solid diamond-impregnated drill or up
to about 1-1/2-inch diameter with a trepanning configuration.

8. Dual Hardness Drilling

This development is oriented toward a dual-tipped drill capable of
drilling through laminates of composite materials with alumimum or titanium,
laminates of metallic materials of differing hardnesses, and armor plate or
the like consisting of a single material of dual hardness. Equipment is pro-
jected for hole sizes up to about 1/2-inch diameter.

9. Broaching

The development will involve hole sizes up to about 2-1/2 inches
diameter.
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10. Ultrssonic Welding of Structures

In order to use this process as a replacement for rivets or resist-
ance welds in the assembly of primary or secondary structures, qualificaticn
for aircraft quality welding will be essential. The projected costs for Test
and Evaluation include flight testing of ultrasonically welded structures.

11. Ultrasonic Welding for Electrical Systems

This will involve the welding of both wires and flat conductors.
The required equipment is available, but this process also will require quali-
fication testing for the selected applications.

12, Wrenching

Avallable prototype ultrasonic wrench designs are for tubing assem-
blies only. The projection here is for fasteners (cap screws, bolt and mt
assemblies, etc.) in the sige range of 1/4-inch to 1-1/2 inches diameter, and
will involve both tightening and the loosening of corroded fasteners. Because
of the many variables in the process (type of fastener, size, bolt length, and
material), this program can be much larger or somewhat smaller, depending on
the interest of the Army.

13. Press Fitting

This projection contemplates the press fitting of parts of up to
about 2-1/2 inches diameter in various materials and material combinations.

Production unit cost savings that can be achieved with ultrasonic appli-
cation to the above processes can at best only be estimated at this time,
partly because of the unavailability in many cases of fimm data on the costs
of existing processes and partly because of the present development status of
the ultrasonic process. The analyses in Appendix A indicate potential savings
of 25 to 50 percent and higher for several of the processes. These data will
need to be confirmed or modified with actual production experience.

Nevertheless, these processes appear to have good potential for signifi-
cant cost reduction. As noted in the Introduction, cost savings are associ-
ated with several factors: .

1. Increased processing rates.

2. Reduced power requirements.

3. Elimination of discrete processing steps.

L. TIncreased tool life, eliminating time and cost of tool changes.

5. Improved product quality, which leads to fewer rejects or reworks,
longer component life, and reduced maintenance.

The demonstrated capabilities of ultrasonics in relation to each of these
factors for each of the above processes are sumarized in Table VI, generally
only in qualitative terms. The implications for potential cost savings are
certainly apparent.
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B. Processes of Long-Range Applicability

The production potential of ultrasonic application for the second group
of processes listed at the beginning of this section appears to be equally

good, and the cost savings factors are similarly impressive, as summarized in
Table VII.

These processes, however, are probably several years from production use.
Most of them are still in the development stage, and relatively little 1s
known about ultrasonic equipment size and configuration or process parameter
interactions to envision end-use requirements. In some instances, as in spar
drawing and straightening, further study needs to be made of the specifics of
the problems and of present mamufacturing techniques in order to determine how
ultrasonics may best be applied. Consequently, it is virtually impossible at
this time to make realistic estimates of the magnitude of effort required for
development or to achieve production status.

They are presented here as candidates for further consideration and
evaluation,
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V. RECOMMENDATIONS

Recommendations for investigation and/or implementation of ultrasonic
metalworking processes in support of AVSCOM requirements are presented below.

A. Present Production Processes

1.

Drilling of composite materials with diamond-impregnated rotary
ultrasonic tools should be utilized where applicable.

Ultrasonic tube drawlng should be used for producing tubing that is
now difficult to draw and/or for applications that require superior

quality tubing.

B. Processes of Short-Range Applicability

3.

L.

10.

11.

12.

e

Ultrasonic welding should be qualified for aircraft structural use,
in association with an aircraft manmufacturer.

Ultrasonic welding should be qualified as a means for joining wires
and flat conductors in alrcraft electrical systems.

Prototype ultrasonic equipment should be developed and evaluated for
swaging control tube ends.

Prototype equipment for ultrasonic activation of tools on a turret
lathe should be developed and evaluated in machining selected ma-
terials and geometries of interest.

The performance and cost effectiveness of an ultrasonic boring bar
installed on an engine lathe should be evaluated.

Existing ultrasonic twist drill designs should be extrapolated to
accommodate sizes up to about 1-1/2 inches and evaluated with several
materials.

An ultrasonically activated dual retractable-tlip drill should be
developed and evaluated in drilling dual-hardness materials.

Ultrasonic wrenches for specific types and sizes of threaded air-
craft fasteners should be evolved and evaluated both in tightening
and in loosening corroded fasteners.

Ultrasonic equipment should be assembled and evaluated for press
fitting parts of up to about 2-1/2 inches diameter.

An ultrasonic array for installation on standard tube flaring equip-
ment should be designed, assembled, and evaluated.
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13.

The potential of ultrasonic broaching of holes up to about 2-1/2
inches diameter should be investigated with ultrasonic activation
of the broach tool on standard equipment.

Processes of long-Range Applicability

.

1.

16.

17.

18.

19.

20.

Investigation should be made of the possibility of facilitating
drawing and straightening of rotor spars with ultrasonic activa-
tion.

Present techniques for forming rotor leading edge chafing strips
should be reviewed to determine the possibilities of ultrasonic
activation to alleviate present forming difficultlies and reduce
forming costs. :

Consideration should be given to means for activating cutting tools
in milling and thread cutting operations.

In view of the apparent substantial reduction in time required for
diffusion bonding under ultrasonic influence, ultrasonic activation
systems should be developed for diffusion bonding equipment and
evaluated particularly for aluminum and titanium alloys.

Evaluation should be made of the ultrasonic requirements for facili-
tating the wrenching of large-size aircraft fasteners.

A survey should be made of Army aircraft subcontractors to identify -
other problem areas, particularly in primary material fabrication
processes such as extrusion and forging, for an evaluation of poten-
tial ultrasonic application.

The possibilities of fabricating critical parts, such as gears,
bearings, and small forgings by ultrasonic powder metallurgy
processing should be examined and experimentation carried out on
selected parts to determine the extent of product improvement
obtainable.
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APPENDIX A
COST REDUCTION STUDY

Several areas of metalworking, all directly related to metalworking in
helicopter fabrication, are examined. In each area, certain mamfacturing
operations are analyzed to illustrate the mamfacturing effectivity of the
various processes used today. The feasibllity of applying ultrasonic energy
is discussed in each case, and a projected cost comparison is made, to serve
as a basis for evaluating the practicability of ultrasonic application.

The metalworking areas encompassed by this study are:
A, Joining

1. Ultrasonic welding vs. bonding
2. TUltrasoulc welding vs. riveting

B. Drilling

1. Oleo-rod cross-pin drilling
2. High-strength material drilling

C. Swaging

1. Oleo-tube forming
2. Control rod tube-end fitting assembly

D. TWrenching

1. Transmission bolts
e Main rotor hub lockmuts.

The major helicopter mamufacturers were contacted and information solicited
in each of the study-metalworking areas. Information was sought specificslly in
areas where the mamufacturing effectivity was low, wherein elther singly or in
combination: (a) the mamufacturing labor cost was considered very high, (b)
productivity was low enough to be considered a problem, (c) the reject rate was
excessive.

Each of these examples is examined to show the labor cost, the time neces-
sary to mamufacture, and the rsject rate, ingofar as such information was
available. Following these analyses, the various processes are discussed in-
dividually to show how the applic.tion of ultrasonic energy could conceivably
reduce cost, while improving quality and productivity.

In those discussions that involve labor dollars, the burdened mamfac-

turing labor rate has, for the purpose of this report, been established at
$15.00 per hour or $0.25 per minute.
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Concluding the analyses 1n each of the study areas i1s a discussion of the
ultrasonic equipment and tools that will be required and their estimated costs.
Their availability for production ("Equipment Definition") is categorized as:

Technology and equipment immediately available.
Technology available, but equipment needs develomment.
Limited study needed before implementation.

Research and development needed.
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I. JOINING

A. The Example

In the early production of hellcopters by some marmufacturers, the main
cabin doors were riveted assemblies. Later, ss tooling and methods were de-
bugged and productivity increased, techniques were developed to adhesive-join
the components by installing them in portable fixtures and subsequently placing
them in an oven to cure the thermosetting adhesive. The problem with this
method was (and in most cases still is) the time needed first to heat the
loaded fixture and then, after the cpoxy has been cured, to cool it down to
a temperature where it can be handled safely.

To effect cost reduction and improve productivity, an integrally heated

and cooled vacuum fixture was developed. Use of this tool rediuced the time
needed to make a bonded door from £89 mimutes to 119 minutes.

B. The Condition

In most mamfacturing assembly methods involving contoured parts, clamp-
ing pressure 1s required to varying degrees for correcting a contour mismatch
between the various parts or for compressing the parts to the required prox-
imity for bonding. The assembly must be heated to 2750-300°F and held at that
temperature for 15 to 20 minmutes to cure the adhesive., After curing, the oven
(and contained parts) is cooled to a temperature that allows handling.

C. The Problem

The above-described method of fabricating doors does not present any spe-
cific part quality problem, but rather one of tooling and process. The inner
and outer door parts must be formed to match nearly perfectly (within 0.005
inch) to permit relisble bonding. If not, the method of fixturing must clamp
the parts and form one to the other to satisfy the optimum bond film thickness
of 0.002 to 0.005 inch.

In this case, the parts are clamped by vacuum. The mismatch between the
inner and outer doors is a combination of inner panel "springback" and varia-
tions from desired contours. The vacuum bagging brings the parts to within
the desired bonding fit-up, but the required clamping pressure consistently
flattens and distorts the inner panel, thereby reducing the area of the bond.
Figures 12, 13, and 1} illustrate the method of layup and typical problems
encountered.

D. The Solution

The door could be assembled by ultrasonic welding, with a substantial re-
duction in toth labor dollars and elapsed time required. The welding fixture
would be designed to permit welding the outer to the inner part (with the thin
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Figure 12
GENERAL SIZE AND SHAPE OF MAIN CABIN DOOR
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Doubler

Epoxy Film

Outer Skin

—

After bonding, 0.002 to 0.005-inch bond
thickness is desired.

Figure 13

METHOD OF ASSEMBIING DOOR
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Mismatch gap between outer skin and doubler

—a

In order to close the gap, the vacuum must
be increased to raise the clamplng pressure.

=l

The higher clamping pressure will buckle the

doubler, causing metal-to-metal contact at A.

The buckled areas exceed the possible bond film

thickness, resulting in reduced bonded area (B).
Figure 1

TYPICAL PROBLEMS IN ADHESIVE BONDING OF DOORS
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outer psrt adjacent to the ultrasonicelly activated welding tip, as shown in
Figure 15). The ultrasonic welding process is accomplished in an extremely
short time; 98 percent of the elapsed time is a combination of physically
moving the part, together with the mechanical cycle of the welder. Only
about 0.2 second is needed o make the actual weld.

E. Discussion

In order to make a projected comparison of the present process with ultra-
sonic welding, three welds per linear inch were established. These would be
about 1/ inch in diameter, similar in size and shape to an electrical resist-
ance spotweld. With an estimated 320 linear inches of bonding area, approxi-
mately 960 welds would be required.

By ultrasonically welding the door, the vacuum bagging would no longer
be required, nor would the layup of the adhesive. The inner and outer panels
would be vacuum-fixtured, and the remaining parts would be located and clamped
mechanically. . g )

After fixturing, a series of tack-welds would be made to locate the parts
and hold the assembly together; the door could then be removed from the fix-
ture for completion of joining. Table VIII shows an analysis of the mamifac-
turing labor costs of the present method versus projected costs of ultra-
sonically welding the cabin doors.

It should be pointed out that conventional spotwelding is not always
suitable in aircraft, particularly rotary-wing aircraft, due to the high proba-
bility of fatigue failure. Resistance welding is accomplished by both melting
the metal in the weld zone and squeezing the parts together. As in most other
welding processes, the material in the heated area undergoes grain enlargement,
or "recasting," due to the rapid melting and cooling. Such changes in the
crystalline structure reduce both the strength of the assembly and its life,
because the weld-affected area will fail in fatigue. The helicopter, with all
its cyclic vibrations, is especially susceptible to this type of failure.

Ultrasonic welding is not really welding as such, but is rather a form
of diffusion bonding. There is no heat applied to the parts, just clamping
pressure and lateral oscillation at high frequencies (usually 15-20 kilohertz).
The joined area, on microscopic examination, shows true molecular diffusion,
with a complete absence of an interstitial layer or evidence of recasting that
could precipitate failure.

F. Equipment Definition

Ultrasonic welding technology and stationary equipment for this applica-
tion are in existence (Category :A_) . A portable welder would also be useful,
and this will require some design and development (Category _B). One stationary
and one portable welder of 1000 to 2000 acoustical watts each would perform
these and many similar operations. Each unit would cost up to $25,000 ($10 to
$12 per acoustic watt), and delivery could be made in L to 6 months.
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Figure 15

ULTRASONIC WELD TOOLING
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Table VIII

DOOR FABRICATION COST ANALYSIS AND COMPARISON

Present Method

Time
Operation (mimtes) Cost
1. Fixture components with ad-
hesiv:, apply vacuum 59 $14.75
2. Cure atlesive:
lleat up 15 3.75
Cure at 285°F 35 8.75
Cool down 10 2.50
Totals 119 $29.75
Proposed Ultrasonic Welding Method
Time
Operation (mimuites) Cost
1. Fixture components 20 $ 5.00
2. Make 30 tack-welds 5 1.25
3. Remove assembly from fixture 3 0.75
L. Make 930 welds @ 60/min 15.5 3.89
Totals L3.5 $10.89
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II. KIVETING

A. The Examgle

The helicopter structure and its method of mamfacture are derived from
and closely related to those used in aircraft mamufacture. The ribs, stringers,
stiffeners, and skins, predominantly alumimm, are joined together with rivets.
One of the most widely used machines in airframe construction today 1s the
Gemcor DRIVMATIC riveting machine. This unit, in an automatic cycle, drills,
countersinks, rivets, and flush-machines the rivets.

B. The Condition

When the components of the ailrframe substructures become too large to be
hand-held, fixturing is required; often special fixtures and handling devices
are necessary. The riveting equipment noecessarily must be large, and is fre-
quently track-mounted to encompass the extended length and width of the parts.

C. The Problem

When the secondary or subassembly size increases beyond a size that is
easily hand-held, the riveting machine size and cost increase dramatically.
A machine to assemble light-gauge components in the 12-inch to 18-inch size
range may cost $15,000. If the assembly size, as an example, is increased to
6 by 24 by 36 inches, hand-positioning is impossible and fixturing is neces-
sary. If the metal thickness is increased to 0.125 inch, the riveting machine
cost may be as much as $55,000 to $60,000.

If the assembly is one of the major airframe structures in the helicopter,
the size and bulk of the part mgy require an extremely large machine and highly
mobile tooling. The combined cost of these can easily approach $1,000,000.

The cyclic capability of the DRIVMATIC machine, which 1s listed at approx-
imately 18 rivets per mirmute, has been established in production at a maximun
of 7.2 rivets per mimite under ideal conditions. This results in a labor cost
of $0.035 per rivet, exclusive of rivet cost (see Table IX).

D. The Solution

Ultrasonic spotwelding can be used to perform the joining. The ultra-
sonic weld time would be considerably less than that needed to perform rivet-
ing, equipment cost would be reduced, and joint strength would be the equiva-
lent or higher. Where possible, a stationary ultrasonic welding unit could
be used. For applications where the assembly is too large or too heavy to
be moved readily, a suspended mobile weld unit could be used.
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Table IX

RIVETING VS. ULTRASONIC SPOT WELDING
COST ANALYSIS AND COMPARISON

\1

Cost per Cost per Feet per
Operation Mimte Cycle Mimte

Cost per

Foot

2.

Possible DRIVMATIC cycle:
18 rivets per minute

@ 2 per inch $0.25 $0.01L 0.75
Actual DRIVMATIC produc-

tion rate:

7.2 rivets per mimute )

@ 2 per inch 0.25 0.035 0.30

Ultrasonic weld rate:
30 welds per mimite
@ 3 per inch 0.25 0.008 0.83

$0.33

0.83

0.30
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E. Discussion

Previous discussions have described the quality and reliability of the
ultrasonic weld and its characteristics resembling a diffusion bond. In com-
paring ultrasonic welding to riveting, a 1/k-inch-diamster weld has been se-
lected, as the welding styli will fit into virtually any space envelope that
the riveter will.

Timewise, 98 percent of the weld cycle consists of moving from one weld
location to another. Regardless of whether the machine is controlled and
moved by a programmed sequential device or the part is positioned mamually,
the weld itself requires no more than about 0.2 second. It is estimated that
hand-held assemblies could be ultrasonically welded at the rate of not less
than 30 welds per mimite, and possibly as high as 60 welds per mimute; with
fixtured assemblies and programmed welding equipment, the rate could be much
higher.

Using a conservalive 80 percent strength factor for the 1/L-inch-diameter
ultrasonic weld versus the 1/8-inch-diameter rivet, the welded structure is
three times as strong (three welds per inch versus two rivets). From Table IX,
1t can be deduced that the use of ultrasonic welding, when compared to conven-
tional riveting, can effect a reduction of up to 30 percent in elapsed mamufac-
turing time.

F. Equipment Definition

1. A stationary ultrasonic welding unit of about 1500 acoustic watts
power would cost approximately $20,000 and would require about
Ly months to fabricate. Some tooling development may be required
(Category 4).

2. A suspended marmual unit of the same welding power would cost about
$25,000-30,000 and would require about 6 months for fabrication.
Limited design, equipment development, and technique refinement are
required (Category B).
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ITI. CONTROL ROD FABRICATION

A. Example I

The first control rod example presented here consists of a 2024 alumirum
alloy tube swaged down on each end. In a special process known as chipless
tapping, internal threads are upset-formed in each end; this is an extrusion
process which makes no chips, as in conventional machining (see Figure 16).
The formed threads are stronger and more fatigue-resistant than machined
threads. Externally threaded tie-rod ends of 300 Series stalnless steel are
then screwed into position and locked with jamb-muts.

1. The Condition

The tubes, in lengths from 1 foot to 15 feet, are swage-reduced from
approximately l-inch te 3/8-inch diameter, controlled to +0.002 inch, -0.000
inch. The tubes are then mounted in a lathe for the threading operation and
rotated while the fluteless tap is fed into the work.

2. The Problem

The internal-upset threading operation has presented difficultier
maintaining the desired standards. The reject rate is high, due mainly t.
sized pitch diameter of the threads, combined with eccentricity and torn
threads. The time required to make the threads is also high (5 minutes per
end to fixture, thread, check, and clean).

3 The Solution

The tube ends would contlme to be necked-down to reduce the diameter,
A straight-shanked tie-rod end would be interference-fitted in one end and an
internally threaded bushing in the other end.

The tube fitting asazembly would then be placed in an ultrasonic
swaging tool, the die closed, and the tube swage-reduced on the fitting, as
shown in Figure 17. rhis operation would ultrasonically extrude or upset the
tubular material into provided diametral irregularities in the fitting, caus--
ing a permanent mechanical lock. The estimated swaging time needed to per-
form this operaticn would be 1 second per inch (2 seconds total).

L. Discussion

The chipless tapping of the swage-reduced control rod ends, as
presently accomplished, sppears to be very costly for two reasons. First,
internal wrinkling of the tube wall during swaging ceuses many rejects, &s
the folds will later precipitate cracks, causing the tube to fail. Second,
minor variations common to tools, parts, and equipment appear to combine to
create oxcessive scrap due to oversise pitch diameters. The cost per part
is not known, but it is obviously high.
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1" diameter

3" Taper

1/2" diameter

| ‘ ' ’

Typical Existing Swaged Control Rod End

W '7/
k\\\\;}; N\

0.D.

Enlarged Partial Section of Tube Wall, Showing
Upsetting of the I.D. to Form the Threads

Figure 16

CONTROL ROD FABRICATION TECHNIQUES
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1. Tube swaged with smooth, precise I.D.

2. Tie rod end with shank diameter containing radial and axial
grooves is interference-fitted with ultrasonic assist.

[
S
Finally. . .
{\
1 ~||
, L'
3. An ultrassonic swage die = .
closes over the tube end, -
and locks the fitting by -
swaging the tube into the FeelS

grooves. ‘/;|'|
3 i .|

Figure 17

PROPOSED ULTRASONIC CONTROL ROD INSTALLATION
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By developing ultrasonic swaging to perform this operation, there
is high potential for improving manufacturing reliability, thereby reducing
the present excessive scrap rate. Of greater importance is the probability
than a manufacturing labor reduction of up to 50 percent could be effected.
The net results are obvious: higher productivity and reduced cost per part,
as shown in Table X.

B. Example II

In this configuration, the control rod end is an aluminum forging, with
an AM-355 steel tube inserted Jn it. The tube and rod end are secured to-
gether with four alumimm rivets, as shown in Figure 18.

1. The Condition

The rod ends and tubes (in lengths up to 20 feet) must be assembled,
positioned, and hela accurately for cross~hole drilling. Four holes are
drilled, two each 90 degrees opposed, for alumirmum rivets. The rivets are
inserted anmd cold-headed to complete the assembly.

2. The Problem

Drilling the aluminum forging presents no difficulty. The AM-355
tube, however, requires heavy drilling pressure, which deforms the unsupported
side of the tube. When the drill breaks through under the extreme drilling
pressure, the linear surge of the drilling machine frequently results in damage
to one or both flutes of the drill. The chipped cutting edges in turn create
uneven cutting pressure which causes the drill to "orbit" around its axis,
thereby abrading the walls and boring an oversize hole. The problem is de-
finable, therefore, as one not only of broken drills, but also of oversize
holes, which frequently cause rejection of an expensive assembly.

3. The Solution

Drilling of the cross-pin holes would be accomplished with an ultra-
sonically activated drill to minimize the breakthrough problem. With the cut-
ting forces lowered, the drill would penetrate the forging and the upper wall
of the AM-355 tube without deformation or chipping. Ultrasonically assisted
drilling will probably not reduce the mamifacturing time needed; rather, it
will improve productivity and reduce costs by lowering both tool breakage and
part rejections.

k. Discussion

Contemporary theories of metal removal indicate three separate
sources of heat, each of which is derived from and proportionate to the input
of mechanical energy: (1) heat of deformation, induced by the generation of
sufficiently high local pressure at the cutting edge to exceed the compressive
vield strength of the metal, causing it to "slip" at its grain boundaries and
separate, forming a chip; (2) heat of friction, caused both by the cutting
tool sliding on the workpiece and the chip sliding against the tool; and
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Figure X

CONTROL ROD FABRICATION
COST ANALYSIS AND COMPARISON

Present Method

Time
Operation (mimites) Cost
1. Cut tube to length, swage both
ends 10 $2.50
2. Lathe fixture and tap each end of
tube @ 8 mimites per end 16 L.00
3. Screw in fittings and jamb with
locknut 2 0.50
Totals 28 $7.00
- Proposed Ultrasonic Method
Time
Operation (mimites) Cost
1. Cut tube to length, swags both
ends 10 $2.50
2. Ultrasonically press-fit fittings
in each end @ 1 mimite per end 2 0.50
3. Ultrasonically swage tube on
fittings @ 1 mimute per end 2 0.50
Totals il $3.50
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Figure 18

PRESENT RIVETED CONTROL ROD ASSEMBLY
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(3) heat of compression, caused by secondary working of the chip as it curls,
sliding along the tool face.

In soft, ductile materials such as alumirmum or copper, chips form
easily in long "stringers" without much heat generated. By comparison, the
ductile, high-strength alloys such as AM-355 form a contimious chip but re-
quire extremely high energy input levels, and considerable hea is generated
during machining.

In this case, it is thought that the tube wall is depressed by the
high axial drill pressure as a result of the forces described above. As the
point of the drill breaks through, there is a sudden reduction in chip width.
There is also a forward surge of the drilling spindle and an upspring of the
tube wall as the pressure is relieved. The ccners of the drill are frequently
chipped by the sudden too-heavy chip load.

The ultrasonic assist greatly reduces the pressure needed to drill
the hole. It cannot reduce the force ieeded to separate the metal and form
the chip, but it does reduce the friction between the drill and the chip, and
causes the chip to break up into small segments. The friction is reduced by
the ultrasonic vibration at the tool-work interface, and the chip breaking is
assumed to be induced by the low friction level. By eliminating the compres-
sion and smearing of the chip, common to conventional removal, the chip breaks
at its natural cleavage planes which are developed during the original cutting.

The assembly, drilling, and reaming times (per hole) will not be
significantly reduced by changing from the present method to ultrasonic drill-
ing. It is known, however, that manufacturing costs could be dramatically
reduced (up to $6L4.80 per ship set) by eliminating scrap and rework of parts,
and productivity could be increased by 20 to 25 percent (see Table XI).

The ultrasonic addition to conventional drilling equipment will add
somewhat to its overall size and bulk, although not enough to be a hindrance
to the stationary bench-type machines used for this operation.

5. Equipment Definition

Ultrasonic technology and equipment designs are available, but some
modification to standard equipment will be required (Category B). Equipment
cost will be in the vicinity of $L000 to $5000, and 3-L months will be required
for fahrication.
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Table XTI

CONTROL ROD FABRICATION
COST OF REWORK AND REJECTS

Estimated: (a) 2L control rod assemblies per ship with 8 rivets

per assembly

(b) 33% (8 assemblies) are rejected for oversize holes

(¢c) L of the 8 rejected assemblies are scrap

(d) 6 broken drills

1. Cost to inspect, remove broken
drills, and redrill to next
larger (repair) size

2. Cost of M-42 HSS drills

3. Total rework cost per ship

L. Estimated cost of L scrapped parts

5. Total cost per ship
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per part
($0.25/mimte)

6 drills @
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$10.00 each

Cost

$20.00




IV. BEARING RETAINER INSTALLATION

A. The Example

The alumimum tail rotor hub has a hardened steel bearing retainer instal-
led in the bore, as shown in Figure 19.

B. The Condition

To avoid fretting or galling of the parts during installation, the re-
tainer is cooled to -3209F in liquid nitrogen and the hub is heated to 250°F
in an oven. Shrink-fitting is accomplished in a hydraulic press, with the
hub positioned in a fixture and the retainer placed on a mandrel.

C. The Problem

Without the temperature differential to allow press fittinag, damage to
one or both parts due to galling is virtually certain. The necessary prepa-
ration requires an estimated 30 mimutes elapsed time to make ready (cooling
and he.cing), with approximately 50 percent of this time being consumed by
labor.

When the parts are ready for assembly, they must be handled expeditiously
to prevent decay of the temperature differential. The hub must be fixtured
and the retainer position on the mandrel, and press fitting the retainer into
place 1s accomplished very quickly. Should the retainer become "cocked" or
misaligned at this point, the bore will be scored and a very expensive assem-
bly will have to be scrapped.

