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METAL FORMING
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N.Y., assignors to Cavitron Ultrasonics Inc., Long
Island, N.Y., a corporation of Wew York
Filed Feb. 23, 1960, Ser. No. 10,280
2 Claims. (Cl, 72—359)

This invention relates generally to metal forming, and
more ‘particularly is directed to the provision of improved
‘apparatus and methods for the forming or shaping of
metals through the use of vibratory energy.

In existing methods and apparatus for forming metal,

the ‘metal to be shaped or formed is disposed between
two. cooperating die members having the desired con-
figuration, and such die members are moved forcibly
towards: each other to shape the metal therebetween.
Frequently, one or both of the die members are heated,
or the metal to be shaped is initially heated, in order to
soften the metal and thereby facilitate the shaping there-
of by the die members. However, the shaping or form-
ing of metals in the foregoing manner requires the use
of very high pressures or forces urging the die members
towards each other, and, even then, the existing methods
-and apparatus are not suitable for the forming or shaping
of many metals which are either excessively brittle and
thus tend to crack or exhibit surface failures at regions
where they are sharply bent or made to flow excessively,
or where the metals suffer an undesirable decrease in
strength as a result of the heating required for the form-
ing or shaping operation. The existing methods and appa-
ratus for forming or shaping metals have the further
disadvantage of limiting the shapes that can be formed,
particularly with respect to the radii of curvature and the
depth of the drawing of sheet metal formed thereby.
. Accordingly, it is an object of this invention to provide
methods and apparatus for forming or shaping metals by
the ‘exertion of a relatively moderate pressure or force
urging together the die members, and which can be
practiced at room temperature.

A further object is to provide methods and apparatus
for forming or shaping metals that are suitable for use
in connection with metals or alloys that have heretofore
either completely resisted, or presented severe difficulties
-in, the forming or shaping by conventional methods and
apparatus.

In accordance with an aspect of the invention, die
members are urged toward each other by a moderate
static force with the metal to be shaped or formed posi-
tioned -between the die members, and acoustic or ulira-
sonic vibrations are transmitted to at least one of the die
members by wave motion through a solid transmitting
-member or transformer, for example, at a frequency in
the range between approximately 1 kc./sec. and 100 ke./
sec. ‘and ‘with a small amplitude, for example, in the
range between approximately .01 inch and .0001 inch,
in directions generally parallel to the static force. Pref-
erably, the vibrations transmitted to the die member im-
part to the laiter a peak acceleration of at least 1000 g.
1t has been found that the combined action of the vibra-
tory energy and of the applied static force makes it pos-
sible to form or shape metals at room temperature with a
relatively small applied static force, and further makes
it possible to avoid the numerous defects and failures
encountered when shaping or forming metals by the pre-
viously “existing procedures, particularly when. shaping
or forming brittle materials. It appears that the vibratory
energy exerts a kind of forging action on the metal being
shaped and further drastically reduces the surface fric-
tion between the metal being shaped and the dic mem-
bers. ‘The reduction’ of surface friction facilitates flow-
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ing of the metal with respect to the active surfaces of the
die members in order to permit the forming of relatively
small radii of curvature and relatively deep drawing of
the metal. Further, the reduction in the surface friction
between the metal being formed and the die members
by the action of the vibratory energy greatly facilitates
the withdrawal of the formed article from the die mem-
bers, and thereby permits the forming of articles with
surfaces that may be practically parallel to the direction
of separation of the die members.

