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: 1

This invention relates to a method of and ap-
paratus for cutting materials and, because it
finds great utility in its application to the polish-
ing of surfaces to provide an extremely smooth
surface, embodiments of my invention adapted
for such application will be described herein-
after, it being understood that the invention is
not limited to such application.

‘This application is a continuation-in-part of
my copending application Serial No. 397,252,
filed June 9, 1941, for Method and Apparatus for
Cutting Pipe and which issued as Patent 2,304,793
on December 15, 1942,

It is frequently desirable to provide articles
with an extremely smooth highly polished sur-
face, as for example, metal articles which are
to have surfaces in moving contact with each
other. Such metal articles normally have upon
their surfaces small projections and indentations
caused, for example, by casting or roliing or
small scratches forming alternate ridges and
valleys caused by the cutting action of machine
tools. The removal of such projections and
ridges permits the formation upon the articles
of - a surface highly polished and extremely
smooth which diminishes the friction of such
surface with a like engaging and relatively mov-
ing surface, reduces the possibility of corrosion
of the surface, and minimizes the likelihood of
fracture, otherwise enhanced by the valleys or
indentations.

In removing the small projections and inden-
tations to provide such a smooth highly polished
surface, it is desirable that the article be not
subjected to a scuffing action causing the forma-
tion of new scratches or indentations or to bur-
nishing or peening or local surface heating caus-
ing inequalities in the resistance of the surface
to deformation and fracture. It is desirable also

(CL 51—59)
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that a method and apparatus for so polishing a .

surface be applicable to and capable of use upon
surfaces of various forms as well as plane sur-
faces.

It is accordingly an object of my invention
to provide a method of and apparatus for pro-
viding such a highly polished smooth surface
upon articles of various forms, which do not leave
any objectionable scratches in the polished sur-
faces and do not scuff, burnish, peen, or overheat
locally the surface, thus avoiding the objections
above stated.

It is desirable also that such a method and
apparatus should, and it is an object of my in-
vention to provide a method and apparatus which
will, polish the surface of such articles to a high
degree and an extremely smooth state and which

40

45

50

2 .

are capable of quick and inexpensive adaptation
to provide varying distances of travel and vary-
ing forces of impact over a wide range for dif-
ferent surfaces of the same article and which
involve the minimum of moving parts and the
maximum of facility of assembly and operation.

The foregoing and other objects and advan-
tages, which will hereinafter be made apparent,
are accomplished by employing sound waves as
a means of actuating polishing or abrasive ele-
ments or members. The term ‘“sound waves”
as employed herein includes condensation or
compression and rarefaction or tension impulses
of frequencies not only within the auditory range,
but also other and higher frequencies, which im-
pulses travel with the speed of sound waves of
the auditory range through an elastic medium.

The elastic medium contemplated for utiliza-
tion in accordance with my invention may be
a gas, a liquid, or a solid. The sound waves
transmitted to the polishing elements as con-
templated by my invention may represent alter-
nate increases and decreases in pressure relative
to a mean pressure which- may be greater or

less than normal or atmospheric pressure or

pressure of the medium at rest. -

Sound waves travel through an elastic medium
by virtue of the movement of the particles of
the medium in a direction of travel of the wave
in a backward-and-forward manner similar to
that of the vibrating body generating the sound
waves in the medium. My invention contem-
plates the polishing of the surface of an article
by contact therewith of abrasive particles sus-
rended in an elastic medium by virtue of their
movement induced by the drag upon such par-
ticles or molecules of such medium moving in
response to sound waves propagated in the
medium.

Sound waves propagated within a body of an
elastic medium may be reflected either by the
wall confining the medium or by its interface
with any other medium of unlike density, as for
example, the interface of liquid and air. When
the sound wave propagated through an elastic
medium reaches the interface of such medium
with a denser medium, it is reflected as a like
impulse, and, when it reaches the interface of
such a medium with a less dense medium, it is
reflected as an unlike or opposité impulse; for
example, when a compression impulse traveling
through air or water reaches the interface of
such medium with the metal wall of a container
of such medium, it is reflected as a compression
impulse; whereas, when such g compression im-
pulse traveling through a medium, such as a
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lquid, réaches the interface of such medium

with a less dense medium, such as alr, it is re-
flected as an unlike or tension impulse.