As the respective parts return to ambient temperature, it is often found
that shrinking of the hub and expanding of the retainer combine to produce a
small gap between the retainer flange and the hub surface (Figure 20), This
affects both the structural and dimensional integrity of the assembly, and
expensive rework is frequently required to correct this condition by again
pressing the retainer to close the gap. It has been conservatively estimated
that 15 percent of the assemblies require rework and that an additional 5 per-
cent are scrapped because of misaligmment,

D. The Solution

With ultrasonic activation of the installing ram, these bearing retainers
can be installed quickly and easily at room temperature, thereby eliminating
the expensive heat-up/cool-down cycles, and the flange can be brought into
firm contact with the hub face each time.
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Sectional sketch showing bearing retainer installed
with flange in solid contact with hub

N

Figure 19

TATL ROTOR HUB WITH BEARING RETAINER
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Frozen — Heated Hub
Retainer
3
Often results in
= -‘-‘-""-\.
a gap . .
- |

The gap causes sn out-of-tolerance condition.
Before use, the retainer must be restruct to
be seated.

Figure 20

PRESENT BEARING RETAINER INSTALLATION
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E. Discussion

Press fitting bearing races and retainers into mating assemblies is so
commonly done today, it is difficult to think of it as a proolem. However,
the combinations of alumimum and titanium rotor hubs and hardened bearing
components make interference fitting difficult. The nega‘ive allowances (up
to 0.006 inch) tend, on press fitting, to extrude or gall the softer metal.
The galling, if detected, will result in rejection; if not detected, experi-
ence shows it can cause eventual part failure.

When using ultrasonic erergy to assist in interference fitting, friction
between mating members is greatly reduced. The sdded energy makes interference
assanbly possible without (1) galling, (2) labor expense of heating and cool-
ing in preparation, and (3) restriking (see Table XII).

The equipment needed to perform these operations would be a C-frame press
in the 10-ton to 25-ton range. It should be made large enough to accommodate
a broad variety of parts. Interchangeable tooling, such as holding fixtures
and ingtalling mandrels, could be made in sizes to perform various operatiois,
thereby increasing equipment utilization.

F. Equipment Definition

Technology for this operation is available, but the ultrasonic equipment
will require specific design for installation on an existing press (Category B)
Estimated cost for such equipment is about $5000.00 and delivery time would be
L-5 months.
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Table XII

BEARING RETAINER INSTALLATTON
COST ANALYSIS AND COMPARISON

Present Method

Elapsed
Time Labor
_ Operation (minutes) Cost
1. Place bearing retsiners in LN2 == =
2. Place hubs in oven at 250°F (30 mimutes
elapsed time, 15 mimites labor) 30 $ 3.75
3. PFixture hub and retainer 5 1.25
L. Install 3 0.75
Totals per Part 23 $ 5.75
5. Production rate, 110 tail rotors per month,
including spares: 110 x $5.75 $632.50
6. 15% (16.5 parts) requiring rework (#3 + #L) 132 33.00
7. Inspection on reworked parts at 5 mimtes
per part 82.5 20.63
Total cost per month $686.13
Proposed Ultrasonic Method
Elapsed
Time Labor
Operation : (minutes) Cost
1. Fixture hub and retainer 5 $ 1.25
2. Install 2 2.50
Totals per Part 8 $ 3.75
3. Production rate, 110 parts per month $412.50
Total cost per month $412.50
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¥, MAIN ROTOR BLADE ASSEMBLY

A. The Example

The main rotor blade is composed of an alumimum skin, a stainless steel
abrasion strip, an alumimum honeycomb cors, the end cap, the trailing edge
forging, and a series of doublers to which the root fitting is attached
(Figure 21). The entire assembly is epoxy-bonded, after being carefully
laid up in a very precise fixture, clamped, and loaded into an oven,

B. The Conditions

The skin of 2024 aluminum alloy, approximately 28 inches by 20 feet, is
finish-sized and partly shaped to the finished airfoil configuration. Because
of its size, it is difficult to handle and will not conform to the  finished
blade contour without support. The present practice is to load the fixture
with the skin, the epoxy adhesive, the honeycomb (also of 202k alumimm &lloy,
in 0,005-inch foil thickness), and the other parts, less the doublers. After
tack-bonding the blade components into position, the seven doublers (202l alu-
mimum alloy, 0.0LO inch thick) are individually located on the root of the
blade along with the cpoxy adhesive. The fixture is closed and clamped and
then placed in the c¢ven for curing the epoxy.

C. The Problem

The skin and honeycomb, because of their nature in the unsupported state,
are difficult to handle and make conform to the bonding fixture. To aid in
lay-up of the blade, an electrical heatgun is used to soften the adhesive and
permit tack-bonding.

The low density and high lLeat conductivity of the metals used make
localized temperature control during gun-heating very difficult. The adhesive
softens and becomes tacky between 150° and 20C°F, but the heat is dissipated
so rapidly that heating the skin to an even temperature is nearly impossible.
If a localized area should be inadvertently heated to 285°F, the adhesive
will harden and then will not bond during oven-curing. The result is an un-
bonded spot or series of spots that are detected by ultrasonic inspection,
causing blade rsjection,

D. The Solution

A portable ultrasonic '"gun" could be developed to spoi-bond the adhesive
and hold the blade subassembly (without the doublers) together. This would
permit assembling the components quickly, easily, and accurately.
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r Alumimm Skin Laminated with Adhesive

Trailing Edge Forging

Alumimum Honeycomb

Stainless Steel Abrasion Strip

Figure 21

CROSS SECTION OF BONDED MAIN ROTOR BIADE, LESS DOUBLERS
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Tn addition, a "hard" fixture could be used to assemble the several layers
of' the doubler for ultrasonic tack-bonding. By doing so, each of the doublers
could be made to couform to the desired shape, and, after tacking, the sub-
assembly would be fitted to the laid-up blade for oven-curing of the adhesive

(see Figure 22).

o, Discussion

Ultrasonic tack-bonding of the doublers on s hsrd fixture is well within
existing technology, and equipment is available for this application.

Ultrasonic bonding without & hard backup may require some development
effort, since normally the process involves rigidly supporting one member
while oscillating the other. The blade assembly before bonding is less than
rigid, although the bonding film supplies some rigidity due to its natural
tackiness.

However, the present extreme labor cost, combined with the need for im-
provement over current manufacturing process control, gives this method a very
high priority. Rurther incentive can be gained from the fact that the heli-
copter industry is today's largest user of epoxy bonding films. The techniqus
were derived originally from contemporary fixed-wing aircraft joining methods,
and both industries employ this method with increasing frequency.

The estimated cost comparison in Table XIII shows a labor cost reduction
per blade of $6.75. With a production rate of 15 ships per month plus L sets
of spares per ship (150 blades per month), the savings in labor costs would
amount to $1012.50.

It was observed above that occasionally the operator will inadvertently
overheat localized areas of the blade with the heat gun, causing the adhesive
to cure prematurely. After vacuum bonding, a bubble may be detectable in this
area between the skin and honeycomb interface. Large sizes or frequencies of
unbonded areas result in rejection of the bonded blade at this point. Such
scrap may cost as much ss $1500 per blade. It is estimated that 5 percent of
the present production is lost due to this problem; thus the scrap loss may
amount to as much as $10,000 per month.

F. Equipment Definition

Ultrasonic welding equipment for bonding the doublers on a hard fixture
(Category _4) should probably have a power capacity of 1000 to 2000 aroustical
watts. Such equipment would cost up to $25,000, and delivery could be made in
L-6 months. (This equi ment would be useful for other purposes as well.)

As noued, some development would be required for tack-bonding the less

rigid assemblies (Category g), but final equipment cost should be approxi-
mately the same as above.
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Doubler

Ldhegive

"ard" fixture simulating
eir foil of blade

Figure 22

PROPOSED ULTRASONIC TACK-BONDING CONCEPT
OF DOUBLER PREBONDING LAYUP

100




Table XTIT

MAIN ROTOR BLADE BONDING COST ANALYSIS AND COMPARISON

Present Method

Ultrasonic Tack-Bonding

Time
Operation (mimutes) Cost
1. Locate preformed skin in
fixture S $ 1.25
2. Position bonding film on
skin 10 2.50
3. Position trailing edge
"arrowhead" on skin 2 0.50
4. Position preformed honey-
comb core in fixture 10 2.50
5. Position outboard end-cap
fittings 5 1.25
6. Mamually wrap, position,
and heat-gun tack skin on
upper hoineycomb surface 30 7.50
7. Manmually wrap, position,
and ultrasonically tack-
bond skin on upper honey-
comb surface o =
Totals 62 $15.50

Time
(mimutes) Cost
5 $1.25
10 2.50
2 0.50
10 2.50
5 1.25
_3 0.75
35 $ 8.75
$6.75

Savings per blade with ultrasonic tack-bonding:
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VI. TORQUE WRENCHING

A. The Exsmples

1. The main rotor transmission case is mounted in the ship with a
gseries of 3/4-inch to l-inch-diameter high-strength bolts. The csse itself
is assembled with the same type of fasteners. These bolts are torqued to ¢
extremely high levels, approaching 80 percent of the tensile strength of
the fastener material.

2. Titanium alloys and boron composites are being increasingly used in
aircraft because of their high strength-to-woight ratios. Assembly of these .
materials involves the use of small, hi hly torqued bolts.

3. One mamufacturer employs a very large (6 inches) hexagonal mut to
secure the main rotor hub to the shaft. The philosophy of a large threaded
fastener quite obviously is to obtain high clamping pressure, while affording
fast removal and replacement of the rotor hub.

B. The Conditions

1. Both the engine and the transmission are secured within the ship in
very limited areas. The torque requirements of the fasteners range from 350
to 800 foot-pounds. The torque wrenches used are large, and extreme physical
effort is needed to achieve the necessary tightening. Such conditions dictate
either freguent operator alternation or two or more people working together.

2. The contemporary method of assembling the very-high-strength ma-
terisls into the structure is to employ hundreds, and often thousands, of
small to medium-sized (3/16-inch to 1/2-inch diameter) countersunk bolts.

The bolts esre installed individually by hand and torqued with a preset, self-
releasing torque wrench.

3. Working on a scaffold 20-25 feet above the floor, four men are re-
quired cn a double-handled torque wrench, which is 8 feet long, to secure the
mein rotor hub to the shaft. During assembly, a fifth worker (inspector) is
required to certify that the desired torque range has been reached.

C. The Problem

In each of the above areas, the problems are similar: Working space is
restricted, while a heavy, long-handled wrench is needed; there is limited
access for leverage; the self-releasing type of wrench used at present produces
wide ranges of torque values and neeus frequent recalibration; and last but
most important, very high manpower requirements are essential for torquing.
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D. The Solution

A series of ultrasonic torque wrenches should be developed to perform a
broad rsnge of torquing operations. Stuides have shown that ultrasonic acti-
vation can dramatically reduce the physical effort needed to obtain s given
torque value (Appendix B, Ref. 382-389). Sufficient data have been compiled
to indicate a significant reduction in human energy input in torquing and
untorquing of fasteners. Thus labor costs would be reduced while the reli-
abllity factors of torquing are improved.

E. Discussion

Prior ultrasonic wrenching developments specifically pertain to flared
tube fittings, and it was observed that, after the desired torque level is
attained, wrenching must be discontimed to avoid deformation of the tubing.
The high-strength fasteners referred to in this study have no such limita-
tion; rather, the intention is to tighten them until their yleld point is
approached.

It appears entirely feasible to reduce the mamal-force input on a 800-
foot-pound wrench, for example, by 50 percent through ultrasonic application
at power levels up to 1000 acoustical watts (somewhat in excess of 1 horse-
power). Such reduction in the required human input could be interpreted
several ways: either the operator's work may become easier, or the wrench
may be shortened, or a combination of both.

Another promising aspect of an ultrasonic torque wrench, also confirmed
in prior studies, is improved control of the torque to achieve the desired
tension in the fastener assembly; this would result in a smaller torque allow-
ance than is presently possible.

Up to this point, the discussion of torquing has been concerned with
fastener assembly. Loosening of tightened fastences can also be difficult.
The same space restrictions and awkward working conditions prevail, and the
necessary torque levels are often higher due to the tendency of the mut to
"freeze." In any case, the act of loosening such fasteners is always very
fatiguing, resulting in low operator output, with corresponding increase in
cost.

The required effort to solve these problems would consist of developing
ultrasonic wrenches of several sizes. These would include tools for ranges of
0-500 foot-pounds, 500-1000 foot-pounds, and 1000-2000 foot-pounds. For each
of these torque levels, socket wrench extensions of up tv 12 inches may be
necessary to reach into confined areas.

F. Equipment Definition

While past endeavors in ultrasonic wrenching have been successful, the
torque levels have been low (about 500 foot-pounds maximum), and space limita-

tions have not been a consideration. The higher torque lsvels presently needed,

together with required tool configurations, will require further research and
development (Categories C to D).
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VII. ULTRASONIC TURNING AND BORING

In today's highly efficient metal removing technology, it is sometimes
hard to think of problem machining areas that are slow and costly. The new
generation of machines and cutting tools is remarkably efficient. The machines
are fast, powerful, and accurate. The cutting tools are extremely durable, ¢
and their development has contributed much to the incentive for developing
faster and better machines.

In the production of automotive, agricultural, and domestic appliances,
metal removal has been refined to a high degree. Cast iron engine blocks,
with all their complexity, are machined with high precision at the rate of
two and sometimes three per mimite. Full transmission and differential sets
of gears for automobiles are machined, heat-treated, and lapped at the same
rate. Small electric motor components are semi-automatically produced at the
rate of 100 per hour, with tool changes needed only once in 8 hours.

The philosophy of the helicopter industry, derived from and closely re-
lated to that for aircraft, creates quite a different set of working con-
ditions and parametersg. The ultimate helicopter part configuration would
have 100 percent strength and reliability factors at zero percent weight.
Although obviously impossible, the design engineers constantly strive toward
this goal. Lighter, stronger materisls are used; hardnesses are increased
by either heat treatment or material nature or both. Walls become thinner,
sections become narrower, and configuretions more complex.

With increasing frequency, the design engineer's concepts involve these
exotic materials and critical strength levels. Some such parts are virtually
impossible to make using conventional methods. There is no doubt that these
parts can eventually be made. It is therefore necessary to qualify the
"virtually impossible" with one or more of the following conditions:

1. Existing methcds and tools may not be able to hold the required
tolerances or produce the required surface finishes due to work-
piece deflection, tool chatter, or boring bar deflection. Neces-
sary secondary and post-secondary finishing operations therefore
reduce productivity and increase cost.

2. Tool chatter or deflection may cause premature cutting-tool failure,
adding to both tool and labor costs.

3. Light cuts and low surface speeds may be required to reduce or
eliminate Ttems 1 and 2 above. This in itself may double or triple
the labor cost per part.

A. The Example
The part shown in Figure 23 has been selected for a comparison of conven-

tional versus ultrasonic machining. This represents one of the more difficult
part-material/configuration combinations that may be encountered.
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2" 1.D. 1-1/2" I.D.

| }

Wall Thickness 1/8"

Material: 6A1l-LV Titanium Alloy

Figure 23

SAMPLE MACHINED PART CONFIGURATION
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B. The Problem

This part is long and thin-walled, making it flimsy; it is made of 6A1-LV
titanium alloy, one of the more difficult-to-machine alloys; and it requires
both inside and outside contour machining. The ingide shape is particularly
difficult, due to the enlargement at the "beltline," which requires a long,
slender boring bar. With conventional machining, this example reflects in-
creased mamufacturing costs due to all three problem conditions listed wbove. p

C. The Solution

Ultrasonically assisted machining of this part or others similar to it ¢
would be expected to provide one or more of the followlng advantages:

1. Reduced time to make the part (higher feed rate, depth of cut, or
surface speed).

2. Improved surface finish and dimensional control.
3. Extended tool 1life.

k. Reduced scrap, or fewer parts requiring rework.

D. Discussion

A study was made of the major machining operations required to make this
part in order to illustrate how ultrasonics can be applied to alleviate the
manufacturing problems and reduce the cost of such machining. Table XIV pro-
vides a comparison of conventional machining ratesi and the projected rates
with ultrasonic activation.

1. Drilling

Two drilling operations would be required: first, a pilot drill
(3/L4 inch) followed by the pre-boring drill (1-7/16 inch).

2, Boring

To bore the part, it is estimated that a 1/1/8-inch-diameter bar
would be the maximum possible, with the cutting tool protruding
from the bar 5/16 inch., It is known that under normal conditions,
boring can be accomplished without difficulty. The long slender
boring bar, however, undoubtedly would require both reduced sur-
face speed and reduced depth of cut. In combination, these are
estimated to increase the time per part by a factor of four.

* Machining Data Handbook, METCUT Research Associates, Inc., 1972, p. 250.
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3. Turning

Although the outside configuration is the easiest of the three major
machining operations, it, too, requires care to avold damaging the
part. As the wall approaches its final thickness, normal cutting
pressures will deflect the thin material. The result will be a
damaged part, or at best one requiring a post-finishing operation.

The comparative totals in Table XIV show that by applying ultrasonics
during drilling, boring, and turning, the cost of these operations can be re-
duced by as much as 75 percent. When the costs of rejected or damaged parts,
together with the comprehenslive manufacturing time, are totaled, the compari-
son becomes even more favorable. '

E. Equipment Definition

The above-described operations would presumably be done in a conventional
manner in a hydraulic profile lathe, costing approximately $30,000. Designs
for ultrasonic tool posts and boring bars adaptable for installation on the
lathe are available (Category A). Cost of one tool post, one boring bar, and
a frequency converter for driving either system is in the viecinity of $25,000,
and delivery can be made in about L months.
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ANNOTATED BIBLIOGRAFHY
ON ULTRASONIC APPLICATIONS

IN METAIWORKING PROCESSES
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I. INTRODUCTION

The background of develcpment leading to the present status of ultrasonic
metalworking 1s reflected in the scientific and technical literature dating
back to the 1930's. This Appendix B presents abstracts of pertinent documents
generated in the United States as well as foreign countries, primarily Great
Britain, Germany, France, Russia, and Japan. Books, journal articles, tech-
nical papers, project reports, and patents, identified from a variety of
documentary sources (1listed in Appe:dix C) have been reviewed and the most
significant included herein.

The abstracts are segregated with respect to the type of metalworking
process involved and arranged chronologically within each area to provide a
gense of its historical development. Book, periodical, and report literature
is presented in Section II, and patent literature in Section III.

Although emphasis has been placed on the literature generated in the
United States, significant foreign work is also included to the extent avail-
able, because some of the processes had their inception in other countries and
a few have been pursued more vigorously elsewhere. Many English translations
of these foreign documents were avallable from translation sources; a mmber
of French and German and a few Russian documents have been specially trans-
lated; and English abstracts have provided a further source for foreign lit-
erature. All titles are given in English, and outside translation sources are
noted where applicable.

The total body of literature assembled, smounting to more than 2000
titles, was obviously too voluminous to include; much of it would contribute
little to the evolutionary picture of the various processes or to the basic
objectives of this study. In accordance with the guidelines presented in
the Introduction (page 1), we have deleted references relating to:

1. Ultrasonic slurry machining, variously called ultrasonic machin-
ing, cavitation machining, ultrasonic grinding, ultrasonic or vi-
bratory lapping, or impact drilling.

2. Ultrasonic plating and electrodeposition.

3. Ultrasonic joining as applied to microelectronic devices.

L. Ultrasonic weld encapsulation of ordnance devices.

5 Ultrasonic plasticity and friction reduction (basic mechanisms in
many of the ultrasonic effects) unless oriented to some specific

process.

6. Low-frequency vibratory processing, usually in the range of a few
hundred hertz.
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The remaining references were carefully screened to include generally
only original source materials, to combine items containing generally the
same information, and to eliminate reviews that contribute nothing new,
items without scientific significance, or successive progress reports where
a final report was available.

Review of the literature indicates that ultrasonic metalworking received
little attention prior to about 1950. Ultrasonic soldering and fusion welding
were investigated to a limited extent in Gemmany, and a i.w sporadic publica-
tions on metal forming and metal removal appeared. The 195C's saw some in-
crease in activity in all areas, but primarily associated with the introduc-
tion of ultrasonic soldering into production use and the development of ultra-
sonic welding; investigators also began to look more closely at metal removal
processes. The real impetus came in the 1960's when consideration was given
to the basic mechanisms and production potential over the whole range of metal-
working areas, and in some instances (primarily ultrasonic welding, tube draw-
ing, wire drawing, core driliing, and metal finishing), production equipment
and techniques were evolvad. The progress of evolutionary development, as
reflected in the significant published documents, is shown in Figure 2’:.
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II. BOOK, PERIODICAL, AMND REPORT LITERATURE

This presentation of the general literature on ultrasonic metalworking
covers primarily results of research and development. on the various processes,
significant equimment development and engineering, and projected or actual
production uses. The entries are grouped under the major headings of Metal
Forming, Metal Removal, and Metal Joining, wilth subheadings under each. A
General category at the beginning includes references dealing with more than
one of the three categories, and a General heading under each category in-
cludes references dealing with more than one of the processes thereunder.

Some entries appear more than once, where they provide significant infor-
mation on more than one process. In other instances, where duplicate informa-
tion appears in more than one reference, two or more entries may be combined.

The abstracts are numbered consecutively, as follows:

Subject Ref. Nos.
A. GENERAL 1-9

B. METAL FORMING

General 10-18
Tube Drawing 19-10
Wire and Rod Drawing L1-69
Extrusion 70-73
Rolling 74-83
Forging 8L-96
Riveting 97-103
Stretch Forming 10)4-112
Bending and Straightening 113-11)
Powder Metallurgy 115-130

C. METAL REMOVAL

General 131-136
Turning 137-152
Drilling 153-168
Milling 169-172
Broaching 173

Thread Cutting 174-18¢
Grinding 181-172
Finishing 193-204
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D.

METAL JOINING

General

Solid-State Welding
Soldering and Brazing
Diffusion Bonding
Wrenching

Press Fitting

Fusion Welding

11}

205-208
209-333
334-379
380-381
382-389
390-395
396-417



A. CENERAL

1. Ames, R. S., J. B. Jones, and F. R. Meyer, "Ultrasonic Metal Joining and
Machining." SAE Paper L83D, Automotive Engineering Congress, Detroit,
Jan., 8-12, 1962.

A comprehensive review of the status, techniques, equipment, and applica-
tions of ultrasonic welding, soldering, slurry machining, and deburring was
presented. These processes were noted to supplement rather than replace the
more conventional joining and machining techniques and find their most effec-
tive application where other methods are costly, impractical, or unsuccessful.

2. Rosenfield, A. R., "The Application of Ultrasonic Energy in the Deforma-
tion of Metals." DIMIC Report 187, Defense Metals Information Center,
Columbus, Ohio, Aug. 16, 1963.

This informal symposium, sponsored by the Navy Bureau of Nuval Weapons as
part of the Metalworking Process and Equipment Program (MPEP), included re-
ports from investigators actively engaged in applying ultrasonics to such pro-
cesses. Papers were presented on ultrasonic effects on material properties,
metal cutting, wire drawing, tube drawing, extrusion, and other metal formin
and metal removal processes. (Significant papers are abstracted separately.

3. Balamuth, L., "Recent Developments in Ultrasonic Metalworking Processes.!
SAE Paper 849G, Air Transport and Space Meeting, New York, April 27-30,
1964, Also Balamuth, "Ultrasonic Metalworking." American Machinist,
Vol. 108, April 13, 1964, p. 136-138.

Experimental results were presented covering ultrasonic application to
metal removal processes, including single-point machining, milling, broaching,
lapping, and honing; to metal forming processes such as extrusion and wire
flattening; and to metal joining. The required equipment was noted to include
an electromechanical transducer, a mechanical impedance transformer, and the
tool.

L. Neppiras, E. A., "Ultrasonic Machining and Forming." Ultrasonics, Vol. 2,
Oct. 196kL, p. 167-173. - ==

This review was concerned primarily with slurry machining; brief mention
was also made of ultrasonic application to grinding wheels, lathe tools, mill-
ing cutters, reamers, and lapping plates, and to press forming and drawing
operations. Ultrasonics combined with electrolytic machining was noted to
offer significant potential in increased machining rate and reduced tool wear.
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GENERAL

5. Aeroprojects Inc., "The Application of Vibrational Energy to the Drawing
of Metallic Materials, Phase I." Report IR-8-191(I), Air Force Contract
AF 33(615)-2169, Feb. 1965.

A survey was made of application of vibrational energy (both low and high ‘
frequencies) to metal forming and metal removal processes, including vibra-
tional effects on interfacial friction and metal plasticity, considered the
basic mechanisms in these processes. Information was presented on process
parameters and force reductions, problem areas and proposed solutions, and the
design of equipment to be used in evaluating ultrasonic wire and rod drawing. g

6. Kristoffy, I. I., R. L. Kegg, and R. R. Weber, "Influence of Vibrational
Energy on Metalworking Processes." Report AFML-TR-65-211, Cincinnati
Mill:ng and Grinding Machines, Inc., Cincinnati, Ohio, Air Force Contract
AF 33(657)-10821, July 1965.

Investigations in ultrasonic metal forming and cutting were carried out to
obtain a better understanding of the mechanisms involved, to demonstrate prac-
tical techniques of application, and to determine the benefits obtainable. Vi-
bration at 20 Hz, 1000-3000 Hz, and 19-26 kHz was applied during cup drawing,
draw ironing, forging, and lathe turning. In all cases, apparent force reduc-
tions were obtained, generally attributed to the replacement of part of the
static force with dynamic force. It was suggested that the size of massive
metalworking equipment could be reduced by this means.

7. McMaster, R. C., "Sonic Power--University Research With an Industrial
Payoff." News in Engineering, Ohio State University, July 1967, p. 1-8.

Ruggedized 10-kHz sonic motors (transducers) covering the power range up
to 15 hp were developed for heavy-duty industrial processing. Such systems
were said to be effectively used to reduce frictional forces between work ma-
terials and tools in relative motion. Local stress concentrations were thus
alleviated and workpiece damage did not occur. Such effects could be used
in drawing, extrusion, rolling, upsetting, hot and cold forging, welding, and
bonding. It was observed that static forces are thus lowered in the order of
100X, and product quality is improved.

8. Severdenko, V. P. and V. V. Klubovich, Application of Ultrasonics in
Industry. Nauka i Tekhnika, Minsk, USSR, 1967, p. 83-1L9, 218-2L9.
(Air Force Translation FID-MT-2l-24-69).

A comprehensive review of a variety of ultrasonic metalworking applica-
tions having potential for industrial use was presented, with voluminous
literature references. Included were ultrasonic milling, grinding, soldering
and tinning, welding, deburring, upsetting, drawing, extrusion, and cold
pressing. It was observed that experimentation in these ares must be
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contimed along with theoretical studies, and the next few years should bring
new discoveries in industrial use of ultrasonics.