In accordance with another aspect of the invention; the
vibratory energy transmitted to ome or both of the die
members is employed for heating the related die member
so that the forming or shaping of the metal can be con-
veniently effected by the combined action of the static
force urging the die members towards each other, the
vibratory energy and the heating of one or both of the
die members.
~ The above, and other objects, features and advantages
of the invention, will be apparent in the following detailed
description of illustrative embodiments thercof which is
to be read in connection with the accompanying drawings
forming a part hereof, and wherein:

FIG. 1 is a front elevational view, partly schematic and
partly broken away and in section, of a metal forming
apparatus embodying the present invention;

FIG. 2 is an enlarged axial sectional view of the die
members included in the apparatus of FIG. 1, with such
die members being spaced apart preparatory to the form-
ing of sheet metal thereéwith;

FIG. 3 is an axial sectional view similar to a portion
of FIG. 2, but showing the die members engaged during
the forming of the metal sheet;

FIG. 4 is a view similar to FIG. 2, but showing a dif-
ferent arrangement of the die members;

FIG. 5 is a fragmentary elevational view similar to a
portion of FIG. 1, but showing another embodiment of
the invention, wherein both die members have vibratory
energy transmitted thereto;

FIG. 6 is an enlarged fragmentary elevational view,
partly in axial section, and illustrating a modified arrange-
ment for supporting a vibrated die member so that the
transmission of vibrations to the latter will also effect
heating thereof; .

FIG. 7 is an enlarged, axial sectional view similar to
that of FIG. 3, but illustrating the application of this
invention to the deep drawing of sheet metal;

FIGS. 8 and 9 are sectional views generally similar
to those of FIGS. 2 and 3, respectively, but illustrating
the application of this invention to the forming of solid
metal articles from metal billets, rather than from sheet
metal; and )

FIG. 10 is a front elevational view of an apparatus
constructed in accordance with still another embodiment
of the invention. . .

Referring to the drawings in detail, and initially to
FIGS. 1, 2 and 3 thereof, it will be seen that a metal
forming or shaping apparatus embodying the present in-
vention and generally identified by the reference numeral
1¢ includes die members 11 and 12 which are urged
forcibly toward each other during the forming or shaping
of metal therebetween, while vibratory energy is applied
fo one or both of the die members.

In the apparatus 19 illustrated in FIG. 1, the die mem-
bers i1 and 12 are supported within a frame 13 that
includes parallel uprights 14 and top and bottom cross
members 15.and 16 suitably secured to the opposite ends
of the uprights. Intermediate cross members 17 are se-
cured, at.their opposite ends, to the uprights 14 at adjust-
ably selected locations, for example, by pins 18 extending
through openings in cross members 17 and through se-
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lected opemngs of a serres of openmgs 19 formed in each'

of the uprights. -

A hydraulic cylinder 20 depends vertrcally between::

intermediate cross members 17 and has a mounting plate

21 at’its upper end which is secured, as by bolts 22, to -

the cross: members.17, and a vertically movable ram 23

pro'ects upwardly from  cylinder 20 through a suitable -

‘opening in mounting plate 21.

The-die member 12 is brazed soldered S Of; otherwrse',:
10
- opening tapped bore or'socket 25 for.receiving a threaded
extension 26 of the ram 23 (FIG 2).50 that the anvil 24
carrying the die member 12 ¢an. be- securely attached to. -

rlgrdly attached to- an" anvil 24 havrng a downwardly.

the ram for movement with thelatter. -
The other die mémber 11 is supported vertlcally above
" 'die member 12 by a vibratory machine 27 that.includes
-an enclosure’ or casing-28 depending from a mounting

plate 29 secured, as by bolts 39, to the top cross members - .
15. An acoustical impedance transformer-31 has an'en~ -
larged cross: sectional part intermediate its opposite ends:
defining a radial. flange 32 that is _secured by bolts: 33.t0 -
the. lower end: of casing 28, and.a transducer 34 in.the.