The fréquency of the sound waves generated
and the distance between the sound wave genera-
tion locus and the locus of sound wave reflection
may be so relatéed that the reflected impulse
veaches the geherating locus and is refiected
therefrom at such time as to reinforce or amplify
the newly geherated impulse. The newly gen-
erated impuise reinforced by the first reflected
impulse may be again reflected from the interface,
this second reflected reinforced impulse again re-
turning to the generating source to reinforce in
its turn a newly generated impulse. Each such
reinforcement by reflection adds to the value of
the newly generated impulse, so thai impulses

. travellng through the elastic medium reach =
. value considerably greater than and under suit-
~able conditions many times the value of the gen-
‘erated impulse. When the factors specified have
been properly related to secure this reflection and
reinforcement of the generated sound wave, &
condition of resonance is established within the
elastic medium.

Each compression impulse transmitted through
the elastic medium is followed by a rarefaction
or tension impulse. When a condition of reso-
nance is established within the medium, there is
s zone of maximum pressure variation adjacent
the impulse generator, and at a distance of one
wave length therefrom there is a similar zone of
maximum pressure variation. Halfway between
these Joci there 18 & zone also of maximum pres-
sure varistion. Under such a condition of reso-
nance there occurs therefore at zones spaced
whole numbers of half wave lengths distant from
the sound wave generator maximum pressure
variations. Halfway between adjacent zones of
maximum pressure variations occur the zones of
maximum velocity variation.

In these latter zones located at distances equal
to odd multiples of quarter wave lengths, the
molecules of the elastic medium are moving with
the maximum velocity, alternating their direction

of travel g0 that they travel in one direction for -

half of the period of the frequency of the gen-
erated impulse and in the opposite direction for
the other half with an amplitude which is the
summation of the generated and reflected im-
pulses at such zones.

There is contemplated by my invention that
the velocity and the amplitude of movement of
the molecules of the elastic medium at these
zones of maximum velocity variation in the stand-
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ing or stationary sound wave established under .

conditions of resonance, or as near these zones
as desired, shall be utilized to actuate abrasive
particles or elements by their drag thereon into
impact with or contact along the surface of an
article to be treated.

It is desirable that a method of and apparatus
for polishing the surface of an article be capable
of modification or adjustment to vary readily the
rate of cutting of such surface, the amplitude of
movement of the cutting elements, and their
pressural contact with such surface. It is a cor-
responding object of my invention to provide &
method of and apparatus for polishing the sur-
face of an article, which may be modified or ad-
justed easily by varying the relative densities of
cutting elements and the medium in which they

=uresuspwdedundbyvaryln¢thetrequmcyot
the sound waves propagated in such medium and
the relative positions of the surface to be treated
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and the zones of maximum velocity variation of
the standing sound wave within such medium
whereby the pressure and leagth .of contact of
the cutting elements ;Rhthe surface may be
varied. )

‘The propagation of longitudinal sound.waves
through an elastic medium is permitted by the
molecular cohesion of such medium, such propa-
gation causing an elasticity stress within the
medium. This same molecular cohesion of a me-
dium permits the transmission of sound waves
by a transmitter inducing the sound wave by its
frictional drag thereon and causing within the
medium a viscosity shear stress. :

It is an object of my invention to provide a
method of and apparatus for polishing the sur-
face of an drticle, which utilizes a transmitter
oscillated in response to'sound waves transmitted
thereto to propagate within an elastic medium by
viscosity shear stress a wave pattern of its mole-
cules which by their drag thereon oscillate abra-
sive particles in contact with such surface and to
use such a transmitter both alone and in conjunc-
tion with sound waves generated within the elastic
medium by elasticity stress and also inducing the .
movement of its molecules with their resultant
drag upon and movement of the abrasive particles
suspended therein.

Embodiments of the apparatus of my invention
capable of accomplishing the objects and pro-
viding the advantages and performing the method
hereinbefore set forth are illustrated in the ac-
companying drawing in which )

Figure 1 is a vertical elevational view partially
sectioned of one embodiment of the apparatus of
my invention capable of performing the method
of my invention as applied to a casing in s well;

Figure 2 is a vertical sectional view. partially
disgrammatic of another embodiment of the ap-
paratus of my invention, likewise capable of per-
forming the method of my invention;

Figure 3 is a vertical sectional view partially
diagrammatic of another embodiment of the ap-
paratus of my invention also capable of perform-
ing the method of my invention; .. T

Figure 4 is a diagrammatic view of a stationary
or standing sound wave in the sound transmitting
medium; and
~ PFigure 5 is a fragmentary enlarged sectional
view of the ridges and valleys formed in the sur-
face of an article by machine tool scratches.