9. Shoh, A., "New Develomments in Metal Working Processes." 83rd Meeting,
Acoustical Soclety of America, Buffalo, N. Y., April 18-21, 1972.

Experiments in ultrasonically essisted metal forming and machining were }
described, with emphasis on the basic physical quantities and controllable
ultrasonic parameters involved. Specific examples included ultrasonic twlst
drilling with axial vibratory motion superimposed on the rotational motion of
the drill, and deformation of cylindrical specimens as a function of static
and dynamic stress.
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B. METAL FORMING

General

10. Balamuth, L., "Progress in Ultrasonic Metal Forming." SAE Paper 9714,
Automotive Engineering Congress, Detroit, Jan. 11-15, 1965.

The ultrasonic effects on metal deformation processes were discussed
theoretically in terms of friction reduction, which lowers mechanlcal energy
requirements, and reduction in metal shear resistance, which lowers the ap-
parent static yield strength. Current work on ultrasonic wire drawing, ex-
trusion, sheet metal rolling, and forging was reviewed. t

11. Maropis, N. and J. C. Clement, "Transition Between Theory and Practice
in Ultrasonic Metal Deformation Processing." Tech. Report C6-26.3, 1966
National Metals Congress, American Soclety for Metals, Chicago, Oct. 31-
Nov. 3, 1966.

Ultrasonic application to metal forming processes was observed to offer
such advantages as reduced processing forces, increased processing rates,
greater reduction per pass, and/or an improved product. The necessity for
designing ultrasonic systems specifically for the application was emphasized.
The evolution from ultrasonic theory through experimentation and equipment
design to production use was illustrated in terms of ultrasonic drawing of
wires, rods, and tubes.

12, Severdenko, V. P., K. V. Gorov, Ye. G. Konovalov, V. I. Yefremov, and
L. A. Shevchuk, Ultrasound Treatment of Metals. USSR, 1966. (Air
Force Translation FID-MT-2L-1,39-68).

This review, prepared for research engineering personnel in the USSR,
covers basic problems associated with propagation of elastic vibration in
various media, design of various types of ultrasonic equipment, and applica-
tions particularly in the metallurgical industry. Discussions were included
on the effect of ultrasonics on structure and properties of metals and alloys,
and effects on plastic deformation. Experimental work on free upsetting of
metals and on wire drawing was described.

13, Maropis, N., "The Application of Ultrasonic Vibratory Energy to Metal
Drawing Processes.,'" Master of Engineering Thesis, Pennsylvania State
University, March 1967.

This study considered basic theory and practice associated with commer-
cial drawing of metals, modifications thereto resulting from application of
ultrasonic energy, and basic design considerations for ultrasonic equipment
to insure maximum effectiveness. Experimental data were provided to show the
effects of vibratory frequeucy, power, and amplitude, and the effects of draw-
ing rate, area reduction, and surface area-to-volume ratio. Ultrasonic effects
on die temperature, drawbench power requirements, and quality of the drawn ma-
terials were evaluated.
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1. Winsper, C. E. and D. H. Sansome, "A Review of the Application of Oscil-
latory Energy to Metals Deforming Plastically." Eighth International
Machine Tool Design and Research Conf., Manchester, England, Sept. 1967.

Historical development of vibratory application to metalworking processes
was reviewed, with emphasis on the friction reduction effect, increased ma-
terial flow, and thermal effects (often neglected). Application to forging,
coining, extruding, rolling, forming, and wire and tube drawing was described.
Implications to the metalworking industries relate to reduced power require-
ments and extended capabilliiies of existing machines; reduced mean loads which
permit greater area reductlion per pass and possibly eliminate some operations;
reduced frictional forces which result in smoother surfaces, elimination of
chatter, and extended tool life; and less stringent lubrication requirements.

15. Jones, J. B., "Ultrasonic Metal Deformation Processing." Proc. CIRP
International Conf. on Mamufacturing Technology, Ann Arbor, Mich.,
Sept. 25-28, 1967, p. 963-1006.

Facilitation of metal forming processes, such as forging, extrusion,
rolling, and tube, rod, and wire drawing were said to have been demonstrated,
in some cases only on a laboratory scale, but in a few instances with produc-
tion equipment and techniques. New equipment developments promoting produc-
tion application included solid-state frequency converters, high-power ceramic
transducers, efficient coupling systems, and force-insensitive mounts. The
development of ultrasonic tube, rod, and wire drawing equipment and associated
problems were described. Further extension of such processes with appropriate
development effort was projected.

16. Iehfeldt, E., "Influencing Metallic Friction Processes by Means of Sonics
in the 20-kHz Region." Dissertation, Fheinisch-Westfalischen Technischen
Hochschule, Aachen, Germany, Feb. 13, 1968. (In German)

The mechanism of ultrasonic reduction in internal and external friction
during metal deformation was examined theorsetically and through experimenta-
tion with ultrasonics superimposed on tension, compression, bending, and shear
deformation. Practical application was discussed at length with reference to
ultrasonic wire drawing, extrusion, and metal powder densification, and brief
mention was made of ultrasonic tube drawing, stretch drawing (such as dimpling),
rolling, and forging.

17. Gentzsch, G:, "The Use of Ultrasonic Vibrations in Metsl Forming Pro-
cesses." Bander Bleche, Vol. 9, June 1968, p. 35L-363. (In German)

Discussion of theoretical principles of the effuct of vibrations on the
mechanical properties of metals was followed by a review of the effects of
ultrasonics on internal and external friction. Ulitrasonic applications in
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wire drawing, tube drawing, rolling, forging and upsetting, deep drawing, and
compacting of metal powders were described.

18. Severdenko, V. P., V. V. Klubovich, and A. V. Stepanenko, Ultrasonic Roll- ‘
ing and Drawing of Metals. Nauka i Tekhnika, Minsk, USSR, 1970. (Trans-
—sI—ﬁg—ht on by E. H. Virden, Consultants Bureau, New York, 1972).

This comprehensive review of USSR work in metal deformation, presented
against a background of world-wide development, covered all possible modes of
ultrasonic activation and transmission into the deformation locale in rolling
and drawing (tubes, rods, and wires) of metallic materials, and the results
obtained in terms of force parameters, surface quality, and mechanical prop-
erties. Despite demonstrated engineering suitability and economy of such

processes, they have not found widespread practical use, possibly because of
absence of basic data on the physical principles involved.

Tube Drawing

19. Tarpley, W. B. and H. Kartluke, "Ultrasonic Tube Drawing: Niobium,
Zircaloy-2, and Copper." Report NY0-10008, Aeroprojects Inc., AEC
Contract AT(30-1)-1836, Dec. 1981,

Ultrasonic die activation at 20 kHz and power levels up to 1000 watts was
applied during drawing and sinking of 1/h-in. copper, Zircaloy-2, and niobium
tubing. Area reductions ranging from 12 to 75% were investigated at draw
forces up to 2700 1b and drawing rates up to 2880 in./min. Rate increases
ranged up to 13-fold for copper and 100-fold for Zircaloy-2. At constant
rats, force reductions of 40-80% were obtained with copper and 15¢ with
niobium. Tubing that could not ordinarily be drawn under a given set of
conditions was effectively drawn with ultrasonic activation.

20. Boyd, C. A. and H. Kartluke, "Application of Ultrasonics in Tube Drawing."
DMIC Report 187, Defense Metals Information Center, Columbus, Ohio,
Augo 16, 1963, p- 22-28-

Preliminary data obtained in ultrasonic tube drawing (Ref. 19) were re-
viewed. Theoretical analysis of the drawing tension required, both with and
without ultrasonic activation, was presented as a function of cross-sectional
area reduction and the maxdmum drawing ratio obtainable without breakage as
a function of ultrasonic power input. Experimental data obtained with several
materials showed reasonable agreement with theory. A general equation was
evolved for predicting the ultrasonic effect on drawing tubing of a given ma-
terial when the yleld strength of the material is known.
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Tube Drawing

21. Mainwaring, B., "Application of Ultrasonics to Tube Drawing." DMIC
Rogrt 187, Defense Metals Information Center, Columbus, Ohio, Aug. 16,
’ pl 28"29.

Ultrasonic effects during production drawing of small-diameter tubing
were described. In one application that normally required three draw passes,
1100-H16 alumimm tubing was ultrasonically drawn in two passes, with 50% area
reduction in each pass, thus saving 25-30% machine time. Type 304 stainless
steel tubing was ultrasonically drawn to 35-36% reduction at 35 ft/min. Ad-
vantages were stated to be elimination of chatter, increased area reduction
per pass, reduced drawing force, improved surface finish, and minimized gall-
ing, resulting in extended tool life.

22. Verderevskii, V. A,, V. N, Nosal', et al., "Reduction in the Drawing
Stress of Metals in the Presence of Ultrasound." Ultrasonic Technology,
TsINTIAM, Moscow, 196L, p. 18-21. (In Russian; cited in Ref. 10)

In drawing steel tubes with ultrasonic activation of the mandrel at
20 kHz and 0.003-nm amplitude and at a drawing rate of 1 cm/sec, theoretical
data indicated that frictlon reduction should reduce draw force by 20-25%;
experimental data indicated a reduction of 25-30%. The disagreement was ex-
plained by the fact that mandrel vibration was transmitted to the die and
partially reduced friction between die and tube.

23. Nosal', V. V. and O. M. Rymsha, "Reducticn of Draw Force and Determina-
tion of Technological Parameters in Ultrasonic Tube Drawing." Stal',
1966, No. 2, p. 581-565. (In Russian; cited in Ref. 18)

A production drawbench at the Moscow Tube Plant was equipped for longi-
tudinal 20-kHg ultrasonic activation of the die. In drawing steel tubes at a
rate of 0.4 m/min and vibratory amplitude of 0.001 mm, draw force dropped by
about 35%. At 25 m/min and 0.004 mm, draw force reduction was about 20%. The
effect was attributed entirely to decreased friction between die and tube.

24. "Ultrasonic Activation Aids Tube Production." Tooling and Production,
Vol. 31, May 1966, p. 96.

Ultrasonically activated back support plugs in tube drawing reduced fric-
tion and increased plasticity. Productlon benefits included: increased area
reduction per pass, better size control, improved ID surface finish, greater
tool life, routine production of thin-wall tubing, ability to make complex
shapes in one pass, minimized chatter, and reduced lubrication breakdown.
Specific exemples of ultrasonic benefits observed during development were
discussed.
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Tube Drawing

25. Severdenko, V. P. and Yu. N. Reenlkov, "Heating of Tubes During Drawing
in an Ultrasonic Field." Doklady Akademii Nauk BSSR, Vol. 10, No. 6,
1966, p. 388-390. (In Russian)

During non-mandrel drawing of 1.5-mm-diameter copper tybes with ultra- ‘
sonic die activation, the tube temperature reached 350°-370°K at draw speeds
of 100-150 mm/min. The heating effected a 2% decrease in ultinate tensile
strength of the material.

26. Clauser, G. E., "Production Tube Drawing of Metals Using Ultrasonic En-
ergy Applied to the Mandrel." Tech. Report C6-26.L4, 1966 National Metals
Congress, Chicago, Oct. 31-Nov. 3, 1966. Also "Ultrasoni~ Process Speeds
Tube Drawing." Steel, Vol. 159, Nov. 1L, 1966, p. 38.

Ultrasonic activation of the mandrel in fixed-plug tube driwing was found
to increase draw speeds, increase area reduction per pass, lncrease mandrel
life, and produce better surface finish, thinner walls, and tighter tolerances.
The time required to cold-draw stainless steel tubing was reduced 35%; similar
results were obtained with brass and alumimm tubing of 1/8 to 1/2 in. ID.
Shaped tubing with inside corner radius of 0.004 in. was produced; this radius
is limited to 0.015 in. in conventional dreswing. The effect was attributed
to reduced friction at the tube-mandrel interface.

27. Clement, J. and G. Clauser, '"Ultrasonics Takes on Another Metal-Forming
Job." Metalworking, Vol. 23, March 1967, p. 128-129.

Ultrasonic plug-activeted tube drawing in actual production effected
burnished ID, with surface finish routinely at 8 pin., virtual elimination of
chatter and galling, improved tool life, increased area reduction per pass so
that fewer passes and anneals were required, and fabrication of complex shapes
in a single pass. The key to production use was said to be the force-insensi-
tive mount, which essentially eliminated frequency shifts and energy losses.
Specific examples of benefits obtained in production drawing various tubing
materials, and the setup and use of production equipment, were described.

28. "Tube Drawing Via Ultrasonics." Iron Age, Vol. 200, July 6, 1967, p. 65.

Ultrasonic cold drawing of tubing was being effectively used in produc-
tion to improve surface finish, give faster drawing speeds and up to 50%
greater area reduction per pass than otherwlse possible. Draw force was re-
duced 5 to 10% and back tensions on the plug 20 to 4OZ. Chatter was almost
wholly eliminated. The effects were observed with stainless steels, nickel
alloys, beryllium-copper, brass, copper, alumimm, zirconium, and palladium-
silver. Material and labor costs were reduced and rejections were fewer.
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Tube Drawing

29. '"Ultrasonics Make Big Impact on Tube Drawing." Metalworking Production,
Vol. 111, Aug. 9, 1967, p. 50.

Ultrasonic tube drewing was statad to be a major technological advance,
with the advantage that the ultrasonic plug drawing systems can be installed
on most existing drawing equipment without major modifications. Increased
tool life was obtained because of reduced friction; draw force was reduced by
5 to 10%; ID surface finish of 7 pin. was obtained; and tube production was
increased by 35%.

30. Jones, J. B., "Ultrasonic Metal Deformation Processing." Proc. CIRP
International Conf. on Mamfacturing Technology, Ann Arbor, Vich.
Sept. 25-28, 1967, p. 983-1006.

Tube drawing was said to be the only ultrasonic deformation process to
date in which produciion application had been achieved. It had proved econom-
ically feasible, effecting significan*t time and cost savings, and technically
desirable, producing a superior product or permitting the drawing of cross-
sectional shapes not otherwlse possible. Benefits included increased draw-
ing rate with virtual elimination of stick-slip, chatter, and lubricant break-
down, and an assoclated tool life extension; decrease in draw force and ten-
sile fracture avoidance; and increased area reduction per pass, so that fewer
passes were required to achieve a given end geometry. Greatest production
benefits were noted in the areaz of thin-wall and shaped tubing, with the
required smooth surfaces, close tolerances, and sharp inside corner radii.

31. Ahlquist, H. B., "Cold Drawing Larger Diameter Ferrous Tubing Using Ultra-
sonics.” 1967 AIME Operating Metallurgy Conf., Chicago, Dec. 11-15,
19670

Ultrasonics was said to bring to the tubing industry the first major tube
drawing change in over 70 years. Usiug a 15-kHz plug-drive system, area re-
ductions were increased by 20-50%; drawing rate was increased from 90 to 135
ft/min; chatter was almost entirely eliminated; tool life was extended through
reduction of friction; and surface finish was substantially improved. One
lot of tubing that normally required & mamfacturing cycles was processed in
3 cycles. Production advantages included recuced material and labor costs,
fewer rejections, and greater productivity.

32, Jones, J. B., "Tube Urawing, Draw Ironing, Flare anéd Flange Forming."
Metal Progress, Vol. 23, May 1968, p. 103-107.

The development of ultrasonic tube drawing and its production use were
described, with emphasis on tailloring the equipment and techniques tn the spe-
cific application. Initially used for fixed-plug drawing on a drawbench,
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often to replace moving-mandrel drawing, the process was later extended te
floating-plug draw-block drawing wherein the die rather than the plug was
ultrasonically excited. Typical applications and results were described.

33, '"Ultrasonic Tube Drawing Enters Its Second Generation." Machinery,
Vol. 7k, May 1968, p. 88-89.

Second generation ultrasonic tube drawling equipment included a solid-
state generator and ceramic transducers which increased power conversion
efficiency to 754. Productivity was increased by using two usitrasonic sup-
port-rod plug assemblies so that an operator could load a tube at one station
while the other was drawing. Results included 36% reduction in production
time, improvement in surface finish from 24 to 8 min., and closely held
tolerances, as well as the capablility of producing shaped tubing with
0.004-in. corner radius.

34. Severdenko. V. P. and Yu. N. Regnikov, "Study of the Effect of Ultrasonic
Oscillations on the Force of Drering Tubes." Doklady Akademii Nauk BSSR,
Vol. 12, No. 10, 1968, p. 999-1002. (In Russian; cited in Ref. 1B)

Experiments in ultrasonic die activation during tube drawing established
an optimum ultrasonic intensity beyond which the process became unstable and
material damage could occur. This optimum varied with workpiece material and
size. The optimum die angle for ultrasonic drawing was found to be in the
range of 10-20 degrees. Draw force reduction under ultrasonlic influence was
30-40% for copper tubes and 23-L40% for brass tubes.

35. Nielsen, J. H., "Tube Drawing with Ultrasonics." ASTME Student Quarterly,

Use of ultrasonics in tube drawing demonstrated a mumber of advantages
over conventional plug or rod drawing. Traditionally, rod drawing was used
in production of thin-wall tubing, but separation of rod and tube after draw-
ing caused major problems in dimensional control. With ultrasoniecs, plug
drawing could be utilized with good dimensional control. Faster drawing
rates, reduced force, greater area reduction per pass, longer tool life,
smoother ID surfaces, elimination of chatter, galling and lubricant break-
down, and production of thin-wall oi' shaped tubling were possible. The process
was effectively used with stainless steel tubes up to 2.25-in. diameter,

36. Buckley, J. T. and M. K. Freeman, "Ultrasonic Tube Drawing." Ultra-
sonics, Vol. 8, July 1970, p. 152-158.

This review presented the design philosophy behind two different types of
ultrasonic tube drawing equipment: plug-drive and die-drive systems. Current
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Tube Drawing

comnercial, industrial applications were emphasized. Standard plug-drive
equipment was noted to be available at ratings up to 6.5 acoustical kilo-
watts for tubes up to 2.5-in. OD and 0,25-1n, wall thickness; die-drive
equipment of up to 5-kw capacity was available. Ultrasonics was sald to
provide the averme for processing tubling to stringent design specifications.

37. Sugahara, T., T. Mochizuki, H. Tsuji, M. Ueki, I. Komine, and S. Fujiware,
"Application of Ultrasonic Vibration to Metal Tube Drawing Process."
Nippon Kokan Technical Report--Overseas, Dec. 1970, p. 51-59; June 1971,
p- 27-360

Industrial-scale experiments in 20-kHg ultrasonic plug-activated tube
drawing at area reductions in the range of 18-50% and draw speeds up to
24 m/min showed force reductions on the plug in the range of 50-90% and on
the die by 10-30%. Various plug designs and lubricants were investigated.
The ultrasonic effect was attributed to reduced friction at the plug. With
sufficient vibratory amplitude, chatter was eliminated. The results sug-
gested the application of ultrasonics in drawing complex shapes.

38. Severdenko, V. P. et al., "Ultrasonic Metal-Drawing Programs." Vestsi
Akademii Navuk BSSR, Seryya Fizika-Tekhnichnyk Navuk, 1971, No. 1.
(Translation: Russian Ultrasonics, Vol. 1, April 1971, p. 92-95)

Brass tubes of 16 mm diameter were drawn with ultrasonic activation of
the mandrel at rates of 0.05-0.L0 m/sec and at an area reduction of 23.L%.
With longitudinal vibration, the draw force was reduced up to 60%. With
transverse vibration, the maximm reduction was 42%. Best results were ob-
tained when the draw die was located at a stress antinode.

39. Drl¥gan, 0. and E. Segal, "Regarding Contact Friction at the Deformation
Focal Point During Cold-Drawing of Tubes on an Ultrasonically Activated
Plug." Metalurgia (Bucharest), Vol. 2, No. 7, 1972, p. 469-471. (In
Rumanian)

The influence of major technological parameters on contact friction in
tube drawing with a plug activated with longitudinal ultrasonic vibration was
investigated. The friction coeffirient decreased with increase in vibratory
amplitude and increase in draw speed. Theoretically calrulated data were
confirmed by experimentation.
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40. Kolpashnikov, A, I., V. I. Sabushkin, and E. V. Moledchinin, "Drawing of
2lumimm Alloy Tubes Under the Action of Ultrasound." Tsvetnye Metally,
1972, No. 4. (Translation: Russian Ultrasonics, Vol. 2, Oct. 1972,

p. 196-200)

Drawing of alumimum alloy tubes was carried out with ultrasonic activa-
tion of the mandrel at 15-30 kHz ard 1.5-kw power input into magnetostrictive
transducers, and at drawing rates up to 300 mm/min. Draw force reductions
ranged up to 25% and averaged about 18%. With too large an amplitude, the
metal tended to stick to the tool, apparently because of a sharp temperature
rise in the deformation gone. Ultrasonically drawn tubes showed a slight de-
crease in strength and increase in elongation over those drawn without ultra-
sonics. '

Wire and Rod Drawing

L41. Severdenko, V. P. and V. V. Klubovich, "Drawing of Copper Wire in an
Ultrasonic Field." Doklady Akademii Nauk BSSR, Vol. 7, No. 2, 1963,
p. 95-98. (Translation: Scientific Literature Consultanits, Phila-
delphia)

Annealed and pickled copper wire, 1.57-mm diameter, was drawn with longi-
tudinal ultrasonic die activation at 23 kHz and 0,012-0.020 mm amplitude, at
drawing rates up to 500 mm/min, and at 36.5% area reduction. Initially the
wire repeatedly broke in the location of a vibratory node; the breakage was
eliminated by installing damping blocks at fixed distances on either side of
the die. Draw force was reduced by 50% under ultrasonic influence, regard-
less of drawing rate. Strength and hardness were reduced by about 15% and
elongation increased by about 15%.

L42. Robinson, A. T., J. C. Connelly, and L. M. Stayton, "The Application of
Ultrasonics to Wire Drawing." U. S. Naval Ordnance Test Station, China

Lake, Cal.: Tech. Prog. Report 328, NOTS TP 3297, July 1963; Tech. Prog.
Report 345, m__ﬁig?_&Ts TP 3L05, Nov. 1963; Tech. Prog. Report 352, I\D__—TETS TP 3463,
Feb. 190l4; Tech. Prog. Report 36L, NOTS TP 35L2, April 196L; Tech. Prog.
Report 375, NOTS TP 3636, Aug. 196L. Also Robinson, “Applic,:ation of

Ultrasonics to Wire Drawing." DMIC Report 187, Defense Metals Informa-
tion Center, Columbus, Ohio Aug. 16, 1963, p. 10-13.

An ultrasonic wire drawing array was assembled using a 20-kHz ceramic
transducer and titanium horn mounted on an engine lathe modified to opera‘e
as a drawbench. The wire passed through a hole in the transducer-coupling,
which was mounted at a theoretical nodal point. Two isolators were later
added to provide a constant length of wire and eliminate standing-wavs
effects. In drawing aluminum, copper, steel, and other materials, considerable
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difficulty was encountered with metal bulldup in the die throat and even
welding of the wire to the die; this was alleviated with some materials by
vi.ckling in dilute acid sclution. Heating of the wire was a problem with
ciort wire lengths.

43. Boyd, C. A. and N. Maropis, "Application of Ultrasonics to Wire Drawing."
DMIC Report 187, Defense Metals Information Center, Columbus, Ohio,
Aug. 16, 1963, p. 13-22.

Data were presented showing effects of ultrasonic die activation at
various power levels on draw tension during drawing of tin alloy and copper
wire. The greatest effect was obtained at high ratios of ultrasonic power
to draw speed. For example, at a speed of 100 ft/min, draw tension was re-
duced by 1/2 to 2/3 at power levels in the range of 60-200 watts to the trans-
ducer. A phenomenological theory was evolved to account for draw tension re-
duction in terms of reduced interfacial friction and/or increased plasticity,
and to explain the decrease in force reduction with increasing velocity. Ex-
perimental data showed reasonable agreement with the theory.

L. Maropis, N., J. Devine, and C. A. Boyd, "Development of Ultrasonic Wire
Drawing Equipment for Production Use." Research Report 63-7L, Aero-
projects Ine., Dse. 1963.

Substantial force reductions were obtained in drawing small-diameter
(0.010-in.) copper and tin alloy wire at rates up to 350 ft/min and ultra-
sonic power levels of 20-50 watts. Wire could be drawn ultrasonically at
force levels where no drawing was possible without ultrasonics, and the wire
often broke instantaneously when ultrasonics was discontimued during drawing.
No frequency effect was noted in the range of 15-60 kHz. A six-element ultra-
sonic array was developed for activation of six consecutive draw dies for
drawing fine wires to 0.003-in. diameter. Force reductions ranged from over
S50% at drawing rates of 25-50 ft/min to about 10% at 750-1000 ft/min.

L5. TLangenecker, B., C. W. Fountain, and V. 0. Jones, "Ultrasonics: An Aid
to Metal Forming." Metal Progress, Vol. 85, April 196k, p. 97-101.

Low-scress yieldirg of metals under ultrasonic influence was illustrated
by wire drawing with a longitudinally activated die located at a vibratory
antinode. In the drawing of copper, mild steel, stainless steel, and tung-
sten wire of 0.05-in. diameter, draw forces were reduced up to 50%.
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L6. Robinson, A. T., "The Application of Ultrasonic Energy to Metal Wire
Drawing." Wire and Wire Products, Vol. 39, Dec. 196k, p. 1925-1929,
1978-1979.

Ultrasonic wire drawing was carried out on a modified engine lathe that
provided for draw speeds of 0.036 to 2.0 in./sec and incorporated a 20-kHz
ceramic transducer and titanium stepped horn through which the wire was drawn.
Copper, iron, alumimm, and stainless steel wires 0.040 to 0.072-in. diameter
were ultrasonically drawn with substantially reduced draw forces. The load-
time curve showed periodic fluctuations related to the wave length and draw
speed; this condition was alleviated with an isolator located at a fixed
distance from the die. With some materials, die pickup was a problem that
was alleviated through surface preparation and efficient lubrication.

L7. Robinson, A. T., J. C. Connelly, and L. M, Stayton, "The Application of
Ultrasonics to Wire Drawing." U. S. Naval Ordnance Test Station, China
Lake, Cal.: Tech. Prog. Report 382, NOTS TP 3675, Nov. 196L; Tech. Prog.

Report 390, NOTS TP 3768, March 1965; Tech. Prog. Report 399, NOTS TP
2@: May 1965,

In contimation of the work of Ref. 42, a new ultrasonic wire drawing
array, permitting draw rates up to 700 ft/min, was assembled. Preliminary
evaluation showed that earlier problems had been essentlally solved. Eval-
uation of copper, iron, and titanium wire indicated less workhardening under

. ultrasonic influence. Wire temperature increased to 1050F without and 180°F
with ultrasonics. Copper wire ultrasonically drawn to 38% reduction at rates
up to 243 ft/min and ultrasonic powers up to 150 watts showed draw load de-
creases up to 26%. The effect was dependent on ultrasonic energy density de-
livered to the wire and essentially independent of draw speed, except that
higher power was required to achieve equivalent energy density at the higher
speeds.