‘form-of a stack of larnmatlons of: magnetostnctrve mate-

rial, for example, nickel or the like, is-brazed or soldered:: -
at one end to the end of transformer 31- w1th1n casing 28~

and ‘is encircled by a winding 35 adapted:to’ carry high
frequency current.

to.generate a high frequency current and a blasmg direct
current which are supplied to the coil or winding 35; and
the length of the transducer 34 ‘s so.selected with’ refer-
ence to the desired frequency of vibrations to be imparted

to.the die member 1% that the transducer will bé resonant -

at such-frequency and therefore - standing waves :will be
‘set up - therein with ‘a Ioop of motion at each end.- For

-“this purpose, the length of: ‘the ‘transducer 34 should be -

an infegral number -of half’ wave—lengths of such coms-

" pressional -waves induced by magnetostriction'as a result
‘:40.‘
. - into. a countersink ‘55 corresponding tothe shape of the
1, 2 and 3, ‘the lower end of the -acoustical ‘impedance - 8
transformer 31 is securely ‘attached to. a tool holder38; .
for example, by forming the lower end of -transformer. =™

of the high-frequency cutrent delivered to the: wmdmg 35,
In the embodiment:of the invention illustrated in FIGS.

'31 with a threaded extension 39 Wthh engagesina tapped

bore 40 of the. tool holder 38 (FIG. 2), while the die -
- member- 11"is_rigidly attached, for example, by brazing

or soldering, to the lower‘end of the tool holder..

The transformer-31 is dimensioned:so. as to-effect thev o
desired amplification:of the amplitude. of ‘the’ vibrations:~

transmitted thereto from: the transducer 34, and the over-

fall length of “the transducer, fransformer- 31 and toolv
- holder. 38’ is correlated to the frequency of:the compres-.
. sional waves generatéd by.the. transducér 34 so that a:
loop of motion ‘occurs substantially at the die member 11,
- For:the-purposes- of - the -present. invention, thé: frequency
and amplitude of the vibratiors are: selected 50.as to-give
the vibrated die- member a peak acceleratlon of-at least -
1000 g and the frequency - of the vibrations’ 1mparted' :

- to die member 11 may:be: ‘within flié range of -approxi-

mately 1 ke./sec. to 100 k¢,/sec.. whilé the amplitude of
the vibrations is w1th1n the range of approxrmately 01 1nch',

to .0001 ‘inch,

_*."Thus, the die’ member 11 of the apparatus 10 is held
stationary’ and: has " acoustical - ot ultrasonic: vrbratory'

energy imparted thereto by the: transmlssron of a.wave

motion through the transformer- 31, while- the other die .
-member:12 is. movable vertically toward and -away from. : ° :
die meniber 11 by controlling the supplymg of hydrauhc S
. fluid under’ pressure to the: cylmder 20. As shown sche--
rmatrcally in-FIG.: 1, the " supplymg of ‘hydraulic ﬂurd" :
“under-pressure -to cyhnder 20--may  be: elfected by an -
arrangement lncludrng a:piimp41-having an inlét condu1t=» A

42 drawing hydraulic’ fluid . from a supply ‘tank ‘43 and

an. outlet conduit 44 extendmg from the pump to ‘a dls- 75

Conductors extend from- wmdmg 35 ..
through a cable 36 to a suitable. generator which is sche~ -
matically illustrated at 37. The generator 37 is effective
30