Referring to the drawing which is for illustra-
tive purposes only, and particularly to Figure 1,
the numeral 1/ indicates a well, for example, an.
oil well, having therein a pipe, tube, or casing {2,
the interior surface 13 of which it iz desired to
polish to an extremely smooth condition, as for
example, to set a packer therein or to install
therein any other device requiring such a smooth
polished surface. . . i

A sound wave generator I4 is located above
the surface of the ground and includes a mag-
neto-striction bar comprising a metallic rod or
bar 18, the upper end of which is securely clamped
to a horizontal supporting member: {6, and a

_coil 17 of an electrical conductor connected to a

source of alternating current of the desired fre-
quency, not shown. The lower free end of the
bar 18 is slidably disposed in fluid-tight relation-
ship within a primary cylinder 18 communicating
through a pipe {8 with a lower secondary cylinder
20. The primary cylinder {8 is adjustably secured
against vertical movement relative to the fixed
end of the bar 18 by an adjusting rod 2{ threaded
through the horizontal supporting member (§
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and rotatably secured to an extefision 22 pro-
Jecting from a collar 23 clamped to the pipe
19 adjacent the primary cylinder 18. The hori-
zontal supporting member 6 is  adjustably
clamped by bolts 24 to a vertical supporting
member 2§ resting upon the surface of the
ground, so that the horizontal supporting mem-

ber 16, sound wave generator i4, and cylinders

18 and 20 with their connecting pipe {9 may be
secured at any desired elevation.

Slidably disposed in fluid-tight relationship
within the secondary cylinder 20 is a piston 26
which is connected by a piston rod 27 with a
wave transmitter 28, The secondary cylinder 20
is provided at its lower end with an inwardly
projecting annular flange 29, and a compression
spring 30 is positioned within the secondary cyl-
inder 20 with its lower end engaging the annular
flange 29 and its upper end engaging the lower
surface of the piston 26. Guides 31 project from
the cylinder 20 for engagement with the inner
surface i3.of the casing 12 to center the trans-
- mitter 28 therein. While the transmitter 28 may
be cylindrical in form without any channels or
projections upon its outer surface, I prefer to
form it cylindrical in cross section with a plu-
rality of annular channels 32 therein.

The interior of the casing 12 is connected by
a supply pipe 33 to a source of liquid and abrasive
particles, not illustrated in the drawing.

The apparatus as described being installed in
the casing 12 so that the wave transmitter 28
is at that elevation in the casing 12 at which it
is desired to polish the inner surface 13, the coil
171 of the sound wave generator {4 is connected
to a source of alternating current of the desired
high frequency, thus causing the lower free end
of the bar 5§ to reciprocate rapidly within the
primary cylinder (8. Such reciprocation sets up
sound waves of substantially sine form which
travel directly through the liquid filling the pri-
mary cyllinder (8 below the bar 5 and the pipe
i19 and that part of the secondary cylinder 20
above the piston 26.

‘The sound waves are thus transmitted to the
piston 28, tending to cause it to reciprocate in the
secondary cylinder 20. The compression spring
30, during the reciprocation of the piston 28,
acts as a capacitance with relation to the mass
of the moving piston 26, rod 21, and transmitter
28. The resistance to deformation of the spring
30 is such that its effect as a capacitance and
the effect of the moving mass as an inductance
may be so related as to cause the natural period
of vibration of the moving mass to be equal to
the frequency of the impulses generated by the
generator 15.

The frequency of the current passing through
the coil 17 is varied, or the length of the liguid
column between the bar 15 and the piston 26 is
varied (the cross-sectional areas of the bar 15
and piston 26 being of different values) by rota-
tion of the adjusting rod 21, so that a condition
of resonance is established within the liquid
column. Such a condition of resonance will be
established when the length of the liquid column
between the lower end of the bar I5 and the
upper end of the piston 26 is a whole number of
half wave lengths of sound in the liquid consti-
tuting the column,

The transmitter 28 is thus caused to recipro-
cate with the same frequency as the bar (5 and
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with an amplitude of movement which may be .

considerably greater than the amplitude of
movement of the lower end of the bar (5.