L8. Vienna University, Physical Institute, "Investigation of the Effects of
Ultrasonics on the Deformation Characteristics of Metals." U. S. Govt.
European Research Contracts Program, Contract N 62558-3436, Final Report,
Feb, 1. 1964 to Jan. 31, 1965.

Ultrasonic (20 kHz) wire drawing was carried out with the direction of
vibration normal to the drawing direction and with the die located in a stress
antinode. With several materials drawn at area reductions up to 21%, draw
force was reduced by up to 62%, the effect being greater at larger displace-
ment amplitudes. Lead wire could be reduced by 37% with ultrasonic and only
1% without ultrasonics. With some materials, ultrasonics effected no change
in physical properties, but a slight increase in strength and microhardness
occurred with alumimm alloys and a decrease with copper. After recrystalli-
zation, the structure of the ultrasonically drawn wire was more homogeneous
and finer grained.
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L49. Olsen, K. M., R, F. Jack, and E. 0. Fuchs, "Wire Drawing in Ultrasonically
Agitated Liquid Lubricants.” Wire and Wire Products, Vol. LO, Oct. 1965,
p. 1563, 1566-1568, 1637. Also "Wire Drawing Technique Uses Ultrasonics
to Obtain Smooth Surfaces." Light Metal Age, Vol. 23, Oct. 1965, p. 1.

Ultrasonic wire drawing was carried out with the die immersed in liquid
lubricant to clean the wire before it entered the die and prevent accumlation
of foreign matter in the die cavity. A multi-die system was assembled incor-
porating six 150-watt, 25-kHz transducers. Copper, alumimum, and nickel alloy
wire were successfully drawn to 0.0015-in. diamster or smaller at area reduc-
tions up to 35% and rates up to 1000 feet per mimite. Good dimensional uni-
formity was obtained.

50. Kralik, G., "The X-Ray Diffraction Patterns of Wire Drawn in an Ultrasonic
Field." Acta Physica Austriaca, Vol. 20, 1965, p. 370-375. (In German)

Copper and aluminum wire of 3-mm diameter was ultrasonically drawn at
20 kHz in seven passes to 1.13 mm. With the die located at a vibratory node
and the direction of vibration normal to the direction of the draw, the rota-
tional symmetry of the x-ray diffraction pattern was suppressed, and the re-
sults suggested promotion of twinning with ultrasonics.

51. Oelschlagel, D. and B. Weiss, "Ultrasonic Facilitation of Wire Drawing."
Acta Physica Austriaca, Vol. 20, 1965, p. 363-369. (In German) Also
Oelschlagel and Weiss, "Improved Efficiency in Wire Drawing with Ultra-
sound." Transactions of the ASM, Vol. 59, 1966, p. 685-693. (In
English)

Ultrasonic wire drawing was carried out with the draw die located at a
pressure antinode of a standing wave and at a rate of 3 cm/min. Draw force
reductions ranged up to 37% for alumirum, L8% for iron, and 62% for lead.
Cross-sectional reduction was also greater with ultrasonics: 37% for lead
compared to 14% without ultrasonics. It was not determined to what extent
the effect was attributable to friction reduction or to the softening effect
of ultrasonics.

52. Vienna University, Physical Institute, "Investigation of the Effects of
Ultrasonics on the Deformation Characteristics of Metals." U. S. Govt.
European Research Contracts Program, Contract N 62558-3L436, Final Report,
Feb. 1, 1965 to Jan. 31, 1966.

Subsequent to work described in Ref. 48, investigation was made of the
significance of several parameters in ultrasonic copper wire drawing. The
effect on force reduction decreased with increasing draw speed and became
essentially zero above about 20 m/min. There was a linear increase in the
effect with increase in ultrasonic intensity. Increase in area reduction
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from 15 to 33% led to a slight decrease in drawing facilitation. A die angle
of ebout 1l; degrees appeared to be most advantageous.

53. Stayton, L. M., G. A. Hayes, J. C. Connelly, and A. T. Robinson, "The “
Application of Ultrasonic Energy to Metal Wire Drawing." NOTS TP L170,
U. S. Naval Ordnance Test Station, China Lake, Cal., Oct. 1966.

Duplication of copper wire drawing experiments described in Ref. L7
showed divergent results. Parasitic frequencies apparently were self-induced
in the ultrasonic system, and effects on draw load were variable. After
equipment adjustments, including variations in horn design, the energy den-
sity effect on draw load was again demonstrated, with extreme precision in

control of the variables. The equipment was reworked to permit drawing fine
tungsten wire at 900 F. Although some draw force reduction was demonstrated,
technical problems associated with the high temperature limited success.
Further cold drawing of fine copper wire (tin-coated) showed load reductions
up to 65% and confirmed reduced work-hardening with ultrasonically drawn
wires.

5L. Pohlman, R. and E. Lehfeldt, "Influence of Ultrasonic Vibration on
Metallic Friction." Ultrasonies, Vol. L, Oct. 1966, p. 178-185.

After experimental studies to verify the ultrasonic effect in reducing -
friction, wire drawing was carried out with 21-kHz longitudinal ultrasonic
excitation of the die mounted at a vibratory node. Copper and alumimum wire
was drawn at a rate of 100 mm/min and cross-sectional reduction of 18%.
During drawing, the draw force varied periodically at distances equal to 1/2
wavelength; thls effect was minimized by placing a second die at a fixed
distance from the first. Draw force was reduced by 50% wich copper and 30%
with alumimum. The effect lncreased with increasing ultrasonic power and
decreased with increasing draw rate, and was attributed to reduction in
both internal and external friction.

55. Maropis, N., "The Application of Vibrational Energy to the Drawing of
Metallic Materials." Report ARML-TR-66-296, Aeroprojects Inc., Air
Force Contract AF 33( 615;-2159, Nov. 1985.

Ultrasonic energy in longitudinal and radial modes at 7, 15, and 28 kHz
was applied to drawing of titanium, alvnuimum, and steel rods at area reduc-
tions up to 37%, drawing rates up to 200 ft/min, and power levels up to 8 kw.
Draw force reductions ranged up to 30% and higher; smooth drawing was ob-
tained where it was not possible without ultrasonies. Surface finish of the
drawn rcds was improved, strength and ductility of the steel rods were in-

creased, and no effect on metallurgical structure or microhardness could be
detected.
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56. Maropis, N., "The Application of Vibrational Energy to the Drawing of
Metallic Materials." Report AFML-TR-66-296, Aeroprojects Inc., Air
Force Contract AF 33(6I§§—2I39, Nov. 1966.

Ultrasonic drawing of soft copper and hard steel wire was carried out at

28 kHz and 60 kHz, with axial and torsional die activation, and at rates up to

1000 ft/min. The lower frequency was more effective because of the greater

vibratory amplitude obtainable, and the axial mode was more effective than the

torsional. Significent draw force reductions were obtained under all con- '

ditlions, but the eff.ct decreased with increasing drawing rates. Using a

back-tension technique, efforts to separate the friction effect fraom the

redundant deformation effect of ultrasonics provided no quantitative data-

but indicated the primary effect to be friction reduction, with increased
deformability of the wire occurring only at the higher energy levels.

57. Severdenko, V. P., K. V. Gorov, Ye. G. Konovalov, V. I. Yefremov, and
L. A. Shevchuk, Ultrasound Treatment of Metals. USSR, 1966. (Air
Force Translation FID-MT-24-439-68)

Drawing of annealed 1.57-mm-diameter copper wire was carried out with
23.5-kHz axial activation of the die at draw speeds up to 500 mm/min. Wire
breakage at 1/L-wavelengths along the wire was minimized by damping blocks
placed on either side of the die. The ultrasonic vibration decreased draw
forces by 50%, decreased wire tensile strength by 15%, and increased elonga-
tion by LOF. The effects were attributed to reduction of external friction
and reduction of resistance to deformation.

58. Weiss, V., "Investigation of Phenomenon of Superplasticity in Metals."
Syracuse University, Navy Contract NO0019-67-C-0232, Quarterly Prog.
Report No. 1, April 1k, 1967.

In an investigation of the effects of superplasticity and ultrasonics,
1/8-in. diameter wire was drawn to 10-20% area reduction through a die acti-
vated at 20 kHz at power inputs up to 38 watts. Several types of steel,
nickel, brass, and alumimm alloys were investigated at rates of 1-2 in./min.
Load reductions ranged up to 30%, but in some instances after initial de-
crease, the load increased to a level higher than required without ultrasonics 5
possibly because of extraneous vibrations in the wire or because of loose
couplings in the system.

59. Robinson, A. T., G. A. Hayes, J. C. Connelly, and L. M. Stayton, "The
Application of Ultrasonic Energy to Metal Wire Drawing." NOTS TP LL16,
U. S. Naval Ordnance Station, China Lake, Cal., June 1967.

Ultrasonic wire drawing experiments with variation in die position
showed the draw load to be minimun when the die was located at the end of
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the horn in a displacement antinode. Efforts to draw through a die excited

to radial vibration were thwarted by progressive failure of the bolt retain-

ing the ceramic transducer wafers. The transducer assembly was redesigned

to correct this difficulty. Plans were made to conduct x-ray diffraction

studies for further evaluation of plastic flow phenomena in wire drawing. ..

60. Robinson, A. T., J. C. Connelly, L. M. Stayton, and G. A, Hayes, "Study
of the Application of Ultrasonic Energy to Wire Drawing of Metals."
First Quarterly Prog. Report, U. S. Naval Weapons Center, China Lake, 1
Cal., Oct. 1, 1967.

New aerospace and aircraft applications call for titanium wire of close
tolerances, uniform thin cross sections, and smooth surface finish. This
study investigated possibilities of ultrasonic wire drawing to meet these
needs. A back-tension device and a capstan of steeper taper were designed
and fabricated, and dies contoured specifically for titanium were used.
Problems of breakage in tensicn were discovered to be caused by surface de-
fects in the wire probably induced during previous draws at the mill. TUltra-
sonic influence was found to reduce drawing load.

61. Kevern, J., "Ultrasonics: Intense Energy with a Delicate Touch."
Product Engineering, Vol. 39, April 22, 1968, p. 103-110.

In work carried out at Bell Laboratories (see Ref. L49), in which wire is
drawn through dies submerged in an ultrasonically agitated liquid, copper and
hard nickel-chro. : alloys were drawn to 0.0007 in. diameter. Pure copper was
drawn from 0.01 in. to 0.003 in. at 1000 ft/min with nine dies, each producing
30% cross-sectional area reduction; conventional drawing would reduce the wire
only 20% per die and would require 1l dies. Alumirum wire as fine as 0.003-in.
diameter was successfully produced.

62. Maropis, N., H. Edelson, and F. R. Meyer, "Ultrasonic Drawing of Fine
Beryllium Wire." Research Report 68-32, Aeroprojects Inc., May 1968.

Unclad beryllium wire of 0.005-in. diameter was reduced to 0.001 in. by
ultrasonic warm drawing at a temperature of 250°C in successive passes at
about 12,5% area reduction per pass, and at drawing rates from 320 ft/min
for the larger wires to 100 ft/min for the finer wire. With ultrasonic cold
drawing, the 0.005-in. wire was reduced to 0.0039 in. without interdraw an-
nealing., After three further cycles of annealing and drawing, the wire was
reduced to 0.00229 in, The wire produced by both methods showed good ten-
sile strength (180,000-200,000 psi), which apparently was limited by large
foreign particle inclusions in the wire, often as large as 1/3 the wire diam-
eter. The work was carried out with 28-kHz longitudinal vibration of the die
at power levels up to 200 watts input to the transducers.
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63. Pohlman, R. and E. Lehfeldt, '"Wire Drawing with Superimposed Ultrasonic
Vibrations." Draht, Vol. 19, Oct. 1968, p. 757-765. (In German)

Wire of copper, steel, brass, alumirum, and other materials was ultra-
sonically drawn with longitudinal and transverse die oscillation at 21 kHz
and up to L4OO watts power. Reduction per pass was about 15% and draw speed
was 100-200 mm/sec. With both vibratory modes, draw force reductions of
9-504 were obtained, depending on the vibratory amplitude and drawing speed.
No effect was obtained above 200 m/sec. From an analysis of the stresses,
the suthors concluded that the draw force decrease was due to the super-
position of vibratory stresses on the drawing stresses rather than a reduc-
tion in contact friction.

64. Inoue, M. and E. Mori, "Ultrasonic Metal Wire Drawing." Reports of the
6th International Congress on Acoustics, Tokyo, 1968, p. 21-28. (Cited
in Ref. 18)

Investigations were made of the ultrasonic effects on wire drawing with
the draw die located at a stress antinode and at a motion antinode; also with
the direction of vibration both axial and normal to the draw direction. Both
vibretory modes produced substantial decrease in draw force. With steel wire
at 10-20% area reduction, force reductions ranged fram 20 to 50% at 60 mm/min
and from 9 tc 1L4% at 60 m/min. Similar results were obtained with nichrome
and copper wire. With regard to die location, the stress antinode was more
effective but caused significant heating of the die and the wire. The force
reduction was attributed to the addition of alternating stresses to static
stresses.

65. Winsper, C. E. and D. H, Sansome, "Fundamentals of 'Ultrasonic' Wire
Drawing." Journal of the Institute of Metals, Vol. 97, Sept. 1969,
p. 27L-280.

In longitudinal ultrasonic wire drawing at 20 kHz, an optimum die-to-
drum distance was determined to be a multiple of 1/2 wavelength. Experimen-
tation indicated force reduction to be directly proportional to vibratory
amplitude and independent of area reduction. No increase in wire tempera-
ture occurred, and friction reduction was not considered significant. Force
reduction was attributed entirely to a force superimposition mechanism.
Analysis indicated reduced vibratory amplitude as speed was increased, and
essentially gero force reduction when the mean drawing velocity equalled the
peak velocity of die vibration.
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66. Law, D., "Applying High Power Ultrasonics in the Wire Industry." Wire
Indust%, Vol. 36, Dec. 1969, p. 1055-1060. Also "Applications of High-
ower Ultrasonics in the Wire Industry." Mass Production, Vol. L6,
March 1970, p. 17-2L.

In addition to ultrasonic cleaning, descaling, and plating of wire, ultra-
sonic wire drawing can be accomplished with vibrations applied either normal
or axial to the direction of drawing. With either method, force reductions
up to 65% have been observed, the effect being greatest at low drawing rates.
Surface finish was improved and tensile strength reduced by as much as 15%.
Wet drawing under ultrasonic influence was stated to provide cleaner, smoother
wire and could be used at speeds up to 2000 ft/min.

67. Severdenko, V. P., V. V, Klubovich, L. K. Konyshev, and R. A. Repin,
"Wire Drawing of High-Strainable Materials Involving Superposition of
Longitudinal Ultrasonic Oscillations." Doklady Akademii Nauk BSSR,
Vol. 14, No. 5, 1970, p. L15-418. (In Russian; cited in Ref. 18)

Ultrasonic wire drawing of titanium, molybderum, manganese nickel, and
stainless steel was carried out at area reductions of 9-33% and draw speeds
of 20-150 mm/:ain. Draw force reductions ranged as high as 81%. The effect
increased with increasing area reduction. The ultrasonically drawn wire
demonstrated decreased strength and increased ductility, and metal deforma-
tion was more uniform. There was no apparent difference in surface quality
of the drawn wire.

68. Severdenko, V. P., A. B, Stepanenko, and E. G. Sychev, "Ultrasound Effect
on Plastic Deformation in a Vacuum." Doklady Akademii Nauk BSSR, Vol. 15,
No. 3, 1971, p. 217-218. (Translation: Russian Ultrasonics, Vol. 1,
April 1971, p. 72-T7h)

With conventional wire drawing in a vacuum, the friction coefficient was
about twice as high as in air, and adhesion of the metal to the tool was a
problem. With ultresonic activation of the die at right angles to the direc-
tion of draw, the draw force with steel wire of 3-mm diameter was substan-
tially reduced both in air and in vacuum, and no adhesion to the tool was
observed.
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69. Jones, J. B., N. Maropis, C. F. DePrisco, and J. G. Thomas, "Ultrasonic
Energy Applied to the Alumimum Extrusion Cladding of Tubes." AEC Report
DP-418, Aeroprojects Inc., Nov. 1959. Also Tarpley, W. B., "Applica-
tion of Ultrasonic Energy to Extrusion," DMIC Report 187, Defense
Metals Information Center, Columbus, Ohio, Aug. 16, 1963, p. 29-31.

Ultrasonic extrusion experiments were carried vut with separate 20-kHg
ultrasonic activation of the die, the ram, and the container at power levels
up to about 1000 watts. In extrusion of 1.25-in.-diameter lead billets at a
ratio of 25:1 and temperature of 300°C, extrusion rate at constant force was
increased by 100-300%, and extrusion force at constant rate was decreased by
16-28%. In extrusion of alumimm billets at 11:1 ratio and 525°C and at con-
stant ram speed, force required to initiate extrusion decreased by 15-20%.
When vibratory power was turned on during extrusion, force abruptly decreased
by 10-25%, then rose again when power was turned off. These effects were sub-
stantiated in alumimmm extrusion cladding of steel tubes. Extrusion force at
constant rate was reduced from 52 to Ll tsi with ultrasonic activation, and
rate at constant force was increased by 200-300%.

70. Tursunov, D. A., '"Metal Extrusion in an Ultrasonic Field." Kuznecho-
Shtompovochnoe Proizvodstvo, 1964, No. 5, p. 1C-11. (In Russian)

Hot extrusion of brass and copper was facilitated by ultrasonic activa-
tion of the plunger at 18-25 kHz and power levels up to 2.5 kw. With ultra-
sonic extrusion of brass and copper slugs 10 mm in diameter, extrusion force
reductions were 20-26% for copper amd 37-L48% for brass, the effect depending
on the extrusion temperature. There were no detectable changes in the micro-
structure of the extruded metal.

71. Severdenko, V. P. and V., A. Lebunov, Doklady Akademii Nauk BSSR, Vol. 9,
No. 12, 1965. (In Russian; cited in Ref. 18)

Experiments in 20-kHz ultrasonic activation during reverse extrusion of
alumimm were carried out to evaluate ultrasonic effects on effectiveness of
23 types of lubricants. 1In all instances, extrusion force was substantially
reduced. Greatest effects were obtained with mineral oils and oleic acid,
wherein force was reduced to 1/2 to 2/3 of its non-ultrasonic value.

72. Lehfeldt, E., "The Effect of Ultrasonic Vibrations on the Compacting of
Metal Powders." Ultrasonics, Vol. 5, Oct. 1967, p. 219-223.

In ultrasonic extrusion of a mixture of iron powder and waterglass, used
for coating welding electrodes, the force required to extrude the mixture at
constant rate was reduced to about one-sixth of its non-ultrasonic value. The
work was done with ultrasonic activation of the ram, but the die could also be
vibrated.
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73. Zalesskii, V. I. and Yu. I. Mischenkov, "Selection of the Vibration
System for Extrusion in an Ultrssonic Field." Izvestiya Vysshikh
Uchebnykh Zavedenii, Chernaya Metallurgiya, 1969, No. 1, p. 116-119.
(Brutcher Translation 7961)

In extrusion with ultrasoric activation of the die located at a displace-
ment antinode, the vibratory energy was absorbed in the workpiece, effects on
contact friction on the container walls were insignificant, and extrusions
fractured. These defects were overcome by locating the die in a displacement
node so that the container was subjected to large-amplitude vibrations. FEx-
periments with 15-mm diameter lead specimens at 192 kHz produced successful
extrusions with greatly reduced friction and more uniform metal flow.

Rplling

74. McKaig, H. L., "Applications of Ultrasonics to Metal Forming and Rolling,"
DMIC Report 187, Defense Metals Information Center, Columbus, Ohio,
Aug- 16, 1963, p- 33_36-

Ultrasonic activation of the roller during rolling of 3/L-in.-wide strips
of X-8001 aluminum alloy, copper, and 4340 steel, under an applied load of
1000 1b, effected increased thickness reduction by factors of 3 to 5 over non-
ultrasonic rolling. In flattening 1/8-in,-diameter zinc wire with a 1000-1b
normal load, ultrasonic activation of the roller reduced the thickness to
0.0625 in., whereas reduction without ultrasonics wae to 0.098 in.

75. Cunningham, J. W. and R. J. Lanyi, "Study of the Feasibility of Applying
Ultrasonic Energy to the Rolling Process for Sheet Metals." Final
Report, Navy Contract NOwbL-029L-J, Westinghouse Electric Corp.,
Pittsburgh, Pa., March 15, 1965.

Ultrasonic application to sheet metal rolling was investigated with the
view to obtaining reduced yield strength and friction, and thus reduced roll
pressure. With ultrasuni: vibration of sheet material at 18.25 kHz and power
levels up to 3500 watts, significant load reduction was obtained only at
axial displacement nodes, amounting to 6% with alumimm, 2.5% with copper, and
2% with steel. Further efforts were devoted to the design of a transducerized
roll incorporating nickel ring laminations with a nominal frequency of 10 kHz.
Significant load reduction occurred with lead but only about 5% with alumimm,
the effect being attributed to friction reduction. Further effort was recom-
mended to design a more effective vibratory roll.
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76. Cunningham, J. W. and G. R. Douglas, "Investigation of the Feasibilitiy
of Applying Ultrasonic Emergy to the Rolling Process for Sheet Metals."
Final Report, Navy Contract NOw65-0561-d, Westinghouse Research Labs.,
PIttsburg%, Pa., Sept. 1966.

To supplement the work of Ref. 75, four rolls containing piezoelectric
or magnetostrictive transducers were coustructed. Design parameters of the
transducers were developed and various roll constructions investigated. Ex-
periments proved the superiority of the piezcelectric design. Rolling load
reductions of greater than 50% were achleved on alumimm and lead at light
mill loads, but percent reduction became quite small at high mill loads.
However, as the rolled material became thinner, the load reduction increased
even at heavy loads, indicating that ultrasonics reduces friction loading and
may prove beneficial in rolling thin-gage strip. The edge condition of alu-
minum foil was markedly improved by ultrasonic rolling.

77. Eidgi, M. and I. Masao, Bulletin of Japan Institute of Metals, Vol. 7,
Jan. 1968, p. 27-33. (In Japanese; cited in Ref. 1Y)

Using a modified ultrasonic roller welder, experiments were carried out
in flattening aluminum, copper, and steel wire of 0.6-1..98 mm diameter. At
constant load, the amount of deformation increased with increasing vibratory
amplitude. The ultrasonic effect decreased with increasing static load; this
was attributed to disruption of the acoustic transmission system at the high-
er loads.

78. Severdenko, V. P., A. V. Stepanenko, and L. V. Zayash, "Rolling with
Superimposed Ultrasonic Oscillations." Doklady Akademii Nauk BSSR,
Vol. 12, No. 8, 1968, p. 693-698. (In Russian; cited in Ref. 18)

Rolling of alumimum, copper, and steel was carried out with longitudi-
nal ultrasonic (19.6 kHz) oscillation of the rolls at 2.5 kw power and at a
rate of 0.033 m/sec. Force reductions of 55% for alumimm, 32% for copper,
and 21% for steel were ottained simultaneously with increased cross-sectional
area reduction. The effects were attributed to the interaction of the co-
efficient of contect fiiction and the alternating tangential stresses.

79. Severdenko, V. P., A, V, Stepanenko, and H, G. Sychev, "Rolling with
Radial Ultrasonic Vibration of Shafts." Doklady Akademii Nauk BSSR,
Vol. 13, No. 9, 1969, p. 806-809. (In Russian; cited in Ref. 18)

Rolling of metal strips 3 mm wide was carried out with radial ultrasonic
activation ?19.2 kHz) of both contacting rolls in opposite phase. In reducing
0.5-mm-thick copper by 30%, force was reduced by 32% and rolling torque by 62%.
With 50% reduction of aluminum, reductions of 70% in force and 85% in rolling
torque were obtained. The ultrasonic effect was immediately spperent whenever
the ultrasonics was turned on or off during rolling.
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80. Percival-Barker, K., "A New Design of ‘Rolling Mill'." Sheet Metal
Industries, Vol. 47, Oct. 1970, p. 89k. -

A new "rolling mill" design, developed in England, incorporated ultra-
sonic transducers and linear motors to effect thickness reduction. There -
were no actual rolls involved, and the process was actually one of ultra-
sonically facilitated extrusion. Reduction ratios as high as 1l,000:1 were
achieved in a single pass at production speeds up to 5000 ft/min. No des-
caling or interstage annealing was required. Costs of installation, opera-
tion, and maintenance were said to be substantially reduced over those of v
conventional rolling mills. Contimous operation was indicated to be

feasible.

81. Konovalov, E. G. and E. P, Ignashev, "Flattening Round Wire irto Micro-
tape by Ultrasonic Oscillations." Doklady Akademii Nank BSSR, Vol, 15,
No. 11, 1971. (Translation: Russian Ultrasonics, Vol. 2, Jan. 1972,

p. L9-5k)

Production of microtape from wire on the basis of the known theory of
rolling calls for expensive precision multi-high mills or special mills. The
method reported here used only ultrasonic energy for the flattening. As the
wire advanced between two dies (one attached to the ultrasonic transducer vi-
brating at 22 kHz), the deformation rate was high and little heating of the
metal took place. This method was applicable to both soft and hard metals
with a high degree of deformation and without lubrication. Transverse defor-
mation by ultrasonic asnergy was generally greater than longitudinal deforma-
tion or deformation by rc¢lling, and also greater for hard than for soft
metals.

82. Severdenko, V. P., A. V., Stepanenko, and I. V. Zayash, "The Effect of
Roll Velocity on the Efficiency of the Ultrasonic Oscillation Technique."
Tsvetnaya Metallurgiya, 1972, No. 1. (Translation: Russian Ultrasonics,
Vol. 2, Jan. 1972, p. 33-36) d

It was shown theoretically that the amount of acoustical energy absorbed
by the metal during ultrasonic rolling is proportional to the square of the
vibratory amplitude and the length of the deformation zone, and inversely pro-
portional to roll velocity. In the ulirasonic dry rolling of O.5-mm-thick
alumimm strip at velocities of 0.033 to 0.25 m/sec, load reduction was great-
est at the higher campression ratios, and the effect of roll velocity was con-
firmed.

83. Ignatsev, E. P. and E. G. Konovalov, "Ultrasound Flattening of Refractory
Metal Wires." Tsvetnaya Metallurgiya, 1972, No. 9, p. 73-74. (In Russian)

Experimental data were obtained on the flattening of molybdermum alloy
wires to micro-ribbons by means of 21-kHz ultrasonic vibrations at an
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amplitude of 0.015 mm, Considerable thickness reduction could thus be obtained
without the use of lubricants and heating.