65 ¢
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trrbutor valve 45 surtably operated for example, by a
handle 46.. The valve 45 is sclectively operative to-direct
the fluid under pressure to one or:the other of two flexible
conduifs 47 ‘and “48 connected to the opposite ends: of
cylinder 20, while the other. of-such flexible ‘conduits is
placed in communication with a return pipe 49 extendmg
“from ‘distributor valve 45.back:to.tank 43.- Thus, in one
.position-of the distributor valve 45, hydrauli¢ fluid under
-preéssure is supplied through conduit 47°to the upper end
of cyhnder 20 to move the ram. 23 downwardly, and
~thereby space.-die ‘member 12 from di¢ member 11 so
~-that metal to be formed:can be inserted between the die
‘members. or. so-that the: formed ‘metal. can be removed.
In the other posrtron of valve 45, flexible conduit 47 is
connected 'to the return:pipe 49, whrle conduit 48 is con-
-nected to'the outlet 44 of pump 41 and conveys hydraulic -
ﬂard under ‘pressure to: the' Jower end of . cylinder 20 for
. urging" die ‘member-12 upwardly toward the cooperating
“_die.member 11 which is simultaneously: ‘yibrated, as pre-
viously indicated, so that metal disposed between the die
members will: be su1tably formed .or shaped by the com-
~ .bined action. ‘of the- static’ force; which is represented by
the arrow F. (FIG: 3). and which results-from -the hy-
“draulic fluid under. pressitre within cylinder .20, ‘and ‘of
the vibrations unparted to die- member 11 and represented
by the arrows V. "
. "Referring in detail to FIGS 2'and 3, 1t wrll be seen that
-~'the di¢ members:11 and 12 there-illustrated ‘are- mtended
for. difnpling sheet metal 59 around a hole 51- formed. in
‘the 'sheet .metal so’ as to receive the ;countersunk head
- of .a-tivet or other fastening and prov1de a flush; surface,
For . this. purpose, die mémber 11.isin the form of a male
- die ' member. having.a pin 52 projecting axrally therefrom -
1o pass slidably through the-hole 51 of the metal sheet 50,
and a flaring -or fristo- conical portion-53-isi formed-at
the base of: pin 52 and ‘corresponds-to:the shape of the
,dnnple to.be formed around the hole’51,- The cooperating
die. member 12 is in the-form of a female di¢ member
“having a bore, 54 1ntended to shdably receive the pin 52
below the metal sheet 50 and opening, at-its-upper end,

15
20°

25

35

undersrde of sheet 58 -around the desired dlmple
Thus, when female di¢ member 12 is urged toward
male die member-11: by the static: force F" while .male die
" member 11 is vibrated, as represented by the arrows.V,
the .shéet - 50 therebetween s, formed -with-a dimple 56
‘around: the .opening 51 therein (FIG. 3). ' It has been
found.that, by .réason of the vibratory: energy imparted
‘to’ die ‘member 11; the -desired- dimple can: be. suitably
formed:by. the: exertion “of :a._smaller static. force - than
-~ that’ requlred when ‘the dimple is”formed merely by the
‘exertion: of . static force, &and :that. the: grain structure
= of the. metal sheet-in.the area.of -the .dimple 56 is more
- desirable in the case: of the formmg of the metal by the
-combined: action of the static force .and vibrations.. For
; example, -when forming d1mples in 52 SO aluminum sheet
“having a thickness 0f".032 inch, and émploying an appa-
‘Tatus wherein the cylinder: 20 has:a piston .therein. with
a-digmeter of 4 mches, it was found that. the static:force
\resultmg from-a pressure “of :50, pounds per -square. inch
acting in said cyhnder agalnst the- piston. was 1nadequate,
- by itself, to form -asuitable drmple, whereas, ‘that. préssure
-+ Wwas sufficient to form an‘acceptable’ dimple when the force
vresultmg therefrom Was combmed with vibration- of ‘the
die merhber 11 at-a_ frequency “of approximately 14
,_f,}kc /sec..and an- amphtude of vrbratron of approxrmately
-.0007: inch, péak topeak,
: Further, ithas: been: found that,,the combmed static
force and’ v1bratory energy'is “suitable for shapmg or.form-
7o ing metals that canriot be satisfactorily. shaped. or formed
--bystatic: force “alone. ' For éxample, a-sheet” A11I0AT
tltamum having a thrckness 0f025. inch was formed with
- 4945 inch dimple using a static:force of 500 pounds.com-
.~ bined. with’ vibrations: havm La f.requemcy “of aPPIOXI'
mately 14 kc /sec and an amphtude of approxlmate,y
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.0007 inch, whereas an attempt to form a similar dimple
in the same material using only a static force of 500
pounds resulted in visible cracking of the sheet material.

- Although FIGS. 2 and 3 of the drawings show the male
die member or punch 11 attached to the vibrated tool
holder 38 while the female die member 12 is attached to
the anvil 24, it is apparent that the positions of the male
and female die members can be reversed. Thus, as shown
in FIG. 4, the male die member 11a¢ may be rigidly at-
tached, as by soldering, brazing or the like, to the anvil
- 24 secured on the ram 23 of hydraulic cylinder 29, while
. the female dic member 12q is similarly attached to the
tool holder 38 and has vibratory energy transmitted there-
to from the vibratory machine 27. In fact, it has been
found that, where only one of the die members is vibrated,
the static force required for forming the metal is de-
creased if the single vibrated die member is the female
die member, as in FIG. 4.