(]

A Hquid, carry suspended abrasive particles
34 being supplied to the interior of the casing
12 through the pipe 33, occupies the space be-.
tween the transmitter 28 and the inner surface
13 of the casing {2 and fills the channels 32
in the transmitter 28. The rapid oscillation of

" the transmitter 28, which may be of the order

of 1,000 to 10,000 cycles per second, drags the
liquid upwardly and downwardly between the
transmitter 28 and the wall 13, exerting a vis-
cosity shear stress upon the liquid.

The particles 34 of abrasive are in turn
dragged upwardly and downwardly by the con-
tact with them of the moving liquid surround-
ing them, with the result that these small abra-
sive particles 34 are rapidly reciprocated in con-
tact with the surface 13 with a frequency cor-
responding to the frequency of the current sup-
plied to the coil 1T and an amplitude approach-
ing the amplitude of movement of the trans-
mitter 28. - The cutting action of each of the
abrasive particles 34 may be varied by varying
its mass or the viscosity of the liquid in which
it is suspended or the velocity or amplitude of
its movement. The velocity and amplitude of
movement of the abrasive particles may be var-
ied by varying the frequency of the current sup-
plied to the coil 1T and the energy input to the
system. The impact of the abrasive particles
with the surface ({3 may be very light and. the
amplitude of their movement extremely small
while the cutting is performed with great ra-
pidity because of the high velocity of such par-
ticles in contact with the surface 3.

The transmitter 28 can be reciprocated at dif-
ferent levels to polish the surface 13 of the cas-
ing 12 at different levels by securing the hori-
zontal supporting member 16 at various positions
upon the vertical supporting member 25 by the
bolts 24 or by manipulation of the adjusting
rod 21 until the desired length of the surface
13 has been polished. ]

Illustrated in Figure 2 is an alternative form
of apparatus of my invention in which the nu-
meral 35 indicates a receptacle having end walls
36, side walls 37, and a bottom wall 38. As illus-

‘trated, the receptacle 35 may be open at its

upper end. A sound wave generator 39 of the °
magnetostriction bar type, illustrated as includ-
ing a metal bar 40 having wrapped therearound
a coil #f of an electrical conductor, is mounted
upon a bracket 42 secured to one of the end walls
36, so that the axis of the bar 48 is vertical.

Connected to the lower end of the bar 40 is
a tube 43, preferably of metal, which is rigidly
connected to the end wall 36 adjacent the bar
40 by a pipe 44, which also connects it to a pump
45. The inlet of the pump 45 is connected by a
pipe 46 with the bottom of the receptacle 35,
this pipe being provided with a valve 47 therein.
A branch pipe 48 provided with a valve 49 is
connected to the pipe 46 between the valve 417
and the receptacle 35 and is connected to waste
or a source of liquid supply.

Attached to the free end of the tube 43 is a
transmitter 50. As illustrated, the transmitter 50
is provided with a plane surface 51 at its outer
end which may be rectangular in form. Two
liquid passages 52 and 53 are provided in the
transmitter 50, communicating with the tube 43
and terminating at the plane surface 51. The
passages 52 and 53 are curved upwardly and
downwardly, respectively, so that the streams of
liquid discharged therefrom at the plane surface
50 are spaced from each other and diverging.
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More than twé such liquid passages may be pro-
vided, if desired, to deliver diverging streams of
liquid at the plane surface §i.

A supply pipe B4 -is provided for delivering
liquid or solid abrasive particles 5§ or a mixture
of liquid and such particles to the receptacle 35
adjacent the plane surface 5i. An overflow pipe
56 is provided in one of the end walls 3§ for
maintaining the liquid in the receptacle 38 at the
level indicated by the numeral 51.

An article 58, having a surface 59 to be treated.

or finished, is suspended within the liquid in the
receptacle 35 by a cable 68 connected to any suit-
able vertically adjustable elevating means.