Forgig

84. Severdenko, V. P, and V. V. Klubovich, "Investigation of the Microstruc-
ture of Copper Deformed in an Ultrasonic Field." Akademii Nauk BSSR,
Fizikc-Tekhnichnyk Institut, Sbornik Nauchnykh Trudov, 196L, p. 12L-128.
(Air Force Translation FID-TT-65-1408)

Ultrasonic upsetting at 22.5 XHz of copper samples 6 mm in diameter and
9 mm high was accomplished with 78% decrease in the stress normally required.
With ordinary upsetting, the microhardness in the ceuter of the specimen was
maximum and the grains had a stretched form whereas surface grains were uni-
form. With ultrasonic upsetting, hardness was greatest on the surface and
these grains showed the stretched form while tnose in the center were uniform.
Overall hardness values were greater for the ultrasonic specimens.

85. Balamuth, L., "Progress in Ultrasonic Metal Forming." SAE Paper 9714,
Automotive Engineering Congress, Detroit, Mich., Jan. 11-15, 1965.

Sufficient information was said to be available to permit design and fab-
rication of an ultrasonic forging machine for use in fabricating nose cones,
automotive body sheet metal parts, and the like. Specifications were pro-
vided for a forging press operating at 30 kHz, 500 watts pcwer, and 37.5 tons
pressure. Comparison should be made of the operation of such a press with
other forming methods.

86. Severdenko, V. P. and V. V. Klubcvich, "Distribution of Deformation
Along the Height of the Test Piece When Upsetting It Under Ultrasonic
Vibrations." Izvestiya Vysshikh Uchebnykh Zavedenii, Chernaya Metal-
lurgiys, 1965, No. 1, p. 61-6L. (Brutcher Translation 6726)

Using a 23-kHz ultrasonic system incorporating a magnetostrictive trans-
ducer, copper and alumimum test pieces were upset within the range of 27 to
57% compression. Under normal conditions, deformation was greatest in the
center of the specimen, while with ultrasonics the greatest deformation was on
the contact surfaces. This ultrasonic effect became greuter as intensity was
increased. At L5% deformation, non-ultrasonic upsetting required 2000 kg,
while ultrasonic deformation required only 800 kg.
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87. Kristoffy, I. I., R. L. Kegg, R. R. Weber, "Influence of Vibrational
Energy or Metalworking Processes." Report AFML-TR-65-211, Cincinnati
Milling and Grinding Machines, Inc., Cincinnati, Ohio, Air Force Con-
tract AF 33(657)-10821, July 1965. Also Kristoffy, 'Metal Forming with
Vibrated Tools." Journal of Engineering for Industry, Vol. 91, Nov.
1969, p. 1168-117L.

Ultrascenic forging of lead and alumiium alloy slugs and sleeves with
20-kHz axial activation of the punch resulted in apparent force reductions
up to 60%, but addition of the dynamic peak force amplitude to the static
force indicated no true force reduction. No material weakening effect was
established. The type of force reduction was not affected by the workpiece
material.

83. Balamuth, L., "Ultrasonics as Applied to Metal Forming and Assembly
Processes." SAE Paper 650762, National Aeronsutic and Space Engineering
and Manufacturing Meeting, Los Angeles, Oct. L-8, 1965.

The ultrasonic effect on metals was examined in terms of thermal equiva-
lence. To evaluate the effect of ultrasonic vs. static forming, small (1/8
and 1/4 in. square) alumirum slugs were deformed with and without 20-kHg vi-
bration. The observed force decrease was considerably less than the dynamic
force amplitude, indicating a clear softening effect. It was observed that
such results should encourage the development of ultrasonic production equip-
ment tor such applications.

89. Izumi, O., K. Oyama, and Y. Suzuki, "On the Superimposing of Ultrasonic
Vibrations During Compressive Deformation of Metals." Trans., Japan
Institute of Metals, Vol. 7, No. 3, 1966, p. 158-167.

Samples of several metals and alloys were upset with and without ultra-
sonic activation at 22.5 kHz, with height reductions up to about 30%. Under
ultrasonic influence the load required for a given deformation decreased with
decrease in vibratory amplitude and in some instances was only 1/5 of that
required for non-ultrasonic deformation. The effect was attributed primarily
to lowering of flow stress, although heat generation was also a factor. Sen-
sitivity to vibration differed with different types of materials.

90. Balamuth, L., "Ultrasonic Motors Fabricate Metals and Plastics." SAE
Journal, Vol. 7k, June 1966, p. 72-75. -

The force required to cold-forge metal was substantially reduced when the
punch was vibrated at ultrasonic frequency. When small slugs of alumirum were
compressed by a punch vibrating at 20 kHz, static force drop was generally’
much greater than dynamic force, and the amount by which it exceeded the dy-
namic force incressed with the dynamic force. Considerably greater static
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force reductions should be obtainable with larger displacements, since more
vibrational energy would be imparted to the plece.

91. Zhadan, V. T., "Influence of Ultrasonics on the Upsetting of Steels That
Are Difficult to Work." Igzvestiya Vysshikh Uchebnykh Zavedenii, Cherneya
Metallurgiya, 1966, No. 11, p. 93-96. (Brutcher Translation 7062)

Experiments in upsetting heat-resistant steel specimens under 21-kHz vi-
bratory influence showed reductions up to 15% in the force required to achieve
a given deformation. The effect wzz attributed to the superposition of dy-
namic force on the static force, which promoted the movement of dislocations
within the crystal structure and thus facilitated plastic deformation. The
possibilities of using this effect in processing difficult-to-work materials
were noted.

92. Severdenko, V. P., K. V. Gorov, Ye. G. Konovalov, V. I. Yefremov, and
L. A. Shevchuk, Ultrasound Treatment of Metals. USSR, 1966. (Air Force
Translation FTD-MT-24-1139-68)

Ultrasonics (23.5 kHz) was applied to free upsetting of copper, alumirum,
and steel cylindrical specimens 5-10 mm in diameter. Along the height axis,
maxirmum deformation and greatest microhardness were found adjacent to the con-
tact surfaces arnd minimums at the center with ultrasonic upsetting, whereas
the reverse was true with non-ultrasonic upsetting. The latter produced a
barrel-shaped specimen, while ultrasonically upset specimens had a reverse
barrel shape. Required deformation load decreased witn increasing ultrasonic
intensity and approached zero at high powers.

3. Severdenko, V. P., V. V. Petrenko, and S. I. Petrenko, "Effect of Ultra-
sonic Vibrations on the Effectiveness of Lubricants During Free Compres-
sion of Alumimm." Vestsi Akademii Navuk BSSR, Seryya Fizika-Tekhnichnyk,
Navuk, 1968, No. 2, p. 103-105. (In Russian)

Free compression of alumimim specimens 9 mm in diameter was carried out
under ultrasonic influence to determine the effects achieved with several
types of lubricants. Prior to compression, the specimens were soaxed in the
lubricants for L8 hours. In all cases, ultrasonics reduced the applied pres-
sure required for a given degree of compression; in some instances, the effec-
tiveness of the lubricant was increased by a factor of L4.5-6.5.
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94. Severdenko, V. P. et al., "Change of External Friction by Free Upsetting
of Steel in an Ultrasonic Fleld." Doklady Akademil Nauk BSSR, 1970,
No. 6. (Translation: Russian Ultrasonics, Vol. 1, April 1971, p. 90-92)

The effect of ultrasonic vibrations on external friction in free upsetting

of steel samples was established by plotting hardening curves according to
Shofman's method and specific pressures. .1'n upsetting with ultrasonic vibra-
tions, external friction increased the sprcific pressure to a lesser extent,
hence external friction was also less than in normal upsetting. The decrease
of external friction in ultrasonic upsetting lowered resistance to defor-
mation.

95. Severdenko, V. P. and V. V., Petrenko, "Effect of Plastic Deformation on
Amplitude of Applied Ultrasonic Oscillation." Vestsi Akademii Navuk
BSSR, Seryya Fizika-Tekhnichnyk Navuk, 1971, No. 1. (Translation:
Russian Ultrasonics, Vol. 1, April 1971, p. 75-78)

Steel samples, 6-mm diameter by 9 mm high, were free-upset in a 5-ton
stress tester fitted with a special die. After preliminary static loading,
19-kHz ultrasonic oscillations were applied. Plastic deformation was asso-
ciated with monotone decrease of ultrasonic amplitude; in 27 sec after the
onset of deformation, amplitude decreased by 5-7%. This was attributed to
the fact that plastic deformation of metals changes their physico-mechanical
strength properties, including internal friction which is amplitude-dependent
and produces damping.

96. Abramov, O. V., V. I, Petukhov, and Yu. V. Manegin, "The Use of Ultra-

sound in Metal Forging." Tsvetnye Metally, 1971, No. 2, p. 64. (Trans-
lation: Russian Ultrasonics, Vol. 2, Jan. 1972, p. 17-22

A system was developed to deliver ultrasonic vibration to the punch, die,
or container in direct forging of aluminum, and to punch or reflector in re-
verse forging. Ultrasonic application reduced overall compression force and
increased homogeneity of the material, the effect becoming greater with in-
creased vibratory amplitude. With direct forging, the greatest effect was
observed with die activation, with consequent lowering of surface friction
forces. With reverse forging, activation of the punch was most effective.
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Riveting

97. McKaig, H. L., "Application of Ultrasonics to Metal Forming and Rolling."
DMIC Report 187, Defense Metals Information Center, Columbus, Ohio,
Aug. 16, 1963, p. 33-36.

In upsetting aluminum rivets with a 1200-1b force without ultrasonics
a 2.5% reduction of the head height was achieved. With 1200-watt ultrasonic
power, reduction was increased to 14%.

98. McMaster, R. C., C. C. Libby, J. P. Mitchell, H. Minchenko, T. Burney,
and W. White, "Sonically Assisted Deformation of Aluminum Alloys."

Report 291-1, Dept. of Welding Engineering, Chio State University,
June 1L, 1967.

Using a 10-kHz transducer assembly installed on a commercial riveter,
riveting experiments were carried out primarily with 202} alumimm alloy
rivets, and also with 7075-T73 alumimum and titanium alloy rivets. Static
forces for 5/16-in. rivets ranged from 200 to 250 lb, riveting times from
0.27 to 1.0 sec, and stack thickness from 0.25 to 0.50 in. Yield point tests
showed strengths ranging from 1900 to 2790 1b, with 75% of the rivets fall-
ing within a 200-1b range. Instrumentation data indicated that repeatable
data could be obtained using similar materials and rivet production pro-
cedures.,

99. Delong, R. B., "Sonic Riveting." News in Engineering, Ohio State Uni-
versity, May 1968.

Experimentation in vibratory riveting was carried out using a 50-1b,
15-hp, 10-kHz electromechanical transducer with a 2600-volt power source.
Good rivet upsetting was obtained with 1/4-inch-diameter titanium rivets
in 1.5 sec and with 5/16-inch alumimum alloy rivets in about 1/2 sec under
static force of 200 1b, Use of the transducer was said to allow major reduc-
tions in the size, strength, complexity, and cost of the supporting and
positioning structure of riveters, permitting reduction in static force
by 50 to 100 times. Portable riveters for field use appearel feasible.

100. Adcock, G., '"Lockheed-Georgia Developiig Ultrasonics for Riveting."
Metalworking News, Dec. 23, 1968, p. 2l.

Ultrasonic riveting was carried out using a 20-kHz magnetostrictive
transducer and tapered horn, with a free-floating die mass to transfer the
energy to the rivet. The energy was applied in 100 to 200 bursts per second
providing peak stresses in the order of 140,000 1b. Deformation of the
rivet was followed by bonding in the joint around the shank, giving the joint
Increased strength. Tensile-shear strength was almost double that of con-
ventional riveted joints, and the bonding at head and tail provided a seal
against corrosion. Though still in the development stage, the process was
said to have potential for production application.

13



Riveting

101. Aeroprojects Inc., "Ultrasonic Riveting and Ultrasonic Drilling and
Countersinking." Research Report 69-15, April 1969.

Upsetting of A-286 steel and 6A1-4V titanium rivets, carried out with
15-kHz activation of the riveting tool, effected force reductions of 35-60%
with 1/8-in. rivets and 14-21% with 1/h-in. rivets. With equivalent force
levels, the ultrasonically set rivets showed increased head diameter and im-
proved shank expansion and hole fill. Results suggested the importance of
controlling upset rate, dwell time, and ultrasonic pulse time. The process
was said to be suitable for production, but further development was indi-
cated, particularly to improve ultrasonic coupling into the rivet.

102, Libby, C. C., "Sonic Riveting of Alrcraft Alumimm Alloys." IEEE Trans.
on Sonics and Ultrasonics, Vol. SU-16, July 1969, p. 117-126.

The fundamental controlling factors and process parameters in sonic
(10-kHz) riveting of alumimum were discussed. Results showed force reductions
of as much as 100 to 1. The rivets showed no evidence of forging bursts,
cracking, or splitting, and there was no indication of plate separation.

Flow lines in the rivet were smooth, and the rivet was in contact with the
joined plates throughout its entire length.

103. Aseff, G. V., W. H., Sproat, and A. Kremheller, "High-Intensity Ultra-
sonics." IEEE Trans. on Sonics and Ultrasonics, Vol. SU-17, Jan. 1970,
pl 7—121

Ultrasonic riveting experiments were carried out using a 20-kHz magheto-
strictive transducer-coupling system with 1l-kw power input. Rivets of 1/8-in.
diameter were driven to join 0.063-in. 202L4-T3 clad alumimum sheet in 1 to 8
sec. In addition to upsetting of the rivet heads, diffusion bonding occurred
at the faying plane around the rivet shank and minor scattered bonding between
the shank and the surrounding hole. Single-lap shear tests showed substan-
tial strength increases for the ultrasonically driven rivets.

Stretch Forming

104. Peacock, J., "Forming Goes Ultrasonic." American Machinist, Vol. 105,
Nov. 27, 1961, p. 83-85.

Dimples in titanium and alumimum alloy sheet up to 0.040 in., thick pro-
duced at room temperature using a ram vibrating at 1l kHz were at least as
good as those obtained with a heated die. The titanium alloy showed greater
elongation and ductility during squeezing, and friction was reduced. Diffi-
culty was encountered because of damping of the vibrations under large static
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Stretch Forming

forces, and it was suggested that future ultrasonic presses use two opposed
rams vibrating 180° cut of phase. It wes considered feasible to adapt exist-
ing dimpling equipment for ultrasonic activation.

105. McKaig, H. L., "Applications of Ultrasonics to Metal Forming and Roll-
ing." DMIC Report 187, Defense Metals Information Center, Columbus,
OhiO, Aug. 16, 1963’ po 33-360

In deep drawing of alumimum under a 1000-1b load, the depth achieved was
increased by 37% when one die was activated with 600 watts ultrasonic power.
In an effort to achieve the same depth without ultrasonics by increasing the
load to LOOO 1b, the formed part fractured, indicating improved formability
under ultrasonic influence.

106. Langenecker, B., W. H. Frandsen, C, W. Fountain, S. R. Colberg, and
J. A. M. Langenecker, "Effects of Ultrasound on Deformation Charac-
teristics of Structural Metals." Navileps Report 8482, NOTS TP 3LL7,
U. S. Naval Ordnance Test Station, China Lake, Cal., March 1964. Also
Langenecker, Fountain, and V. O. Jones, "Ultrasonics: An Aid to Metal
Forming." Metal Progress, Vol. 85, April 1964, p. 97-101.

Copper cups were ironed and deep-drawn to approximately twice their
original length using a 20-kHg ultrasonically activated punch. Forming stress
was reduced to 70 1b from the 220 1b required for non-ultrasonic forming.

Thus some intermediate steps in the usual ironing method may be eliminated.
Likewise, lip curling under ultrasonic influence was accomplished with 50%
reduction in forming forces. The effect was attributed to the apparent reduc-
tion in static yield stress, and possibly also to friction reduction.

107. Kristoffy, I. I., R. L. Kegg, and R, R. Weber, "Influence of Vibrational
Energy on Metalworking Processes." Report AMML-TR-65-211, Cincinnati
Milling and Grinding Machines, Inc., Cinecinnati, Ohio, Air Force Con-
tract AF 33(657)-10821, July 1965. Also Kristoffy, "Metal Forming with
Vibrated Tools.!" Journal of Engineering for Industry, Vol. 91, Nov.
1969, p. 1168-117L.

Ultrasonic drawing and ironing of 4130 steel and 2024-T3 alumimum alloy
blanks were carried out at 20 kHz and up to 2400 watts power, with axial vibra-
tion of the punch amd/or radial vibration of the die. Apparent force reduc-
tions up to about 507 were achieved. These were attributed to replacement of
a portion of the static force with dynamic force, frictional force reduction,
and/or forming energy distribution change between the hydraulic press and the
vibratory system. It was suggested that such ultrasonic application be used
only where the same goals oould not be accomplished by higher capacity conven-

tional equipment. Surface finish of the formed parts was improved; there was
: no effect on hardness or microstructure.
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Stretch “orming

108. Robinson, A. T., G. A, Hayes, J. C. Connelly, and L. M. Stayton, "The
Application of Ultrasonic Energy to Metal Wire Drawing." NOTS TP LL16,
U. S. Naval Ordnance Test Station, China Lake, Cal., June .

An ultrasonic tool was used in spinning a tapered 1100-O alumimm cup.
Spun depth was increased from 3.30 to 3.55 in., cup cross section was more
uniform, cracking was eliminated, higher hardness was achieved, and spring-
back was eliminated, in comparison with non-ultrasonically drawn cups. No
significant difference in microstructure was observed.

109. Jones, J., B., "Tube Drawing, Draw Ironing, Flare and Flange Forming."

Flaring of aluminum alloy, nickel alloy, and steel tubing without local
annealing was accomplished with ultrasonic torsional vibration of the flaring
tool. Static force was substantially reduced, cracking was eliminated,
smoother surfaces and closer tolerances were achieved, and the physical
properties of the material were not degraded. Flare angles ranged from 300
to 90°. This technique was successfully used to meet the extreme quality
standards required for flared tubing connections for space vehicles.

110. Pruder, G. D. and J. G. Thomas, "Ultrasonic Draw Ironing of Alumirum
Cartridge Cases." Research Report 68-10, Aeroprojects Inc., Army
Contract DAAA25-67-C-0498, March 1968.

In the draw ironing «f 7075 alumimum alloy cartridge cases, 15-kHs
ultrasonic activation of ::ither the punch or the die in the axial mode
effected 30-4OZ reduction in the peak drawing force. Cases in the annealed
and mildly heat-treated temper were ultrasonically drawn through two steps
without intermediate anneal. Hard (T-6) cases were successfully drawn under
conditions where non-ultrasonic drawing was impossible. The process offered
the possibility of eliminating one draw pass, but this was not evaluatsd be-
cause suitable punches and dies were not available. Ultrasonic draw ironing
was concluded to be practical for production use.

111. ‘eroprojects Inc., "Ultrasonic Draw Ironing of Brass Cartridge Cases."
Research Report 70-6R, Army Contract DAAA25-70-C-0008, March 1970.

Ultrasonic punch application during draw ironing of 5.56-mm brass
cartridge cases from the initial to the final cup geometry permitted a
three-draw process to be reduced to two draws and indicated the possibility
of eliminating the intermediate anneal between passes. Chatter during draw-
ing was eliminated, and up to LO% reduction in draw force was achieved.
Ultrasonics appeared to have no effect on metallurgical structure or sur-
face finish.
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Stretch Forming

112. Rozner, A. G., "Effect of Ultrasound cn Stresses During Strip Drawing."
Report NOLTR 70-45, U. S. Naval Ordnance Lab., White Oak, Md., March 6,
1970. Also Rozner, "Effect of Ultrasonic Vibration on Coefficient of
Friction During Strip Drawing." Journal of the Acoustical Soclety of
America, Vol. L9, May 1971, p. 1368-1371.

Investigation was undertaken to determine the effect of ultrasonics on
the stresses and the coefficient of friction during strip drawing, selected
as & simpls techuological process involving two-dimensional strain. Specimens
of copper, mild steel, and 70:30 brass, 3/L in. wide, were drawn through a die
mounted in an Instron testing machine and excited to 20-kHg vibration. In all
cases ultrasonic application was accompanied by a sudden reduction in load and
reduced coefficient of friction, the magnitude of the effect differing with
different materials. The effect was explained by the superposition of oscil-
latory stresses on the drawing stress. The mechanical properties and micro-
structure of the drawn materials were unaffected.

Straightening

113, Konovalov, Ye. G., V. I. Yefremov, and V. K. Rimskiy, "Ultrasonic Removal
of Stresses in Parts After Plastic Deformation.," Ductility and Pressure
Treatment of Metals, Nauka i Tekhnika, Minsk, USSR, 196L4, p. 202-20L.
(Air Force Translation FID-HT-23-894-68)

Ultrasonic treatment at 20 kHz through a water bath was used to stress-
relieve reeling cylinders so that cylinder dimensions would remain constant
after removing the enveloping ring. Non-treated specimens showed an average
deviation of -0.078 mm, while those ultrasonically treated showed only
-0.024 mm deviation from the nominal diameter of 52 mm. The effect was
attributed to ultrasonic promotlon of transition of a metal from a thermo-
dynamically unstable to a more stable state by removing internal stresses.

114. Maropis, N., W. H. Bayles, J. Devine, and F. R. Meyer, "Ultrasonic Ap-
plication to Facilitate Straightening of Steam Turbine Blades."
Research Report 70-31, Aeroprojects Inc., Nov. 1970.

Ultrasonic progressive waves at 15 kHz were applied during bending and
twisting of 1l-inch-wide ribbons of 0.100- and 0.125-in.-thick 304 and 17-4 PH
stoels, using sufficient power to introduce dynamic stresses of 5000 psi.
Each specimen was bent or twisted to a predetermined angle (up to L6°), sub-
Jected to ultrasonic pulses for 8 sec, then released. In every case, ultra-
sonics increased the permanent set of the material, i.e., springback was re-
duced. The effect was greatest at the lower bend or twist angles and greater

with the 304 than the 17-L4 PH steel. No effect on metallurgical properties
was detected.
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Powder Metallurgy

115. Freedman, A. H. and J. F. Wallace, "Improving the Properties of Engi-
neering Metals by the Applicatiou of Ulirasonic Vibrations." Final
Report, Case Institute of Technology, Cleveland, Ohio, Army Contract
mgo—-33-019-505-om—(1=)-h, Aug. 1957.

Low-iatensity (110 watts) 20-kHz vibrations were applied to compacting
and sintering of powdered iron. An activated 7/8-in.-diameter punch in con-
Junction with a 20,000-1b .oad ffected a slight increase in density and hard-
ness of green compacts, but it was noted that the system was force-sensitive.
Experimental limitations in the sintering experliments resulted in considerable \
scatter in the data, and no conclusions could be drawn. Higher intensities
were considered necessar; to achieve significant effects.

116. Thomas, J. G. and J. B. Jones, "Application of Ultrasonic Vibration to
the Compaction of Metal Powders." Report NYO-7921, Aeroprojects Inc.,
AEC Contract AT(30-1)-1836, June 1958.

Ultrasonic equipment for activating powdered metals during compaction
was devised, utilizing force-igsensitive mounting systems to permit operation
at pressures up to 70 tons/in.“. Vibration of the die in a bell mode proved
more effective than axial or lateral vibration of the punch. Ultrasonic com-
paction of several metal powders, including hydrogen-reduced iron powder,
producead significantly increased dersity. Mold fill was also facilitated by
ultrasonic die activation, the powder density before pressing being increased
by about 30%.

117. Tarpley, W. B., K. H. Yocom, and R. Pheasant, "Ultrasonic Extrusion:
Reduction in Vehicle and Plasticizer Requirements for Non-Clay Ceramics."
Report NYO-10006, Aeroprojects Inc., AEC Contract AT(30-1)-1836, Nov.
1961.

Ceramic and cermet powders mixed with plasticizer and water were ex-
truded through a die ultrasonically activated at 20 kHz. Extrusion pressure
was reduced as much as tenfold, and extrusion rate was increased several
hundredfold. This technique permitted using only 40-60% of the amount of
plasticizer and about 10% of the water used in standard commercial extrusion
mixes, i.e., mixes too stiff for normal extrusion. The ultrasonically ex-
truded specimens showed improved surface finish and increased green and as-
fired density. Both hollow and solid objects of various geometries were
successfully extruded.

118. Tarpley, W. B. and H. Kartluke, "Ultrasonic Hot Pressing of Metals and
Ceramics." Report NYO-10007, Aeroprojects Inc., AEC Contract AT(30-1)-
1836, Dec. 1961.

The feasibility of ultrasonic hot pressing was demonstrated, using a
hermetically sealable, force-insensitive acoustic mounting system to penetrate
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Powder Metallurgy

a high-pressure, high-temperature, controlled-atmosphere enviromment. The
density of silver powder compacts was increased as much as 160% with ultra-
sonic activation. Under otherwise constant conditions, ultrasonics permitted
substantial reductions in the temperature and/or pressure and/or time re-
quired to achieve equivalent densities. Similar results were cbtained with
ultrasonic hot pressing of calcium fluoride and submicron aluminum oxide

powder.

119. Hochman, R. F. and R. M. Gray, "A Note on the Effect of Ultrasonic Acti-
vation on Diffusion and Sintering." International Journal of Powder
Metallurgy, Vol. 2, 1966, p. 15. Also Hochman and Gray, "The Effect of
Ultrasonic Energy on Diffusion and Sintering." Ultrasonics Symposium,
Lockheed-Georgia Co., Marietta, Ga., Jan. 1966.

Ultrasonic effects on sintering and diffusion were examined in producing
high-density sintered powder metal specimens of magnesium, alumimum, ard lead.
Sintering was accomplished during 18-kHz water immersion treatment of compacts
retained in static compression. Compressive strength was increased by about
25% and tensile strength of lead by 37%. Related improvements were observed
in the specific densities of these specimens.

120. Pokryshev, V. R. and V. I. Marchenko, "Method of Obtaining Compaction
Products from Refractory Metallides Using Ultrasonic Activation."

Poroshkovaya Metallurgiya, 1966, No. 8, p. 98-100. (NASA Tech. Trans-
Tatio 'n"mowTﬁ, 7 T_EL

A pressing and sintering apparatus, utilizing the combined and simul-
taneous action of static pressure and dynamic loads generated by an ultrasonic
field, incorporated a magnetostrictive transducer and half-wave concentrator
which delivered vibratory energy to the die, a resistance furnace capable of
temperatures up to 25009C, a vacuum chamber, and instrumentation for measuring
operating variables. No data were provided; the device was proposed for use
with metal and/or refractory powders.