Further, although the die members illustrated in
FIGS. 2 and 3 and in FIG. 4 are intended for form-
ing relatively shallow dimples in sheet metal, it is to be
noted that the present invention may be very advanta-
geously applied to the deep drawing of sheet metal. Thus,
as illustrated in FiG. 7, the female die member 120
mounted on the ram 23 of the hydraulic cylinder is formed
with a relatively deep, suitably shaped cavity 57, while
the vibrated male die member 115 secured to the threaded
extension 39 of the transformer 31 of vibrating machine
27 is formed with a projection 58 having a contour corre-
sponding to that of the cavity 57, wheréby the die mem-
bers 115 and 12b will cooperate, upon the application of
a_ suitable static force and vibrations, to form a deep
draw of the metal sheet 500 within the cavity 57. By
reason of the vibrations imparted to the diec member 115
and the consequent reduction of surface friction, flowing
of the metal within the cavity 57 is promoted to permit
deep drawing of the sheet metal without the danger of
tearing thereof, and further the reduced surface friction
between the sheet metal and the active surfaces of the
die members greatly facilitates the withdrawal of the
formed sheet metal from engagement with the die mem-
bers.

Although the previously described embodiments of the
invention have related to the shaping or forming of sheet
metal, it is to be noted that the invention can also be ad-
vantageously applied to the shaping or forming of solid
metal articles. Thus, as illustrated in FIGS. 8 and 9, both
of the die members 11c¢ and 12¢ rigidly secured to the tool
holder 38 and the anvil 24, respectively, may be formed

with cooperating cavities 59 and 660 so that, when a billet .

61 of the metal to be shaped, which may initially have a
spherical or other configuration, is disposed in the lower
cavity 60 and the die members 11c and 12c¢ are forcibly
moved towards each other while vibrations are imparted
to the die member 1ic through the tool holder 38, the
combination of the vibrations and the static force causes
the metal of the billet 61 to flow and thereby fill the cavi-
‘ties 89 and 69 cooperating to define an article 62 (FIG. 9)
of the desired shape. By reason of the vibrations im-
parted to the die member 1ic, surface friction between
the formed article and the active surfaces of the die mem-
bers is substantially reduced, and the formed article 62
can be easily removed from the die cavities upon sepa-
ration of the die members, whereupon the flashing 63
which occurs at the line of separation of the two die cavi-
ties 59 and 60 can be easily ground away.

It is also apparent that only one of the die members
may have a cavity or depression therein, while the other
die member is in the form of a flat platen or anvil.

Although the above described embodiments of the in-
vention have imparted vibratory energy only to one of the
cooperating die members, it is to be understood that, in
each case, the invention contemplates the vibrating of one
or both of the die members. Accordingly as illustrated
in FIG. 5, the ram 23 of the hydraulic cylinder 20 may
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carry a vibrating machine 27’ which is similar to the pre-
viously described vibrating machine 27 and which in-
cludes an acoustical impedance transformer 31’ having a
tool holder 38 rigidly attached thereto and carrying the
die member 12 so that, while die member 11 is vibrated
by operation of the vibrating machine 27, the other die
member 12 is simultaneously vibrated by operation of the
vibrating machine 27",

Thus, in the arrangement of FIG. 5, both of the die
members 11 and 12 are simultaneously vibrated either in
phase with each other or with the respective vibrations
being varying degrees out of phase with tespect to each
other, either at the same frequency or at different fre-
quencies effective to produce beats, and at the same ampli-
tude or at different amplitudes, while such die members
are forcibly urged together in order to effect the efficient
forming of metal disposed therebetween.