121. Lehfeldt, E., "The Effect of Ultrasordc Vibrations on the Compacting of
Metal Powders." Ultrasonies, Vol. 5, Oct. 1967, p. 219-223,

Several arrangements for ultrasonic compaction of metal powders, involv-
ing activation of the upper ram, were described. Experiments in cold pressing
of nickel, alumirum, tin, and iron powders, with the tools mounted in a hydrau-
lic press and activated at 20 kHz, showed increased density due to reduced
interparticle friction and reduced wall friction, as well as increased strength
and dimensional stability. Ultrasonic hot pressing resulted in higher densi-
ties at equivalent temperatures or equivalent censity at lower temperatures.
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Powder Metaliurgy

122. Chachin, V. N. and G. K. Sadyako, "Effect of Ultrasonic Vibrations on
the Process of Cermet Sintering." Soviet Powder Metallurgy and Metal
CeramiCS’ 1968, NOo 9, po 693'69hn

Compacted blanks of electrolytic copper powder, 20 mm in diameter and
6 mm high, were sintered at temperatures from 600 to 900°C for 30 mimtes
and subjected to 20-kHz ultrasonic application for 1-5 mirmtes. Shrinkage
of the specimens was greater than that of non-ultrasonic controls by a factor
of 1.5-2.0, and hardness was greater by 7%. The effect was attributed to re-
duced interparticle friction, rupture of oxide coatings, and increased plas-
tic deformation of the particles. \

123. Lehfeldt, E. and R. Pohlman, "Densification and Pressing of Metal
Powders with Superimposed Ultrasonic Vibrations." Planseeberichte fur
Pulvermetallurgie, Vol. 16, 1968, p. 263-276. (In German)

In pressing iron powders in a mold with a punch ultrasonically acti-
vated at 20 kidz and with about LOO watts power, substantial increase in com-
pacted density was obtained, particularly in the lower pressure range. The
ultrasonically pressed powders were characterized by increased strength and
homogeneity. The effects were attributed to reduced friction between the
metal particles and reduced friction between the powder and the ::0ld walls.
In extruding metal powders mixed with binder and water with ultrasonic acti-
vation, extrusion pressure was reduced by a factor of six.

124. Pokryshev, V. R. and V. I. Marchenko, "Effect of Ultrasound Oscillations
on the Consolidation of Iron Powder in Het Pressing." Soviet Powder
Metallurgy and Metal Ceramics, 1969, No. 2, p. 110-112.

Simultaneous hot pressing and vacuum sintering of iron powder was carried
out at temperatures of 700-900°C with 22-kHz ultrasonic oscillation for 5 or 10
min either at the beginning or the end of the sintering process. The ultra-
sonically treated specimens showed substantial increases in density and hard-
ness, and decrease in porosity. At the lower temperatures, ultrasonics exerted
considerable influence on the initial stage and less on the later stage. At
the higher temperature, the stage of application was less significant,

125. Dr¥gan, 0. and A. Protopopescu, "Relationship between Density and Rela-
tive Height of Metal Powder Compacts Pressed under Ultrasonic Influence."
Ultrasonics for Industry 1970, Conf. Papers, London, Oct. 20-21, 1970,
pc 19-210

In experiments in compaction of atomized iron powder with ultrasonic ac-
tivation of the ram at 22 kHz, greater densification was obtained with the
higher height-to-diameter ratios. For example, at h/d = 1, density was in-
creased over that of non-ultrasonic samples by 6.51%; at h/d = 3, density was
increased by 22.16%Z. The ultrasonic effect was attributed to particle rear-
rangement, removal of adsorbed gases on the surfaces of the particles, and
heating of the compact from ultrasonic absorption.
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126. Konovalov, E. G. and V. M. Zhdanovich, "Effect of Ultrasonic Oscillations
on Conpressibility of Metal Powders." Doklady Akademii Nauk BSSR,
Vol. 15, No. 3, 1971, p. 219-221, (Translation: Russian Ultrasonics,
Vol. 1, April 1971, p. 78-81)

It was shown experimentally and theoretically that the density of metal
powders compacted under ultrasonic influence is proportional to residual po-
rosity and amplitude, and inversely proportional to compression height. The
equations developed permit determination of the magnitude of the static load
applied under given conditions.

127. Kostin, L. G.. L. T. Buchek, and V. M, Shkil', "Schemes of Ultrasonic
Pressing of Powder Materials and Engineering Methods for Calculating the
Aconstic System." Soviet Powder Metallurgy and Metal Ceramics, 1971,
No. L, p. 26L-267.

Three principal schemes for transmitting vibrations to the pressing tool
in ultrasonic pressing were recognized: longitudinal, transverse, and tor-
sional tool vibration. In each, ultrasonic energy may be applied to the die,
to the punch, or to both die and punch. (alculations were presented for the
design of the simplest systems--longitudinal excitation of the die. The tech-
nique was said to make it possible to determine the geometric dimensions of the
acoustic system and the pressing tool, to locate the displacement node of the
acoustic concentrator, and to locate the pressing deformation zone in the region
of maximum vibratory amplitude.

128, Pokryshev, V. P., M. S. Koval'chenko, and V. I. Marchenko, "Vacuum Hot
Pressing of Metal Powders under the Action of Ultrasonics." Soviet Powder
Metallurgy and Metal Ceramics, 1971, No. 10, p. 790-79L.

Ultrasonic application 4t 21 kHz during vacuum hot pressing of iron and
nickel powders, supplemented by theoretical considerations, indicated that
ultrasonics aprlied at the beginning of compaction accelerates the propagation
of transient processes but has no marked effect on steady-state creep. Ap-
plied at the second stage, ultrasonics affects the creep process by increas-
ing its rate. Density of the sintered specimens was increased with ultra-
sonics; this effect decreased with rise in temperature.

129. Pokryshev, V. P, and V. I. Marchenko, "Effectiveness of Ultrasonic Vibra-
tions Applied During the Hot Pressing of Iron Powder." Soviet Powder
Metallurgy and Metal Ceramics, 1971, No. 12, p. 967-969.

The effectiveness of ultrasonics applied during hot pressing of iron
powder, in terms of powder shrinkage, was shown theoretically to depend on
specimen height, particle size, die wall pressure, apparent density, and inter-
particle friction (which decreases with increasing temperature). Experimental
data, in close agreement with theoretical predictions, showed reduced ultra-
sonic effect with increased temperature.
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130. Thomas, J. G. and N. Maropis, "Fabrication of Heat Exchanger Tubing of
Powdered Metals." Research Report 72-6, Aeroprojects Inc., OSW Contract
14-30-2567, March 1972.

High-strength, high-density cupro-nickel (88.5 Cu, 10 Ni, 1.5 Fe) tubing
was fabricated from elemental powders which were mixed, blended with gel-type S
binder and water, and extruded at a ratio of 15:1 and extrusion rate of 20-25
ft/min, with 15-kHz ultrasonic activation of the die at about 1500 acoustical
watts and simultaneous 20-kHz activation of the mandrel at about 200 acousti-
cal watts., After sintering, the tubes showed densities of 85-90% of theoreti- \
cal., Final sizing to 0.75 in. OD by 0,035-in. wall thickress by ultrasonic
tube drawing produced tubing with 98-99% of theoretical density and strengths
equivalent to those of wrought tubing. Avemnues for further processing develop-
ment were delineated.
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B. METAL REMOVAL

General

131, Zakharov, V, I., V. Ya., Matveev, E. N, Zhustarev, and M. Ya. Friedkin,
"Metal Cutting with the Additional Application of Ultrasonic Oscilla-
tions." Vestnik Mashinostroeniya, Vol. L1, July 1961, p. 62-65. (In
Russian)

Ultrasonic application during miiling and thread cutting, particularly
of difficult-to-work materials, was found to significantly reduce cutting
forces, increase machine tool stability, and permit closer tolerances. During
thread cutting, it minimized possible blocking of the tool during back motion.
Best results were obtained with the vibration transmitted longitudinally to the
cutting tool., The cutting tool design should be modified for ultrasonic ex-
citation.

132. Brown, G. C., "Ultrasonics for Machining," 1962 IRE International Conven-
tion Record, New York, March 26-29, 1962, p. 13-23.

In addition to discussion of ultrasonic slurry machining, brief review is
given of ul*rasonically assisted cutting tools, said to be in the research stage
and 2-3 years from industrial utility. Ultrasonic application to rotating,
multiple-~dge cutting and to single-point cutting was said to reduce friction
between tool and workpiece, thus reducing heat concentration, and also to alter
the stress pattern at the tool edge. Ultrasonic grinding relieved wheel load-
ing and high localised surface temperatures. Ultrasonic deburring was effec-
tive for removing minute burrs. Such techniques offered new approaches to
solving industrial problems. ’

133. Rozenberg, L. D., V. F. Kazantsev, L. 0. Makarov, and D. F. Yakhimovich,
Ultrasonic Cutting. Akademii Nauk, Moscow, 1962. (Translation by J. E.
S. Bradley, Consultants Bureau, New York, 196lL)

This book is devoted primarily to ultrasonic slurry machining and its
applications in cutting ceramics, cermets, glass, quartz, jewels, and the like,
and to a minor extent in the cutting of hard metal alloys. Brief mention is
made of ultrasonic application to electrical and electrochemical machining tech-
niques. The detailed discussions of the theory and design of ultrasonic machine
tools are of universal interest in ultrasonic equipment design for a variety of
metal removal operations.
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Metal Removal - General

134. Markov, A, I., Ultrasonic Machining of Intractable Materials., Mashgiz,
Moscow, 1962. T{iranslation by sScripta Technica Ltd., Iliffe Books Ltd.,
London, 1966)

The major part of the book is a comprehensive presentation on ultra- 5
sonic slurry machining., A brief Part II covers the use of sonic and ultrasonic
vibrations as an aid to conventional metalworking, including grinding, turning,
thread cutting, milling, and drilling. Much of the material deals with prior
published literature; new information is reviewed below under appropriate
headings.

135. Opitz, H., "Machining Research as a Contribution to Economical Manufactur-
ingo" C.I.R.R-Annalen, VOl. 12, Ja-n.a 1963’ po h-2ho

In experiments using a 20-kHz magnetostrictive transducer to activate a
cutting tool, ultrasonic application in the direction of the cutting velocity
produced a smoother cut surface and smoother continuous chips and resulted in
less tool edge buildup. The effect decreased with increasing cutting speeds,
and at 200 m/min no difference in ultrasonic and non-ultrasonic cutting was
detectable., Practical application to large workpieces was indicated to be
limited by high #pparatus costs and by available transducsr power. The process
appeared to be particularly applicable to machining involving small chip cross
sections and low cutting speeds, as in grinding and thread cutting.

136. Devine, J. and W. B. Tarpley, "Ultrasonic Metal Removal." 83rd Meeting,
Acoustical Society of America, Buffalo, N, Y., April 18-21, 1972,

Ultrasonic application to metal removal processes including lathe turn-
ing, boring, thread cutting, and twist drilling was discussed in terms of equip-
ment development and results achieved. With single-point cutting, stated ad-
vantages were increased metal removal rates, reduced tool forces, elimination
of chatter, improved surface finish, and improved machinability of difficult-
to-cut alloys. Ultrasonic activation of a fluted twist drill provided signifi-
cant reduction in torque and thrust, thus minimizing tool breakage, increased
metal removal rates, facilitation of chip expulsion, cleaner hole break-out,
and drilling of greater hole depths without tool withdrawal.
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Turning

137. Voronin, A. A, and A, I. Markov, "Effect uf Ultrasonic Vibrations on
Machining of Heat-Resistant Alloys." Stanki i Instrument, 1960, No. 11,
p. 15-17. (In Russian)

Ultrasonic radial activation of the cutting tool at 22 kHz during turning
of heat-resistant steel alloys had variable effects, depending on the vibratory
intensity. At high power levels (2-3.5 kw), tool life decreased, apparently
because of significant increase in cutting temperature. At lower power (1 kw),
tool 1ife increased fourfold. The coefficient of chip contraction was also re-
duced, indicating reduced rate of plastic deformation in the shear layer. The
ultrasonically cut surface had a mat finish, while that non-ultrasonically cut
was bright and glossy.

138. Isaev, A. I. and V. S, Anokhin, "Ultrasonic Vibration of a Metal Cutting
Tool." Stanki i Instrument, 1961, No. 5, p. L8-53. (In Russian; cited
in Ref. 13L)

An 8-kw, 18-kHz magnetostrictive transducer was used to vibrate a lathe
tool in several directicns, all in a plane normal to the lathe axis. Mild
steel and nickel-chrome steel were turned at speeds up to 70 m/min, feeds up
to 0.13 mm, and depths of cut up to 2 mm. With tangential vibration, surface
finish was reduced from L9-65u to 1-2p, edge build-up on the tool was elimi-
nated, and workhardening of the material was reduced. All three components of
cutting force were reduced, the effect becoming less pronounced as cutting
speed was increased. Cutting temperature was higher with ultrasonic activa-
tion.

139. Kumabe, J., "Study on Ultrasonic Internal Grinding by Using the Longi-
tudinally Vibrated Grinding Wheel, I." Japanese Society of Mechanical
Engineers, Trans., Vol., 27, Sept. 1961, p. 1LCL-1L1l. (In Japanese)

The mechanism of ultrasonic cutting with a single-point. cutting tool vi-
brating in the transverse direction was analyzed theoretically and experimen-
tally. Cutting was carried out at a frequency of 20.3 kHz, vibratory ampli-
tudes from 7 to 16.5 p, depths of cut >f 0.02 to 0.125 mm, and speeds up to
100 m/min. Ultrasonic application significantly decreased required cutting
forces, particularly at the lower speeds, and increased the cutting ratios.
However, ultrasonic friction between tool ardworkpiece induced high tempera-
tures at the tool edge and accelerated tool wear. It was suggested that a
grinding wheel would perform more smoothly than a single-point cutting tool
under ultrasonic influence.
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Turning

140. Kumabe, J., "Study on Ultrasonic Cutting." Japanese Society of Mechani-
cal Engineers, Trans., Vol, 27, Sept. 1961, p. 1389-1L0L. (In Japanese)

It was established that in ultrasonic metal cutting the direction of vi-
bration should generally be in the direction of the cut. Principles and equa- »
tions were developed for designing ultrasonic systems operati-g in the longi-
tudinal and torsional modes, with both exponential and conical horns. The
systems could be fixed statically or rotated. Lathe attachments were designed
for operation at frequencies in the range of 10-40 kHz. A critical cutting
speed, beyond which no further improvement with ultrasonic cutting was achieved, ¥
was found to be a function of frequency and amplitude.

14i. Danielyan, A. M. and Yu. A. Gritsaenko, "Vibratory Cutting." Machines
and Tooling (USSR), Vol. 33, June 1962, p. 51-52. -

The status of ultrasonic machining of heat-resistant alloys was reviewed,
and conflicting data were noted, indicative of a process in its first develop-
ment stage. Further research was indicated to establish optimum frequency,
power, vibratory direction, as well as ultrasonic effects on plastic deformation,
tool wear, forces and temperatures, work-hardening, and surface finish,

142. Markov, A. I., Ultrasonic Machining of Intractable Materials. Mashgiz,
Moscow, 1962. (Translation by Scripta Technica Ltd., Iliffe Books Ltd.,
London, 1966)

On the basis of available information on ultrasonics applied during turn-
ing of heat-resistant alloys, the author concluded that practical application
of the process was held back by the complexity, inadequate strength, and high
cost of existing ultrasonic equipment. The necessity for providing a rigid
system in order to obtain maximum results was emphasized.

143. McKaig, H. L., "Applications of Ultrasonics to Metal Forming and Rolling,"
DMIC Report 187, Defense Metals Information Center, Columbus, Ohio,
Aug. 1o, 1963, p. 33-36.

Ultrasonic activation of a lathe tool during turning of 2024 aluminum
alloy, L3LO steel, and unalloyed titanium resulted in up to 30% reduction in
cutting force, elimination of tool chatter, and altered surface finish. It
was suggested that fatigue strength may be improved by ultrasonic turning.

144, Skelton, R. C. and S. A, Tobias, "A Survey of Research on Cutting with
Oscillating Tools." Advances in Machine Tool Design and Research, Tobias
and K. K. Koeninsberger, Eds., Macmillan Co., New York, 1963, p. 5-16.
Also "Putting Vibrations to Work." Metalworking Production, Vol. 106,
Oct. 24, 1962, p. 65-68.
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Review of available literature (primarily kussian) on controlled vibra-
tion of a lathe tool indicated effects such as improved chip breaking, reduc-
tion in cutting forces, increase in tool life, decrease in cutting temperature,
elimination of edge buildup on tool, reduction in workhardening, and increase
in cutting fluid effectiveness. The magnitude of the effects was reported to
depend upon the vibratory amplitude, frequency, and direction, its phase rela-
tion to the previous cut, and the normal cutting parameters of feed, speed,
depth of cut, etc, Vibration was usually in the direction of feed, since sur-
face finish was otherwise adversely affected. Frequencies ranged from a few
hertz to over 20 kHz,

1L45. Nerubay, M. S., "Investigation of the Effectiveness of Ultrasonic Vibra-
tion of the Tool When Machining Heat-Resistant and Titanium Alloys."
Kuybyshev Aviatsionnye Institut, Trudy, 1963, No. 18, p. 15-27. (Air
Force Translation FTD-MT-2[;-162-70)

Several difficult-to-machine alloys were turned on a lathe under the influ-
ence of vibration at 18-25 kHz in a radial mode. The chips showed reduced longi-
tudinal shrinkage, edge buildup on the tool was minimized, and quality of the
cut surface was improved. At low amplitudes, temperature in the cutting zone
decreased, and cutting force decreased. At high amplitudes, temperatures and
forces increased, and there was greater workhardening in the cut layer.

146. Balamuth, L., "Recent Developments in Ultrasonic Metalworking Processes."
SAE Paper 8L9G, Air Transport and Space Meeting, New York, April 27-30,
1964, Also Balamuth, "Ultrasonic Metalworking." American Machinist,
Vol. 108, April 13, 1964, p. 136-138.

Preliminary experiments in single-point cutting on an aluminum block with
a lathe tool mounted on a surface grinder resulted in considerable chatter in
making a 0.060-in.-deep cut. With 20-kHz vibration of the tool, tool forces
were reduced, chatter marks completely disappeared, amd the cut was smooth.

147. Aeroprojects Inc,, "Investigation of Vibratory Excitation of Cutting Tool
During Lathe Turning." Research Report 6L-76, Sept. 196l.

Experiments were carried out in turning several steel alloys, including
L340 and Vasco-Jet 1000, with 20-kHz ultrasonic excitation of the cutting tool
in a direction tangential to the surface being cut. Tool force reductions
ranged up to 60%; the effect decreased with increasing cutting speed, feed,
and depth of cut, suggesting that higher power should be used at the greater
metal removal rates, At the higher cutting speeds, tool life was increased.
The work established the practicability of installing an ultrasonic system on
a standard lathe with minimum modification,
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148, Kristoffy, I. I., R. L. Kegg, and R. R. Weber, "Influence of Vibrational
Energy on Metalworking Processes." Report AFML-TR-65-211, Cincinnati
Milling and Grinding Machines, Inc., Cincinnati, Ohio, Air Force Contract
AF 33(657)-10821, July 1965.

Ultrasonic vibration of the cutting tool at 24 kHz in the tangential di-
rection effected force reductions up to 90% in turning (end facing) of aluminum
alloy, copper, steel, and brass, The effect was reduced at increased feeds and
cutting speeds but was increased with increasing vibratory amplitude. In addi-
tion, chatter was inhibited, and surface finish and chip formation were im-
proved.

149. "Ultrasonic Energy Aids Turning, Grinding, Machining." Steel, Vol. 157,
July 12, 1965, p. 58-60.

Ultrasonic application to lathe turning was said to be technically feasi-
ble because of such demonstrated benefits as 10-50% tool force reduction (de-
pending on power input), improved surface finish, especially with aluminum and
titanium alloys, and elimination of tool chatter. Recent developments in ultra-
sonic equipment design appeared to offer sufficient refinements for field eval-
uetion of the process by industry.

150. Dohmen, H. G., "Machining Research with Ultrasonically Excited Turning
Tools." Industrie-Anzeiger, Vol., 88, Jan. 26, 1966, p. 115-122. (In
German)

In turning aluminum and steel cylinders with 20-kHz ultrasonically acti-
vated tools, surface finish was significantly improved at the lower cutting
speeds, smoother, more continuous chips were obtained, and edge buildup was
completely eliminated. Surface finish was improved only when the direction
coincided with the direction »f the principal cutting force, not in the trans-
verse direction. Several hypotheses for explanation of the effects were pre-
sented. Successful ultrasonic application to other chip-making processes,
such as broaching and reaming, was postulated.

151, Bayles, W. H., "Ultrasonic Machining of Hard Ceramics: An Engineering
Evaluation." Research Report 68-63, Aeroprojects Inc., Oct. 1968.

Ultrasonic single-point machining of hard ceramics was demonstrated by
means of linear unidirectional cuts with a diamond tool un an alumina compo-
sition. Ultrasonic tool activation in a direction longitudinal, vertical, or
transverse to the direction of cut reduced tool forces by as much as 80% and
produced wider and deeper cuts, indicating increased rate of material removal,
Tool chatter was effectively eliminated. Ultrasonic power requirements were
low, approximately 25 electrical watts input to a magnetos*rictive transducer.
Requirements for an ultrasonic machining array for installation on a standard
metalworking lathe were evolved,
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152, Maropis, N. and J. Devine, "Development and Evaluation of Ultrasonic I,.D.
(Boring) Single-Point Machining System." Research Report 72-7, Aero-

projects Inc., Feb, 1972,

An experimental ultrasonic boring system was developed utilizing a 28-kHz
axial-torsional mode-conversion transducer-coupling array delivering up to L50
acoustical watts power to interchangeabla cutting tools. Evaluation in machin-
ing 2024-T6 aluminum alloy and 1018 HR steel showed substantial tool force re-
duction (21-71% depending on material, machining rate, and tool type). Machined
surfaces were smoother than with non-ultrasonic cuts, subsurface material dis-
turbance was markedly reduced, and chips had smoother edges and greater curl
radius. The equipment was installed on a lathe in an AEC plant for further
evaluation,

Drilling

153. Marshall, N. K., "An Ultrasonic Drill for Boring Small Holes in Hard
Materials." Industrial Diamond Review, Vol. 18, Jan, 1958, p. 17-19.
Also Marshall, "Waveform Rotates Ultrasonic Jack Hammer Drill." Elec=-
tronics, Eng, Ed., Vol. 31, Jan. 17, 1958, p. 116-117. Also Marshall,
"Drilling Small Holes by the Ultrasonic Method." Machinem, Vol. 92,
Feb. 1L, 1958, p. 379-380.

A new technique for drilling small-diameter precison holes in hard ma-
terials involved the use of a 28-kHz magnetostrictive transducer and brass ex-
ponential horn driving a diamond-paste-loaded brass drill in a rotary " jack-
hammer" action. The assembly was suspended from an adjustable bracket by a
resilient support. The hole was started dry, then diamond paste was added to
the drill and was renewed about every L min, The drill substantially speeded
up the drilling process and increased the accuracy of the finished hole,

154. Zhustarev, E. N., V. I. Zakharov, V. Ya, Matveev, and M. Ya. Freidkin,
"The Cutting of Metals with the Application of Ultrasonics." The Appli-
cation of Ultrasonics in Engineering Technology, TsINTI, Moscow, 192&
p. 235-243. (In Russian; cited in Ref. 13L)

Ultrasonic application to twist drills of normal geometry was obseerved
to provide no beneficial effect, and it appeared advantageous to use drills
with greater core diameter in order to withstand the static and dynamic loads.
With ultrasonic activation of flat drills of high-speed steel, the cutting
speed increased considerably without increase in axial force. The chip was
more easily broken up and did not adhere to the drill.
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Drilling

155. Danielyan, A. M. and Y. A. Gritsaenko, "Vibratory Cutting." Machines and
Tooling (USSR), Vol. 33, June 1962, p. 51-52.

Several ultrasonic drilling investigations were reviewed. Drilling of
small and medium holes with ultrasonic vibratlons increased the drill life
2 to 4 times, one investigation showed. Another stated that drilling of simi-
lar holes in stainless steel nuts with ultrasonics trebled the drill life.
Even longer life was attained in machining creep-resistant alloys when the
vibrations were at right angles to the machine surface and had small peak-to-
peak amplitudes. In deep-drilling with a carbide-tipped drill, it was possi- A
ble to increase drill feed rate 30% with the same drill life,

156. Peacock, J., A. Kuris, and L. Balamuth, "Ultrasonics and Metal Removal."
American Machinist, Vol, 106, Aug. 20, 1962, p. 85-88. Also Balamuth,
"Ultrasonic Vibrations Shape Metals." SAE Journal, Vol., 71, July 1963,
p- 36-h1.

A drilling experiment was carried out with a longitudinally vibrating
transducer mounted on a drill press and, using a carbide drill, attempting to
bore a hole in an aluminum oxide grinding wheel. The carbide drill itself
penetrated about 1/L of the depth of the wheel before beginning to be ground
itself. Then ultrasonic vibrations were applied, and a clean hole was pro-
duced in 10 seconds, using the dulled drill. Cooling water spray was applied,
and particles from the wheel may have acted as an abrasive slurry, aiding the
process.

157. Legge, P., "Ultrasonic Drilling of Ceramics with Diamond Impregnated
Probes." Report AERE-M 1150, Atomic Energy Research Establishment,
Harwell, Berkshire, England, Feb. 1963.

A standard ultrasonic drill (as used with slurry machining) was .iodified
to incorporate a rotary chuck mounted on the drill bed so that the workpiece
could be rotated beneath the vibrating probe. This was used with both solid
and hollow probes which were diamond-impregnated along their cutting surfaces
for drilling holes or for trepanning. Annular grooving and thread cutting was
also said to be feasible with this equipment. The device was effective in
drilling precise holes in hard materials, such as uranium oxide and carbide,
without chipping or cracking and with greater accuracy than could be achieved
with the slurry technique. For deep drilling, a kerosene coolant was used to
flush out the grindings.

158. "Ultrasonic Drilling with a Diamond Impregnated Probe." Ultrasonics,
Vol. 2, Jan. 196hL, p. 1-4.

In further developments of ultrasonic drilling without abrasive slurry,
the ultrasonic unit was built into a standard milling machine. It was observed
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Drilling

that too much static pressure on the drill damped out drill motion completely
and cutting stopped. Holes up to 1/2-in, diameter were drilled with a solid
drill; larger holes could be made with a trepanning action. Cutting accuracy
was usually within 0,001 in, A slotting attachment was also developed and
effectively used.

159, Legge, P., "A Universal Ultrasonic Machine Tool for Glass and Ceramics."
Report AERE-M-1720, Atomic dnergy Research Establishment, Harwell, Berk-
shire, England, Feb. 1966, Also Legge, "Machining Without Abrasive
Slurry." Ultrasonics, Vol. L, July 1966, p. 157-162.

The 20-kHz ultrasonic tool developed for use with diamond impregnated
probes was redesigned to provide rotation of the transducer-coupling system
through a slip ring and brush assembly. Special tools were fabricated and
effectively used for drilling, end milling, slotting, trepanning, internal
and external grinding, and internal and external thread cutting of hard
ceramics and glass. Substantially improved accuracy was obtained at rates
comparable to those achieved with other techniques. Rotational rates signifi-
cantly higher or lower than 1000 rpm retarded the rate of penetration, ap-
parently because of damping of the vibration.

160, Pruder, G, D. and H. D. Edelson, "Ultrasoni~ Application to Drilling of
High-Strength Metal Alloys." Research Report 68-26, Aeroprojects Inc.,
April 1968.

A 20-kHz ultrasonic system exciting a fluted twist drill in the axial
mode was installed on a standard drill press frame and used in “rilling 1/2-in.
holes in 2-in.-long rods of 6A1-LV titanium alloy. Extensive data obtained
established: metal removal rates increased at least fourfold, reduced thrust
and torque loads, essential elimination of chatter, alleviation of chip packing,
no difficulty in drilling through depths of four diameters, improved hole ac-
curacy, and possibly extended drill life. In view of relatively low power re-
quirements, it appeared practical to incorporate ultrasonic systems into con-
ventional drilling machinery.

161. Aeroprojects Inc,, "Ultrasonic Riveting and Ultrasonic Drilling and Coun-
tersinking.!" Research Report 69-15, April 1969.

An ultrasonically activated twist drill was used to drill and counter-
sink 1/8-in. and 1/L-in, holes in 6A1-L4V titanium alloy sheet material. With-
out lubricant, the drilling rate was increased four- to five-fold; with lubri-
cant, there was about a sixfold increase. Torque and thrust were significantly
reduced, especially at the lower power levels., Extrapolation of the data indi-
cated that 200 electrical watts input to a ceramic transducer would provide
adequate power for hole sizes up to 1/2 in. No significant effect was noted
on drill life, hole accuracy, or hardness of the sheet adjacent to the hole.
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Drilling

162. "'Woodpeckering' With Gundrills." American Machinist, Vol, 113, July 28,
1969, p. 31.

Using axial vibration of the tool at 7-8 kHz, gun drilling in bhigh-
strength steel was accomplished at twice the feed rates normally achieved.
The drills were about 1/L-in. diameter and larger and of conventional gun-
drill point geometry. Subsequently ultrasonic systems were developed for
use on the slide of a six-spindle automatic lathe. The process was intro-
duced into fuel-equipment factories in Russia. Reported accuracies were about
0.002 in. diametral variation, hole straightness to 0.00008 in., roundi.sss to A}
0.00012 in., taper to 0.0006 in., and not more than 0,002 in, deviation Zn
concentricity.

163. Tyrrell, W. R., "Rotary Ultrasonic Machining with Diamond Tocls." Proc.
International Industrial Diamond Conf., Chicago, Oct. 20-22, 1969,
p. 275-280.

Rotary ultrasonic machines utilizing diamond tools were extensively de-
veloped in the U.S.,A. The components consist of a power supply, rotary ultra-
sonic head assembly, and diamond tools, which can be used in a conventional
milling machine or drill press. Use of such tools in drilling, milling, and
threading was described. The equipment was being successfully used to drill
glass, hard ceramics, and boron-epoxy composites. Advantages were said to
include faster material removal, less breakage, less tool wear, elimination of
frequent back-off of the tool, and negligible loading of the diamonds. Typi-
cal applications were discussed.,

164, Tyrrell, W. R., "A New Method for Machining Hard and Brittle Materials,"
SAMPE Quarterly, Vol. 1, Jan. 1970, p. 55-59.

A rotary ultrasonic machine tool was described consisting of a power
supply, a rotary head assembly, and diamond tools that could be securely at-
tached to the head. The device was used for drilling difficult-to-machine
mat:rials. This device substantially increased drilling rates, increased
drilling accuracy, and permitted longer tool life. Examples cited included
drilling of alumina, beryllia, glass, ferrite, and quartz,

165. Shoh, A., "A New Look at Ultrasonic Metal Drilling." SAMPE Quarterly,
Vol. 1, July 1970, p. 11-16.

The rotary ultrasonic drill with diamond tools was effectively applied
to the drilling of titanium, with 50-100% improvement in material removal rate
and in some cases a threefold increase in tool life. Equipment was developed
for adapting conventional machines to the ultrasonically assisted operation.
The process was said to be effectively used in production with substantial
time and cost savings. Application to other materials, to holes larger than
the present 1/L-in, limitation, and to other types of cutting appeared feasi-
ble. Tool material and geometry should be investigated.
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Drilling

166. Doran, J. H., F. Hanley, and M, S. Howeth, "Mamfacturing Metlods for
Machining Processes for High Modulus Composite Materials." First
Quarter Report, General Dynamics, Convair Aerospace Div., Fort Worth,
Texas, Air Force Contract E33615-70-C-1427, Aug. 1, 1970; Second
Quarter Report, Nov. 1, 1970.

During investigation of machining methods for boron-epoxy and boron-
epoxy/titanium laminates for flight vehicle structure, the rotary ultrasonic
drill with diamond tools was examined. By this means, up to threefold in-
creases in cutting rates were obtained and, when used with a coolant, tool
wear was reduced. The process was proposed for drilling, reaming, counte:-
sinking, and milling of boron-epoxy. It was not effective in cutting through
the titanium laminate due to the presence of the non-cutting dead center of
the drill,

167. Aeroprojects Inc., "Ultrasonic Twist Drilling: Background and Potential."
Jan, 1971. Also "Ultrasonic Twist Drilling." NAVWMIRO Mamfacturing Tech-
nology Bulletin No. 20, Naval Material Industrial Resources Office, Phila-
delphia, July 1971.

Ultrasonic twist drilling was said to constitute a major breakthrough in
drilling technology. Data provided on ultrasonic drilling of aluminum alloys,
copper, steel, cast iron, and titanium alloys indicated decreased torque and
thrust loads, substantially increased metal removal rates, facilitated chip
removal so that deeper holes could be drilled without tool withdrawal, ex-
tended drill life, virtual elimination of tool chatter, and alleviation of
lubrication problems. The process was noted to have potential not only to
solve recalcitrant metal penetration problems, but also to increase produc-
tivity in ordinary drilling.

168. Cusumano, J., "Ultrasonic Machining." Interim Reports IR-703-1 (I, ITI,
I1I, V), Grumman Aerospace Corp., Bethpage, N. Y., Air Force Contract
F33615-71-C-1706, Sept. 30 and Dec. 31, 1971; March 31 and Sept. 30,
1972.

Comprehensive evaluation of ultrasonic machining (drilling, counter-
sinking, and reaming) of holes up to 3/8-in. diameter in boron-reinforced com-
posites and laminates of titanium with such composites was undertaken, using
rotary ultrasonic machine tools (stationary and portable) with diamond core
drills. Effort was expended in optimizing drilling parameters, ultrasonic
power requirements, type of coolant, and process variables in terms of tool
life, tolerznece control, surface integrity, and economical production. Ultra-
sonic activation significantly reduced drilling time, torque and thrust loads,
and tool wear, improved surface finish, minimized drill retraction for dis-
lodging the core, and minimized clogging of the drill surface. Step drilling
was required to drill through titanium greater than 1/8 in. thick. Ultrasonic
drilling had no significant effuct on material properties. Based on tool cost,
tool 1life, and drill time, ultrasonics effected substantial savings in cost
per hole.
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Milling

169. Zhustarev, E. N., V. I. Zakharov, V. Ya. Matveev, and M. Ya. Freidkin,
"The Cutting of Metals with the Application of Ultrasonics." The Appli-
cation of Ultrasonics in Engineering Technology, TSINTO, Moscow, 1920,
P. 235-2L3. Also "Metal Cutting with the Additional Application of
Ultrasonic Oscillations." Vestnik Machinostroeniya, Vol. L1, July 1961, *
p. 62-65. (In Russian)

Ultrasonic application during millig of copper and stainless steel sig-
nificantly facilitated cutting, particularly when the vibration was transmitted \
longitudinal to the principal cutting blade. Cutting force was substantially
reduced, the depth of cut was approximately doubled, and tool stability was
increased to permit closer tolerances in cutting hard materials. The optimum
geometry of the cutting tool was said to change with ultrasonic application.

170, Vaughn, R. L., L. J. Quackenbush, and L. V. Colwell, "Shock Waves and
Vibration in High-Speed Milling." Paper 62-WA-282, ASME Winter Annual
Meeting, New York, Nov. 25-30, 1962.

Study was made of self-excited high-frequency vibrations induced in cylin-
drical rods of brass, steel, aluminum, and titanium during high-speed milling.
An apparent correlation between frequency and chip fragmentation was noted.

The frequency increased with increasing speed and/or thickness of cut, and
could be predicted by shear-wave theory. On the basis of this study, it ap-
peared feasible to superimpose high-frequency vibrations during cutting to
inhibit chatter and to reduce power requirements.

171. Balamuth, L., "Recent Developments in Ultrasonic Metalworking Processes."
SAE Paper 849G, Air Transport and Space Meeting, New York s April 27-30,
196L. Also Balamuth, "Ultrasonic Metalworking." American Machinist,
Vol. 108, April 13, 196L, p. 136-138.

Ultrasonic milling with both steel and carbide end mills, in taking a cut
1/4 in. deep in 43L0 steel, produced significantly improved surface finish and
reduced cutting forces. Cessation of vibration during a pass resulted in im-
mediate fracture of the cutter. The process offered promise of improved pro-
duction rates and improved machining of hard-to-work materials.

172, Tyrrell, W. R., "A New Method for Machining Hard and Brittle Materials,"
SAMPE Quarterly, Vol. 1, Jan., 1970, p. 55-59.

Ultresonic milling, surface grinding, and slotting were accomplished with
ultrasonic activation of a diamond impregnated tool. Required pressure was re-
duced, cutting rates were increased, and the operation was smoother.
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Broaching

173. Balamuth, L,, "Recent Developments in Ultrasonic Metalworking Processes,"
SAE Paper 849G, Air Transport and Space Meeting, New York, April 27-30,
1964, Also Balamuth, "Ultrasonic Metalworking." American Machinist,
Vol. 108, April 13, 1964, p. 136-138.

Broaching of a square hole in 0,050-in,-thick brass was accomplished
using a hollow broach with the workpiece vibrated at 20 kHz with an amplitude
of 0.002 in. Traverse time was decreased from 5 to 3 sec, air pressure (for
force application) decreased from 35 to 15 psi, and surface finish improved
from LO to 20 pin.

Thread Cutting

174. Zhustarev, E. N., V. I. Zakharov, V. Ya, Matveev, and M. Ya. Freidkin,
"The Culting of Metals with the Application of Ultrasonics.!" The Appli-
cation of Ultrasonics in Engineering Technology, TsINTI, Moscow, 1920,
pe. 235-243. (In Russian)

Ultrasonic thread cutting of copper, stainless steel, and heat-resistant
alloy was accomplished with a 23-kHz transducer-coupling system mounted on a
lathe. Good-quality threads were obtained even in a difficult material such
as copper. Torque was reduced to approximately half its nen-ultrasonic value.
The vibration prevented jamming and breaking of the taps during withdrawal.

175, Zakharov, V, I., V. Ya. Matveev, E. N, Zhustarev, and M, Ya. Freidkin,
"Metal Cutting with the Additional Application of Ultrasonic Oscillations."
Vestnik Machinostroeniya, Vol., lUl, July 1961, p. 62-65. (In Russian)

In cutting threads under ultrasonic influence, the maximum torqe on the
tool was reduced bty as much as LOF over conventional cutting, and surface
finish was improved. In addition, binding of the tool during back motion was
alleviated.

176. Colwell, L. V., "Application of Ultrasonics to Metal Cutting." DMIC
Report 187, Defense Metals Information Center, Columbus, Ohio, Aug, 16,

1963, p. 7-10,
Ultrasonic activation of a 1/4-20 tap during tapping of aluminum, brass,

copper, magnesium, and low-carbon steel reduced the required torque within the
range of 73-93%. Little improvement was obtuined with Rene’ 4l.
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Thread Cutting

177. McKaig, H. L., "Applications of Ultrasonics to Metal Forming and Rolling."
DMIC Report 187, Defense Metals Information Center, Columbus, Ohio,
Rug. 16, 1963, p. 33-36.

In tapping experiments, 500-watt ultrasonic activation of a 1/2-in. tap
resulted in 30% reduction in required torque for Monel, more than 20% reduc- ’
tion for copper, and 12% for steel. In addition, tearing of the workpiece was
alleviated with ultrasonics.

178. Poduraev, V. N, and A. A. Suvorov, "Tapping Heat-Resisting Steels With
Superimposed Ultrasonic Vibrations." Machines and Tooling (USSR),
VOl. 36, Feb. 1965, po 27-290

Investigations were carried out in ultrasonic tapping of blind holes in
stainless steel nuts at a frequency of 20 kHz and amplitude of 20 pm. Fric-
tion and torque were substantially reduced, chip formation was simplified and
chip expulsion facilitated, flow of coolant to the cutting zone was improved,
surface finish was improved, and output was increased 1.5 to 2.0 times.

179. Mikhailiuk, E. A., "Thread Cutting by Taps in Titanium Alloys with Appli-
cation of Ultrasonic Vibrations." Problems in the Technology of Aircraft
Production, Kuybyshev Aviatsionnye Institut, Trudy, 1965, p. 227-233.
(In Russian)

Experiments were carried out using ultrasonic vibration of the screw tap
when cutting threads in a titanium alloy. Operation of the device was des-
cribed in deteil and test results were analyzed., During vibration of the tap,
the overall torque decreased significantly, particularly under longitudinal
vibrations. The vibratory energy prevented welding and sealing of the thread
recess and prevented the cut metal from adhering to the rear surface of the
cutting teeth.

180. Tyrrell, W, R.,, "A New Method for Machining Hard and Brittle Materials,"
SAMPE Quarterly, Vol. 1, Jan. 1970, p. 55-59.

Using an ultrasonic rotary tool, internal and external threads were cut
in various ceramics such as alumina. The workpliece was held in a rotary chuck
which was motor-driven and incorporated a lead screw for raising or lowering
the chuck one thread pitch per revolution, A full depth of thread was cut in
one pass, and cutting rates up to four threads per minute were achieved.
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181, Colwell, L. V., "The Effects of High Frequency Vibrations in Grinding."
ASME Transactions, Vol. 78, May 1965, p. 837-846.

Investigations in vibratory grinding cf steel and titanium alloy were
carried out using a 10-18 kHz transducer mounted on a reciprocating-table sur-
face grinder so that the specimen vibrated radially with respect to the wheel.
The ultrasonically ground specimens showed substantially improved surface
finish (from LO to 16 pin.); grinding temperatures were markedly reduced (from
L75° to 255°F), and indications of excessive heat were essentially absent.
Residual stresses appeared to be substantially less, and the incidence of
stress cracking was markedly reduced. On the negative side, the grinding
wheel broke down more rapidly with applied vibration.

182. Chernousenko, A, P., "Vibration Grinding of Hard Alloy." No, M-S7-35/16,
VINITI, Moscow, 1957. (In Russian; cited in Ref. 13kL)

Vibration at 18 kHz and 0.05-mm amplitude was applied parallel or perpen-
dicular to the centerline of the grinding wheel during grinding of hard steel.
Surface finish was improved and cracks in the workplece were eliminated, but
productivity decreased by L40Z. No effect on wheel wear was detectable.

183, Voronin, A. A, and A, I. Markov, "Effect of Ultrasonic Vibrations on
Machining of Heat-Resistant Alloys." Stanki i Instrument, 1960, No. 11,
p. 15-17. (In Russian; cited in Ref. 13hL)

Ultrascnic activation at 21 kHz of the grinding wheel cduring grinding of
steel alloys had a favorable effect on surface finish, the smoothness being in-
creased by 1.5 classes. Grinding wheel wear was substantially increased under
ultrasonic influence,

18L4. Voronin, A. A., A, I. Markov, and M. A. Shcherbak, "The Effect on Cutting
of Ultrasonic Vibration in Sharpening of Tools," Machines and Tooling
(USSR), VOl. 32, Feba 1961, p. 15—170

High-speed steel and carbide cutting tools sharpened under ultrasonic
influence were subsequently used to cut heat-resistant alloys. A 22-kHz
nickel-stack transducer contacted the wheel of a surface grinder, and the
tips were ground along the rake face and clearance edges without cooling.
Profilographs of the surfaces after grinding showed that the microroughness
was almost halved by ultrasonic grinding. In continuous longitudinal turning
(without vibration) of heat-resistant alloys, the ultrascnically ground tools
exhibited substantial increase in life and permitted increased cutting speeds.
The greatest effect was in the area of highest cutting speed; at 25 m/min,
tool life was extended more than 100%.
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Grinding

185, Bredin, H. W., "Ultrasonics Creates Major Innovation in Surface Grinding."
Machinery, Vol. 67, April 1961, p. 150-152, Also Peacock, J., "Ultra-
sonics Ups Grinding Efficiency." American Machinist, Vol. 105, March 20,
1961, p. 124-125.

Ultrasonic vibration at 20 kHz, applied close to the cutting surface of a
grinding wheel and acting through a water-base coolant, was used to prevent
metal particle loading of the wheel. The abrasive grains thus remained free-
cutting tor longer times, wheel wear was reduced and wheel life extended. With
a forged steel part, grinding time was reduced from 30 to 17 min, and wheel re- t
dressing, formerly necessary after every 3 parts, was not required after a run
of 11 parts. The ultrasonic technique also minimized chatter and markedly im-
proved accuracy and surface finish. With 303 stainless steel, a 35 pin. surface
was reduced to 8 pin., and grinding wheel wear was reduced to one-sixth of the
conventional wear,

186, Kumabe, J., "Ultrasonic Internal Grinding Using a Longitudinally Vibrating
Grinding Wheel, II." Japanese Society of Mechanical Engineers, Trans.,
Vol. 27, Sept. 1961, p. 1412-1418. (In Japanese)

Specimens of aluminum, copper, brass, and high-speed steel were ultra-
sonically ground using a longitudinally vibrating grinding wheel at a frequency
of 20 kHz and amplitudes up to 22 p. The investigation covered surface speeds
up to 120 m/min. The rate of material removal was markedly accelerated by
ultrasonic application, zi1 effect which increased with increasing amplitude
and decreased with increased cutting speed. Powdery chips were scattered during
grinding, and wheel loading was minimized.

187. Brown, G. C., "Ultrasonics for Machining." IRE International Convention
Record, Vol., 10, Pt. 6, 1962, p. 13-23,

Experiments in ultrasonically assisted grinding indicated alleviation of
such problems as high wheel loading and high localized workpiece tempera: :res
that result in warping and distortion. Most effective results were obtained
with the transducer coupled to the grinding wheel of a surface grinder, Al-
though still in the development stage, the process appeared to have good po-
tential.

188. Markov, A. I., Ultrasoric Machining of Intractable Materials. Mashgiz,
Moscow, 1962, (Translation by Scripta Technica Ltd., I1iffe Books Ltd.,
London, 1966)

Study of the wear of grinding wheels showed that ultrasonic vibration
increased wear by 1 factor of about 1l.5. For example, with one type of wheel,
the ratis of workpiesce material removed to that of mean wheel wear decreased
from 5.2 without vibration to L.6 with vibration; with another wheel type, the
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Grinding

ratio decreased from 2.6 to 1.3. In further experiments, high-speed cutting
tools were sharpened on a grinding wheel with and without ultrasonic vibration
and were used in non-ultrasonic cutting of heat-resistant alloys. Life of the
ultrasonically sharpened tools was substantially greater, the effect being
most pronounced at the lower cutting speeds.

189. Roney, R. N. and D. Giardini, "Final Report on Imposed High Frequency
Vibrations and Their Effect on Conventional Grinding of High Thermal

Resistant Materials." Report ASD-TDR-63-203, Sheffield Corp., Dayton,

Ohio, Air Force Contract AF 33(800)-L0122, Jan. 1963.

Various arrangements and conditions for vibratory grinding were investi-
gated. Best results were obtained with 20-kHz vibration of the wheel. Bene-
fits included lower temperatures, lower grinding power, greater grinding ratios,
no impairment of surface finish, mno cracking, nc effect on fatigue or tensile
strength. Internal, external, and surface grinders were modified to incorpo-
rate an ultrasonic spindle which vibrated a special wheel and hub assembly,

and simulated production runs on several alloys showed increased volume removed
in the range of twofold to fivefold.

190, Balamuth, L., "Ultrasonic Vibrations Shape Metals." SAE Journal, Vol. 71,
July 1963., p. 36")-'-10

Trueing of a grinding wheel was accomplished by pressing a vibrating
tool against the wheel at low pressure in the presence of a cooling liquid;
precise tolerances were achieved at relatively low cost. In another process,
grinding was accomplished with the aid of a coolant flowed through the center
of a vibrating tool, with the coolant cavitating against the wheel. Tempera-
ture drops up to LOO°F were thus achieved, the wheel was continually cleaned
of metal particles, and improved surface finish on the ground workpiece was
obtained. Other approaches involved vibration of the grinding wheel itself
to produce cooler grinding, improve surface finish, reduce force requirements,
and reduce wheel wear.

191. Colwell, L. V., "Application of Ultrasonics to Mstal Cutting." DMIC

Report 187, Defense Metals Information Center, Columbus, Ohio, Aug. 16,
1923, p. 7-10.

Ultrasonic activation of the workpiece during grinding of materials such
as 52100 steel and U500 alloy reduced residual stresses, decreased power re-
quirements, and reduced tool wear. Other materials showed smoother surface
finish and absence of oxide spots indicative of high temperatures.
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192. Kaliszer, H., and M. Limb, "Application of Ultrasonic Techniques in Grind-
ing Processes." International Journal of Machine Tool Design and Re-
search, Vol. 8, Oct. 1968, p. 189-201.

Ultrasonic treatment at 20 kHz operated through the medium of a coolant
to rid the pores of a grinding wheel of metal particle agglomerates. Wheels
ultrasonically treated showed no change in permeability after 20 min of grind-
ing time, while untreated wheels deteriorated rapidly and, for harder wheels,
cutting was interrupted after 75 min from violent chatter due to increase in
frictional forces. With intermittent ultrasonic treatment, the amplitude of
chatter vibration decreased abruptly when ultrasonics was turned on and rose
again as soon as it was turned off. Wheel wear was much more rapid without
ultrasonic treatment, Ultrasonically ground materials showed 65% improvement
in surface finish.

Finishing

193. Wright, J. P. "Ultrasonic Deburring." American Machinist, Vol. 101,
Feb. 11, 1957, p. 129-136.

Details of ultrasonic deburring were not disclosed but it was said to
resemble ultrasonic cleaning, except that higher power and denser media were
used. Burrs and sharp edges were attacked first, and smooth flat surfaces
were not noticeably affected. No special fixturing was required, and average
parts could be processed at the rate of 100 per hour., It was demonstrated to
be effective for either commercial or precise tolerances ard for radiused edges
to 0.0001 in,; surface finish was substantially improved and parts delivered
laboratory clean, with no change in physical or chemical properties. Several
examples were presented; cost savings were said to amount to as much as 85%.

194, "Deburring with Ultrasound." Steel, Vol. 142, April 7, 1958, p. 102-103.

Ultrasonic deburring was accomplished by immersing the parts in a mild
etching solution ultrasonically agitated, followed by cold water rinsing and
infrared drying. The process was particularly effective when other methods
gave poor results, and deburring costs could be reduced by as much as 98%.
Despite the intense scrubbing action, critical dimensions remained unchanged,
as did physical and mechanical properties. Tolerances of precision instrument
parts were not altered by 0.000005 in.

195, Brown, G. C. and J. N. Behm, "Ultrasonics for Metalcutting." Tool and
Manufacturing Engineer, Vol. 30, March 15, 1961, p. 57-60.

Ultrasonic deburring was accomplished using a shaped cutting tool with
an abrasive slurry to remove fine burrs, primarily those left by grinding or
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Finishing

lapping. Corner radii could be kept small and surface finlshes were generally
10 pin. or less. No damage occurred to adjoining finished surfaces. The
process was said to be practical only when conventional tumbling and blasting
could not be used.

196, Isaev, A, I. and V. S. Anokhin, "Reaming with Ultrasonically Vibrated
Reamers." Machines and Tooling (USSR), Vol. 33, June 1962, p. 27-29.

Ultrasonic rearing was carried out using a 21-kHz magnetostrictive trans-
ducer attached to a velocity transformer that converted longitudinal into tor-
sional vibration; the assembly was mounted in a lathe., With appropriate cutting
conditions, both surface finish and diametral precision were markedly improved,
the more so as vibratory amplitude was increased. Acceptable surface finish was
produced at several times conventional cutting feeds and speeds, and reaming
time could tr =.uced by as much as fourfold.

197. Danielyan, A. M. and Y. A. Gritsaenko, "Vibratory Cutting." Machines and
Tooling (USSR), Vol. 33, June 1962, p. 51-52.

Russian investigators found that ultrasonic vibrations improved abrasive
machining, In lapping metals with abrasive pastes, vibrations increased metal
removal rates, improved surface finish, allowed easier access of cutting fluid,
and improved abrasive action,

198, Peacock, J., A. Kuris, and L. Balamuth, "Ultrasonics and Metal Removal."
American Machinist, Vol. 106, Aug. 20, 1962, p. 85-88,

Ultrasonic honing, utilizing a combination of radial and rotary or rotary
and longitudinal motion, demonstrated benefits. The vibratory force made it
possible to hone with a minimum of pressure, giving a more consistent operation
and improved finishes. Another effect was significant reduction in glazing of
the honing stones. When cutting surfaces became dull, vibrations aided in frac-
turing the abrasive grainsg, thus exposing new cutting edges.

A small, portable, ultrasonic tool was also developed for deburring holes
and slots, for example., Since the fatigue strength of the burr is considerably
less than that of the body of material, the ultrasonic tool was capable of
"working" the burr rapidly, loosening and removing it, with no damage to even
the most delicate part,

199. Balamuth, L., "Ultrasonic Vibrations Shape Metals." SAE Journal, Vol. 71,
July 1963, p. 36-Ll.

Ultrasonic vibration of a honing stone as it rotated about its axis was
said to have two major advantages over conventional honing: Because of the
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high forces present at an ultrasonically vibrating interface, the operation
was performed with minimum pressure; thus the operation was more consistent
and resulted in improved surface finish. Also, the vibrations eliminated or
greatly reduced glazing of the honing stones by ultrasonic fracture of the
abrasive grains, thus dressing the stone.