In the previously described embodiments of the inven-
tion, the vibrated die member has been rigidly attached
to ‘the tool holder, and the latter has, in turn, been rigidly
attached to the impedance transformer of the vibrating
machine, thereby to avoid the generation of heat at the
several joints. Although the present invention  makes
possible the forming of imetals at room temperature by
the combined action of a static force and vibrations, it
may be desirable in some circumstances to either heat the
metal to be formed or to apply heat to the metal during
the shaping or forming thereof. The fact that vibratory
energy is effective to generate heat when it is transmitted
through a Ioose joint makes it possible to effect heating
of the metal during the forming or shaping therecf
through conversion of some of the transmitted vibratory
energy into heat, thereby to avoid the necessity of using
the conventional electrical heating elements frequently
provided in metal forming apparatus. As shown in FIG.
6, the vibrating machine 27d, which is generally similar
to the vibrating machine 27 described in connection with
FIG. 1, has an acoustical impedance transformer 31d
which is formed with a smooth, reduced diameter ex-
tension 39d in place of the threaded extension 39 of
the first described embodiment. Further, the tool holder
384 having the die member 114 rigidly attached to
its lower end, as by brazing, soldering -or the like, is
formed with a smooth, upwardly opening axial bore 40d
adapted to slidably receive the extension 394. The tool
holder 384 is frictionally held upon the extension 394 by
a spring circlet or split ring 64 received in an annular
groove 65 formed in the surface of extension 394 and
bearing radially outward against the surface of bore 40d.

By reason of the frictional attachment of the tool
holder 384 to the extension 39d of transformer 31d, the
acoustical or ultrasonic vibrations being transmitted from
the transformer to the tool holder produce considerable
frictional heating at the joint and such frictional heating
is transmitted, along with the vibrations, to the die mem-
ber 11d. Although FIG. 6 illustrates a connection for
the die member 11d that is effective to produce heating
of the latter, it is apparent that a similar connection
may be provided for the other cooperating die member
when the latter is also vibrated in order to achieve heating
of both die members.

In FIG. 1, and in the other embodiments of the inven-
tion that have been described, it has been assumed that
the static force cooperating with the vibrations to effect
the forming or shaping of the metal has been applied by
a hydraulically operated cylinder, for example, the cylin-
der 20 of FIG. 1. However, the static force may be
otherwise applied, for example, as in the apparatus 10e
illustrated in FIG. 10, where the lower die member is
stationary and the upper die member is urged down-
wardly by the force of gravity.

1In the apparatus 10e, the frame 13e once again includes.
uprights 14e and top and bottom cross members 15¢ and
16e. The intermediate cross members 17e are fixedly
attached, at its opposite ends, to the uprights 14e, and the
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lower die member IZe is supported by the’ anvﬂ 24e
which is carried by ‘a moiunting plate, 21e secared, ‘as. by
bolts 22¢ to the intermediate «cross members: 17e. - The

upper die member 11e is secured: to the lower-end of the
tool holder 38¢ which s rigidly attached to the acoustlcalv

impedance: transformer 31e of the vibrating machine 27e

with an acceleratron far less than said peak accelerations

depending from a mounting: plate 29¢; and the latter is
secured, as by bolts 30e to a -vertically- ‘movable- cross

head66. - The “vertical movements of the cross head 66
may be gulded by rollers 67 at the opposite ends- thereof
engaging flanges: of the uprights 14e, and- the desired

downward force for urging the:die members 1le-and 12¢.

towards each other may be-achieved by providing a suit-

10

so that said static force and the impacts resulting -from
said vibrations combine to. form metal disposed between
said ‘surfaces of ‘the die members to the configuration of
the latter while said peak accelerations ensure that at least
the metal forming surface of said one-die member is only
in“intermittent and relatively ‘movable. contact with the
metal- to very substantially’ reduce the frlctlonal resist-
ance to forming of the metal.