200. Walker, W, F., "Ultrasonics in Production Processes." Ultrasonics,
VOl. 1, July 1963, po 123-1290

Ultrasonic deburring was not considered practical to replace shot blast-
ing or tumbling, but was well suited to removing small, hard burrs or sharp
edges from parts having a small radius. Two processes were being used: im-
mersion of the components in an abrasive slurry in a deburring chamber with a
transducer mounted at its base, which produced surface finish of 15-20 pin.;
and use of a shaped cutting tool attached to the transducer, working in
abrasive slurry to bombard the parts, producing surface finish of 10-15 pin.
The latter process was said to be suitable for deburring large quantities of
components having only a small, hard burr or difficult to deburr with other
tschniques.,

201, Balamuth, L., "Recent Developments in Ultrasonic Metalworking Processes,"
SAE Paper 849G, Air Transport and Space Meeting, New York, April 27-30,
196, Also Balamuth, "Ultrasonic Metalworking." American Machinist,
Vol. 108, April 13, 196k, p. 136-138,

In ultrasonic lapping and honing, cutting was achieved by the action of
loose or fixed abrasive grains, excited to relatively low peak velocities, and
with low gross motion of the work relative to the lap or hone. The superior
surface finish and minimal subsurface damage was attributed to this low veloc-
ity. In ultrasonic lapping of steel and other metals, the rate of material re-
moval was about three times that achieved without ultrasonics,

202, Ishmukov, G. I., "Lapping Holes with Ultrasonic Vibration of the Tool."
Russian Engineering Journal, Vol., L6, Sept. 1966, p. 79-81.

To increase productivity in finishing precision holes, lapping of 10-mm-
diameter holes in chrome steel was carried out with axial oscillation of the
tool at 18-22 kHz. Removal rate for achieving the same precision finish in-
creased with vibratory frequency and amplitude, was less affected by lap
speed, and decreased with increasing clearance between lap and work. Tool
wear was rapid, and it was suggested that the workpiece rather than the tool
be oscillated.
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203. Goodman, E. and W. B, Czechanski, "Surface Finishing of Fine Beryllium
Wire." Tech. Report AFML-TR-67-27L, Value Engineering Co., Alexandria,
Va., Air Force Contract AF 33(615)-5368, Sept. 1967.

A process was developed for finishing 0.005-in. beryllium wire which had
been drawn in nickel cladding. The process utilized electrochemical etching
in a potassium chloride/nitric acid solution in the presence of 25-kHz ultra-
sonic energy to remove the nickel, followed by chemical milling in an acid
solution in the presence of ultrasonics to impart a smooth surface finish.
Ultrasonics in the electrocliemical process lncreased the rate of nickel re-
moval and increased the limiting current density. The finished wire demon-
strated increased tensile and yield strength, increased ductility, and in-
creased elastic modulus over wire processed by other methods. In a prototype
production setup, 50,000 feet of wire was processed without replenishing the
acid solutions.

204, Hurst, T., "Vibratory Deburring 2L-Ft Wing Spars." Industrial Finishing,
Vol, L7, April 1970, p. 38-L1.

A large vibratory deburring machine, operating at high frequency and low
amplitude, was constructed for deburring 24-ft spars, and permitted tripling
the output while reducing the number of finishing personnel by two-thirds.,

The same equipment was used for deburring smaller parts in hundreds per load.
It served also to clean and degrease the parts. Where one aircraft part once
required 20 min to debur by hand, 50 pieces per machine load were deburred in
a 2-hr cycle, saving 15-18 min per part. A plastic medium with quartz abrasive
was used,
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General

205. Silin, L. L., The Application of Ultrasonics in Welding and Casting
Processes. VINi1l, Moscow, 1959. (U. 5. Dept. of Commerce Transiation

82-2L713)

Results were presented of work in the Soviet Union and elsewhere on
ultrasonic application to fusion welding to modify weld structure, improve
mechanical and thermal properties of welded joints, and reduce crack formation;
to resistance welding to refine cast structure; and ultrasonic welding per se.
It was noted that ultrasonics can not replace other welding methods, buE_If_-
broadens the potentialities of welding processes.

206, Fridman, V. M., Ultrasonics. USSR, undated. (Air Force Translation
MCL-1298, Sept. 1B, 1961)

This comprchensive review of ultrasonic appiications in industrial use
or being considered for industrial use includes discussions on ultrasonic
soldering and tinning and ultrasonic welding, apparently the only two metal-
working processes considered to have commercial potential. Various types of
equipment for these purposes were described.

207. Gellert, R., "Vibrations--Naw Aid to Joining." SAE Paper 650761,
National Aeronautics and Spuce Engineering and Mamufacturing Meeting,
Los Angeles, Oct., L-8, 1965. Also Gellert, "Ultrasonic Vibrations
Help Join Metals." SAE Journal, Vol. 7k, July 1966, p. L8-L9.

Discussion of the nature and capabilities of ultrasonic metal joining in-
cluded a review of ultrasonic welding, ultrasonic soldering, and ultrasonically
agsisted fusion welding. The wide variety of metals that can thus be joined
permits the designer to use the best metals for the job, not those best suited
to available welding processes, It was not suggested that conventional tech-
niques be abandoned, but that ultrasonic techniques be investigated where other
methods fail,

208. Hauser, R. L. and R. E. Fisher, "Ultrasonics Boost Strength, Speed Cure
of Adhesives.," Materials Engineering, Vol. 67, April 1968, p. 76-7T7.

Ultrasonic vibration, trensmitted to the interface between mating parts,
was found to speed the cure of many adhesives and increase bond strength. In
addition to melting or curing the adhesive, the mechanlcal agitation forced
adhesive into porous materials and cleaned the surface of nonporous ones. Ad-
hesives responding to ultrasonic activation were said to be solution and emul-
sion types, hot-melt adhesives and copolymers, and fast-curing (B-stage) ther-
mosetting types. Used primarily for joining nommetallic materials, the process
was also effective for joining metals to themselves or to nommetals.
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Solid State Welding

209, Heinkel, L., "Supersonic Spot Welding." FD 3025/L9 (probably British
Intelligence Objectives Sub-Committee report), 1909. (FB 105439).

Information from Germany mentioned briefly the invention of an ultrasonic
spotwelding apparatus which produced weld spots having the same texture as the
unwelded, unheat-treated material surrounding it. The process was proposed
for alicraft surfaces to eliminate the use of rivets.

210, Jones, J. B, and C, F. DePrisco, "The Application of Ultrasonic Erergy to
Cold Welding of Metals." Research Report 53-77, Aeroprojects Inc.,
Army Contract DA-36-034-ORD-1007, Nov. 1953.

Equipment was devised and experiments carried out in ultrasonic spot weld-
ing of 0.005- and 0,010-in, aluminum sheet at room temperature, with vibrations
introduced normal to the sheet surface., Adequate weld strength was obtained
with no external deformation of the workpieces, although internal deformaticn
of the faying surfaces was present. The welds showed no currosion effects
after 2000 hours exposure in salt water or hot distilled water, Preliminary
experinents indicated that other metals could be ultrasonically welded,

211, Jones, J. B., C, F. DePrisco, and J. G. Thomas, "Ultrasonic Welding of
Aluminum," AEC Report DP-107, Aeroprojects Inc., Feb, 1955,

Continued development of the ultrasonic welding process led to improved
weld strength in 1100 aluminum and good solid-phase bonding as revealed in
metallographic examination. No corrosion effects on the welds were noted
after 5 months exposure to salt or hot distilled water, and no effects of
thermal cycling up to about 250°C, The process was demonstrated to be feasi-
ble for joining small aluminum ribs to aluminum surfaces.

212, Jones, J. B., C. F. DePrisco, and J. G. Thomas, "Ultrasonic Welding of

Metals." Research Report 55-30, Aeroprojects Inc., Army Contract
DA-36-03L-ORD-1L03, _LApri'_Tl 955,

Ultrasonic welding of metals was found to be most effective with vibra-
tions introduced parallcl rather than normal to the weld interface. Success-
ful welds were achieved in 1100 aluminum in gages up to 0,062 in., as well as
in thin gages of other metals and alloys. No strength reduction was evident
after 5000 hours exposure to corrosion enviromments, Surfaces films adversely
affected weld strength, and best results were achieved with polished surfaces.
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213, Jones, J. B., C. DePrisco, and J. G. Thomas, "Ultrasonic Welding of Metals
for Ordnance Application." Research Report 56-1l, Aeroprojects Inc.,

Army Contract DA-36-03L4-ORD-IBE5, March 1956.

Refinements in ultrasonic weldirg systems resulted in significant improve-
ments in welding capability. Excellent bonds were obtained in four tempers of
cartridge brass in gages up to 0,016 in., Weld area increased with increasing
sheet thickness and with increasing clamping force. Other metals such as alu-
minum, copper, gilding metal, and low-carbon steel showed similar increase in
weld area with sheet thickness. The use of varied cleaning methods appeared
to have no effect on weld strength. A continuous-seam ultrasonic welder was

developed and shown to be practical in joining aluminum foil up to 0.005 in,
thick,

214, Jones, J. B. and J. J. Powers, "Ultrasonic Welding." Welding Journal,
VOl. 35, Augo 1.956, P. 761?660

Ultrasonic welding was noted to be a solid-state bonding process for
both similar and dissimilar metals, accomplished without application of ex-
ternal heat. The workpieces are clamped at low pressure between two sonotrodes
and ultrasonic energy is introduced for a brief interval. The operating vari-
ables are static force, ultrasonic powery and weld time. Frequencies in the
range of L to LO kHz have Leen used. The mechanism of ultrasonic welding was
said to be related to stress distribution, net energy delivered, and tempera-
ture developed in the weld zone, as well as to the properties of the material
being welded. Immediate applicability to joining foil or thin sheet to either
thin or massive members, or small ribs to flat sheet and to cylindrical tubes,
was indicated.

215, Aeroprojects Inc., "Feasibility Investigation of Ultrasonic Welding as a
Means for Joining Heat Exchanger Components." Research Report 56-50,
Oct. 1956.

Ultrasonic spot welds in 316 stainless steel and Inconel in sheet gages
from 0,005 to 0,020 inch showed strengths substantially exceeding MIL-W-6858
specifications for resistance spotwelds, and strength scatter was low., Seam
welding of stainless steel panels to corrugated sheets was carried out using
a special welding tip and clamping arrangement., After thermal treatment,
strength testing resulted in fracture of the parent metal rather than shearing
of the weld.

216, Brackmann, W., R. Levinsohn, and D. McCarthy, "Basic Considerations in
Foil Transformer Production." Electrical Manufacturing, Vol. 59, Jan.

1957, p. 9L-99.

Ultrasonic welding was successfully used for attachment of aluminum and
copper ribbon-type leads to transformer coils, replacing troublescme soldering
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or resistance welding operations. No preweld cleaning was required and joints
could be made even through insulation.

217. Jones, J. B., C. F. DePrisco, and J. G, Thomas, "Attachment of Spiral
Ribs to Aluminum Tubes by Ultrasonic Welding." AEC Report DP-168,
Aeroprojects Inc., Jan. 1957. Also Jones, DePrisco, and Thomas, "Ultra-
sonic Techniques Applied to Fuel Element Fabrication and Processing."
AEC Report DP-199, Feb., 1957.

Ultrasonic welding equipment and techniques were developed for bonding
aluminum ribs in a spiral configuration to the outside surface of aluminum
tubing by overlapping spot welds spaced 12 to the inch. The equipment was
automated so that a rib could be attached to a 17-ft tube in about 2 hrs,
Subsequently, an ultrasonic continucus-seam welder was used to produce rib-
to-plate welds at rates two to four times faster and with strengths equivalent
to those produced with the spot welder.

218. Collins, F. R. "Ultrasonic Welding." Report 2-57-5, Process Metallurgy
Div., Aluminum Research Labs., Aluminum Co. of America, New Kensington,
Pa., Feb. 25, 1957,

Ultrasonic welding was used to join aluminum to itself and to other metals
in thicknesses ranging from 0,00025 to 0,064 in. Such welds generally had shear
strengths essentially the same as the parent metal and exhibited nugget tear-out
on testing. The weld was characterized by severe disturbance of the faying
surface, partial obliteration of the interface, and no heat-affected zones or
intermetallic compounds. Proposed applications included electrical joints,
sealing of foil containers, and transition joints.

219, Jones, J. B. and E. E. Weismantel, "Ultrasonic Joining." Proc. Second
RETMA Conf. on Reliable Electrical Connections, Philadelphia, Sept. 11-12,
1956, p. 97-103. Also Jones and Weismantel, "Ultrasonic Metal Joining."
Electrical Manufacturing, Vol. 59, April 1957, p. 125-129,

Ultrasonic welding was said to be useful for joining electrical materials
such as aluminum, copper, and silver when one member was in the range of 0,00015
to 0.0L0 in. thick. Bimetallic welds were possible and practical, preweld
cleaning was not crit’cal, and welding was accomplished through anodized coat-
ings and certain types of plastic coatings. The equipment offered flexibility
for production use, since the driving power source could be located remote from
the welding head, and power requirements were lower than for resistance welding.
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220, Aeroprojects Inc., "Attachment of Windshields to AP Shot by Ultrasonic
Welding." Research Report 57-60, Army Contract DA-36-03L-ORD-96, July
1957,

Conical steel windshields were ultrasonically welded to AP and TP shot
using 3 to 2L spot welds per assembly., The force-power-time relationship was
not optimized because of the limited power capability of exdisting welders.
With equipment delivering 2000-3000 watts power, it appeared that the welds
could be produced in 1.5 sec or less. Some heat effects were observed in the
shot in the vicinity of the welds,

221, Jones, J. B. and E. E. Weismantel, "Ultrasonic Welding of Structural
Aluminum Alloys." Research Report 57-13, Aeroprojects Inc., Navy Con-
tract NOas 56-161-c, Jan, 1957. Also Jones and F. R. Meyer, "Ultrasonic
Welding of Structural Aluminum Alloys." Welding Journal, Vol. 37,
March 1958, p. 81s-92s.

Ultrasonic welds in 1100-H1lL, 2024-T3, and 7075-T6 aluminum alloys in
thicknesses ranging from 0,051 to 0.081 in, demonstrated shear strengths meet-
ing or exceeding the requirements of MIL-W-6860 for resistance spotwelds., The
process was effectively supplemented with low-temperature heat. Continuous-
seam welds were also shown to be feasible. Preweld cleaning was indicated to
be less critical than for aircraft-quality resistance spotwelding.

222, dJones, J, B., "Ultrasonic Welding--A New Technique Grows." Metal -
Progress, Vol, 73, April 1958, p. 68-71.

Several types of ultrasonic welders were described: a laterally driven
reed type for high power levels, a lateral-drive type for low powers (below
about 300 watts), and continuous-seam welders wherein a rotating transducer-
coupling system transmits vibratory energy to a roller disk tip. The mecha-
nism of ultrasonic welding and metallography of typical welds were described,
Strength data were provided for welds in stainless steel, Inconel, titanium
alloys, and Zircaloy-2. Strengths in 17-7 PH stainless steel, for example,
in gages up to 0,720 in., exceeded MIL-W-6858 specifications for resistance
welds in this material.

223. Mommsen, J., T., "Ultrasonic Welding of Ribs for Projection Fuel Elements,"
AEC Report HW-51911, Hanford Atomic Products Operation, Richland, Wash.,
April 28, 1958.

The ultrasonic welding of small solid aluminum ribs, 0.120 in, high by
0,150 in, wide by 1-1/16 in. long, to cylindrical fuel elements was accomplished
using a welding tip designed to straddle the rib and weld through both base
flanges simultaneously. Overlapping spot welds, 16 to the inch, were used to
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bond the entire undersurface of the rib, Successful welds were produced which
talled in shear by fracture of the rib rather than shearing of the bond., Cor-
rosion flow tests showed no localized corrosion in the vicinity of the ribs,
although water had gained access to the underside of some ribs where unbonded
areas were noted.

224, Weber, W., "Ultrasonic Welding." Werkstatt und Betrieb, Vol. 91, June
1958, p. 305-310. (In Cerman)

The author reviewed the status of ultrasonic welding, including discus-
sions of some of the basic problems in delivering vibratory energy to the
workpiece, the apparatus and operating variables, the mechanism, including
temperature relationships, relationships to material properties, and areas of
application.

225, Kitaigorodskii, Y. I., M. G. Kogan, V. A, Kuznetsova, N. N. Rykalin, and
L. L, Silin, "Joining of Metals in Solid State by Ultrasonic Vibration,"
Izvestiya Akademii Nauk SSSR, Otdelenie Tekhnicheskikh Nauk, Metallurgiya
i Toplivo, 1958, No. B, p. 056-90. (Brutcher Translation LLO1)

The USSR Academy of Sciences investigated ultrasonic spot welding of alu-
minum, copper, and stainless steel in thicknesses up to 1.5 :m and established
the dependence of weld quality on material properties, such .s hardness, plas-
ticity, surface condition, and thickness, and on operating conditions such as
vibratory amplitude, weld time, contact force, and tip geometry. Welds pro-
duced under suitable conditions failed by parent metal fracture. Metallo-
graphic examination showed characteristic whorls in the weld zone with some
metals and gradual transition between components in other metals.

226, Rienks, F., "Feasibility Study on Ultrasonic Welding of 5086-H3L Aluminum
Alloy." Final Summary Report, Phase A, Gulton Industries, Inc., Metuchen,
N. J., Army Contract DA-30-069-ORD-2302, Sept. 1958.

Ultrasonic welding of alumimum alloy was undertaken with a view to field
repair of skins of ballistic missiles. Major efforts involved the development
of welding equipment, especially tips, reflectors, and force systems, With
the best system evolved, welds in 0,050-in, and 0.063-in. 5086-H3l aluminum
alloy showed joint efficiencies in the range of 35-L8%. With 0.125-in, ma-
terial, joint efficiency was 16-20%., Welding times were in the range of 6 to
60 seconds,
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227. Ol'shanskiy, N. A., A. V., Mordvintseva, and M. N. Krumboldt, "The Use
of Ultrasonics in Seam and Spot Welding." Avtomaticheskaya Svarka,
1958, No. 10, p. 75-80. (Library of Congress Translation 60-1565L)

Equipment for ultrasonic spot and seam welding was described and strength +
data provided for spot welds in aluminum up to 1,5 mm thick., Temperature
measurements showed the maximum temperature developed in copper was 600°C and
in aluminum LOO°C. Seam welds were stronger than spot welds and failed by
fracture of the parent metal.

228, Jones, J. B, and W, C. Potthoff, "Ultrasonic Wglding Techniques." Tech.
Paper 152, American Society of Tool Engineers, Vol. 58, Book 2, Oct,
1958. ‘

Typical applications for ultrasonic welding include welding small ribs
to rods, bridgewire assemblies, heat exchanger components, stainless steel
strainer material, stranded aluminum wire to copper terminals, and waffle-type
sandwich structures. Spot and seam welding systems were described and several
types of welding tip geometry illustrated. Typical weld strengths for a varie! -
of materials were tabulated, and the progress in increasing the range of we~
ble sheet thicknesses with the development of higher power equipment was .

229, Jones, J. B, and F, R. Meyer, "Further Development in Ultrasonic Welding
of Structural Aluminum Alloys." Research Report 58-35, Aeroprojects Inc.,
Navy Contract NOas 57-580-c, Oct. 1958, Also Jones and W. C. Potthoff,
"Certain Structural Properties of Ultrasonic Welds in Aluminum Alloys."
Welding Journal, Vol, 38, July 1959, p. 282s-288s,

Ultrasonic spot-type welds in structural aluminum alloys in gages up to
about 0,090 inch were superior in shear strength to MIL-W-6858A requirements
for resistance spotwelds and equivalent in cross-tension strength. Ultra-
sonically joined specimens of 2024-T3 Alclad showed superior fatigue strength
under high-load, low ,cle conditions and at least equivalent strength under
low-load, high-cycle conditions. The weldability of bare aluminum alloys was
improved by inclusion of an alumimum foil interleaf between weldment members,
Ultrasonic joining of thicker alloys was said to be contingent on development
of higher power welding equipment.,

230. McCarthy, D., V. Pirc, and W, Hannahs, "Ultra-Sonic Welded Aluminum-
Copper Junctions as Electrical Connections.” Third Electronics Indus-
tries Assoc. Conf., Dallas, Texas, Dec. 1958.

Ultrasonic welding was determined to be an effective means for attach-

ing aluminum ribbon leads 0,00025 to 0.0005 in, thick to copper transformer
coils 0,002 to 0,0028 in, thick. Good weld strength was obtained even through
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insulating coatings., The electrical conductivity of the ultrasonic joints was
equivalent to that of capacitor discharge welds and markedly superior to
soldered joints after 14,000 hours of operation., The ultrasonic method was
noted to lend itself to automation, since no liquids, fluxes, or external
heat were required.

231, Wirt, J. R., "What About Ultrasonic Welding?" Midwes. Welding Conference,
Chicago, Jan. 28-29, 1959. Also Wirt, "Ultrasonic Welding: Theory and
Practice." Industry and Welding, Vol. 32, April 1959, p. 38-39.

Description and illustrations were provided for ultrasonic spot welders
having capacities from 100 watts to 4OOO watts. Representative photowdcro-
graphs showed intergranular penetration and plastic flow at the weld interface
but no changes in metallurgical structure and no intermetallic formations, as
illustrated by welds in copper, Zircaloy-2, stainless steel, and Inconel, and
bimetallic welds joining various combinations of these materials and others.

232, Weare, N. E., J. N, Antonevich, R. E. Monroe, and D, C. Martin, "Research
ard Development of Procedures for Joining of Similar and Dissimilar Heat-
Resisting Alloys by Ultrasonic Welding." WADC Technical Report 58-479,
Battelle Memorial Institute, Air Force Contract AF 33(616)-53L2, Feb.,
1959. Also Antonevich and Monroe, "Ultrasonics and Welding." Battelle
Technical Review, Vol. 8, March 1959, p. 9-13. Also Weare and Monroe,
"Jltrasonic Welding of Heat-Resisting Materials." Welding Journal,

Vol. 4O, Aug. 1961, p. 351s-358c.

Research in the mechanism of ultrasonic welding indicated heat generation
at the weld interface, apparently due to friction, and a thin molten film was
believed to be formed at the interface. Equations were developed to relate ma-
terial properties, ultrasonic welding conditions, and required interfacial
temperatures., Power requirements were found to increase with increased ma-
terial thickness and hardneas, Welds in titanium, molybdenum, stainless steel,
niobium, and Inconel generally contained cracks at the edges of the weld area,
due apparently to high alternating stresses which induced fatigue failure.,

233, Pctthoff, W, C. and H, L. McKaig, "Ultrasonic Welding Survey Report and
Ultrasonic Welding Equipment Manual." Pesearch Report 59-106, Aerc-
projects Inc., Navy Contract NOas 58-108-c, May 1959,

A survey of 11 major Defense suppliers indicated interest in ultrasonic
welding for joining high-temperature and high-strength materials in the air-
craft and missile industries, for joining dissimilar metals for both struc-
tural ard electronic applications, for combinations of metals and non-metals,
and for a range of electronic applicallons. It was recommended that high-
power spot and seam welding equipment be developed and that military specifi-
cations covering at least a few basic materials be developed as a pattern for

181



Solid-State Welding

a broad range of similar and dissimilar metal combinations. Available types
of uvltrasonic spot welders and their capabilitles were described.

234. Jones, J. B., N. Maropis, J. G. Thomas, and D. Bancroft, "Findamentals
of Ultrasonic Welding, Phase I." Research Report 59-105, leroprojects
Inc., Navy Contract NOas 58-108-c, May 1959. Also Jones, Maropis, Thomas,
and Bancroft, "Phenomenological Considerations in Ultrasonic Welding."
Welding Journal, Vol. LO, July 1961, p. 289s-305s.

Investigation resulted in special instrumentation and techniques for ob-
serving and interpreting ultrasonic welding phenomena, including siress distri-
bution in the weld zone, vibratory energy delivered and transmitted through the
weld zone, temperatures developed in the weld zone, material properties and
their relation to weldability, and interface disturbance and metallurgy.

235. Koziarski, J., "Some Considerations on Design for Fatigue in Welded
Aircraft Structures." Welding Journal, Vol. 38, June 1959, p. 565-575.

Ultrasonic welding was noted to offer unusual possibilities for the de-
gign of fatigue-resistant structures: The size of the weld nugget is not
limited by sheet thickness as in resistance welding; minimum edge distance is
not critical; in some instances more reliable joints are produced; no special
surface preparation is required; foil can be welded to itself or to thick
sheets; dissimilar metals can be welded together; difficult-to-weld metals can
be joineds no melting of the weld metal occurs, hence shrinkage stresses are
low; surface indentation is negligible (<5%); power requirements are lower
than for resistance welding., More development is required to achieve the full
potential of this process.

236, Collins, F. R., "Properties of Aeroprojects Ultrasonic Seam Welds."
Report 2-59-1l, Process Metallurgy Div., Alcoa Research Labs., Aluminum
Co. of America, New Kensington, Pa., Aug. 7, 1959.

Ultrasonic seam welds in various tempers of 1100, 3003, and 515} alumi-
num alloys in gages from 0,006 to 0.025 in, showed good strength and repro-
ducibility. Joint efficiency in lap welds was close to 100% for thin gages,
but decreased to about 65% in 0.025-in. material, All welds showed good metal-
lurgical bonding and no evidence of melting. The welds were produced with
power levels up to 1800 watts and at welding rates up to 7.5 ft/min.

237. Jones, J. B. and L. D. Barrett, "Ultrasonic Welding of Aluminum Alloys
for Missile Use." Research Report 59-8l, Aeroprojects Inc., Army Con-
tract DA-36-034-ORD-2L2L, Aug. 1959; Supplement, RR 60-8, Feb. 1960,
Also G, D. Johnston, "Hydrostatic Pressure Test of Ultra-Sonically Welded
Cylinders Made of 201L4-T6 Aluminum." Report DSF-TN-1-59, Army Ballistic
Missile Agency, Huntsville, Ala., Jan, 1L, 1959,
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Equipment, techniques, and design data for joining structural aluminum
alloys (2024-Té, 5086-H3L, and 2014-T6) for missile use were developed. Sin-
gle and overlapping spot welds and continuous-seam welds were evaluated for
leaktightness, strength, joint efficiency, and ductility. Joint efficiencies
as high as 92% were obtained with spot welds in 0,06L-in., 201L4-T6 alloy.

With the thicker materials, an aluminum foil interleaf improved weld strength,
Good continuous-seam welds were achieved in 0,032-inch material,

238. Collins, F. R., J. D. Dowd, and M., W. Brennecke, "Ultrasonic Welding of
Aluminum," Welding Journal, Vol., 38, Oct. 1959, p. 969-975.

Ultrasonic welding was found to produce strong welds in aluminum alloys
in gages ranging from 0,00025 in, to 0,125 in., In annealed aluminum, the
welds were as strong as resist<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>