2. An. apparatus for d1rnphng a metal sheet around a
hole. in the-latter; comprising male and -female die mem-
bers: respectively . having -convex - and  concave : mating

~“frusto-conical surfaces: engaoeable with the opposite sides

able weight or weights 68 on the cross head 66. Thus, -

in FIG. 10, the static force combining with the vibrations
to form or shape the metal between the: die” members- is

15

represented by the force of gravrty acting on the assembly' :

of thé cross head 66; werght or Wexghts 68 and the v1-
Ibratmg ‘maching 27e.

Suitable méans is also nreferably prov1ded for elevatmg
the cross head 66 when’ metal is ‘to be inserted, or re-
moved from, between the “die members A suitable

mechanism’: for that" purpose is schematlcally illustrated

in' FIG. '10-and: includes: cables 69 extending upwardly

from the cross Head:over pulleys 70 rotatably ‘mounted
on. the: top cross member 15e¢, and then: running-over:a-

double pulléy 72 rotatably-mounted at the upper end’ of

... one of the uprights 14e before beihg taken up on a winch

72. It will-be understood that,- during: the forming. of
- shaping of metal between the die-members 11e and 12e,

the winch 72 is mampulated to- permiit ‘lowering- of .cross'.

head 66 and to provide 'slack in the ¢ables 69 when the
die membérs ‘engage the métal therébetween so ‘that - the

full weight of the: vertically movable assembly can-act: to X

provrde the desired static force.-

20°

25

80

Although-illustrative - embodiments of the 1nvent10n'k

have been described in detail herem with reference to the’
accornpanymg drawings, it is* to be -understood. that- the .

invention. is not: limited- to those :precise embodlments

and that’variois changes and modrﬁcanons may be ef-

fected therein without departing from the scope’ or spirit

of the invention, except as deﬁned in the apnended claims,
. What is claimed is:

1. :Metal forming- ‘apparatis” comprrsrng two dre mem- -
bets miovable rectilinearly toward and -away from each -
other and having: ‘cooperative. metal -forming stirfaces.
which, for:the ‘most part; are at’ substantial angles with':

40

,45

respect to the ‘direction of the relative movement -‘of the

die members, means applymg vibrations to.at least.one of
sald die: members’ substantlally at-the center ‘thereof ‘and

.50 -

indirections :parallel. to the direction in ‘which said die- -

. members are movable toward and: away from each ‘other,

said vibrations being at a frequéncy in the range ‘bétween. .

approximately. 1 kc./sec. and" 100 kc./sec.’and an ampli-
tudesufficient to impart -peak ‘accelerations ‘of at least
1000.g,to° the related die’ member, and means exertmg a

55.

statle force urglng saJd d1e members toward each other -

of- the sheet ‘around the hole in the latter; -supporting
means mounting said die ‘members for relative rectilinear
movement toward .and away-from each other, said:sup-
porting ‘means for at’least one of -said die members in-

“cluding a magnetostrictive transducer- extending parallel.
to-the direction ©of said relative movement and being cen-

tered;. transversely relative to said direction, with respect
to .said one--die ‘member, connecting . means. -extending
longitudinally. from oné end.of said transducer -to said

~ one -die ‘member, means establishing a high frequency,

biased ‘alternating. field around said- transducer so- that

"the latter produces Iongltudmal vibrations: at 4 corre-

sponding frequency transmitted ‘to" said .one die member

‘through -said- connecting. means and having “a loop of

Jongitudinal motion substanually at said one die member,

--and a supporting stiucture secured to: said eonnectmg
“means- substantlally at a node of the longltudmal motion

therein;  said frequency of -the -vibrations being in the

_ range between 1 ke./sec. and 100 k. /sec. and the vibra-

tions-having -an amplitude. ‘sufficient to: 1mpart peak ac-
celerations of at.least 1000 g. to the related die member;

-and ‘means exertlng a static force by way of said support-
. ing means for urging said die members toward each other

with an_acceleration: far less than said peak accelerations

- 80 that at least said-one die member is only in intermittent

and. hammering contact, at said- frequency; with'a metal
sheet placed .between sald dJe members.
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