A hopper §1 containing abrasive particles $8
communicates through a valve $2 with a pipe €3
connected to the pipe 44 between the pump 45
and the tube 43. :

The article 58 being suspended in the liquid as
illustrated and the coil 41 being connected to a
source of alternating current of the desired fre-
quency, the tube 43 is caused to oscillate with
substagtially simple harmonic motion, so that its
outer end and the transmitter 58 connected
thereto are vibrated vertically. The frequency
of the alternating current being adjusted so that
the distance between the connection of the bar
40 to the tube 43 and the plane surface B§{ is an
odd multiple of a quarter wave length of sound
in the metal of which the tube 43 and transmitter
50 are formed, a condition of resonance is estab-
lished in the tube 43 and transmitter 58.

Under such a condition of resonance the trans-
mitter 50 is caused to oscillate with an amplitude
considerably greater, and, if desired, many times
more, than the amplitude of movement of the
lower end of the bar 40. A velocity of any desired
high order may thus be secured for the trans-
mitter 54.

By making the end face of member 358, illus-
trated as substantially normal to the plane sur-

- face 51, suficiently large, the viscosity drag of
member 58 will prevent oscillations so large as to
fracture tube 43.

The abrasive particles §8§ are suspended in the
liquid between the plane surface 81 and the sur-
face 58 of the article 58 to be finished, either by
opening the gate valve §2 so that liquid passing
through the pipe 44 and passages 52 and §3 car-
ries the abrasive particles to this desired locus, or
by discharging the abrasive particles §§ alone or
suspended in a liguid through the pipe 54 ad-
jacent the plane surface §l.

The valve 41 being open, the pump 4§ is actu-
ated to draw liquid and abrasive particles §§ from
the bottom of the receptacle 3§ and to discharge
such liquid and abrasive particles through the
liquid passages 52 and 53 in diverging streams
contacting the surface §8. The abrasive particles
§§ carried by such diverging streams exert a cut-
ting or polishing action upon the surface §9.

The molecules of liquid in contact with the
plane surface 51 of the transmitter 58 are dragged
by the plane surface §§ upwardly and downwardly
as the transmitter 58 is correspondingly actu-
ated. The movement of such molecules of the
liquid adjacent the plane surface §( is communi-
cated to the molecules of the liquid more distant
therefrom, with the result that the molecules of
liquid adjacent the surface 59 are likewise caused
to reciprocate vertically. The reciprocation of
the liquid adjacent the surface §8 by the drag
effect of the liquid upon the abrasive particles §§
causes these abrasive particles to reciprocate in
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the abrasive particles 35 in contact with the sur-
face 89 is of the same frequency as that of the
alternating current supplied to the coil 4(. An
extremely rapid cutting action may be accom-
plished with very light pressural contact of the
particles §8 with the surface 89 and with very
small amplitude of their movement by virtue of
their great velocity. As will be entirely obvious to
those skilled in the art, the first cut may subse-
quently be deepened by decreasing the distance
between the tool surface 51 and the work piece as
the abrasive particles progressively remove ma-
terial from the work, and this may easiest be ac-
complished with the embodiment of Figure 2 by
advancing the work piece toward the tool.

The direction of motion of the abrasive par-
ticles 55 adjacent the surface 59 is a resultant of
the effect of the drag thereon of the liquid sur-
rounding them and reciprocating in response to
the oscillation of the transmitter 8§80, and the
effect of the velocity of the diverging liquid
streams from the liquid passages 52 and §3, and
the effect of the stream supplied through the pipe
54 and the effect of gravity upon the particles.

The valve 49 may be opened to withdraw from
the pipe 48 and the system any portion desired
of the contents of the receptacle 35. While the
sound wave generator 39 is energized and the
transmitter 50 is oscillated in response thereto,
the pump 45 need not be utilized, for liquid may
be withdrawn from the bottom of the receptacle
38 and caused to flow through the pipe 44 and
tube 43 by the discharge of the liquid through
the liquid passages 52 and 53 caused by the oscil-
lation of the transmitter 50.

In the alternative form of apparatus of my in-
vention illustrated in Figure 3, the numeral 64
indicates a receptacle having side walls 65, end
walls 6§, and a bottom wall 61. A sound wave
generator 68 is provided on the bottom wall 67.
As illustrated, the sound wave generator 68 in-
cludes a piezo-crystal 6% mounted upon a conduc-
tor member T8 secured to the bottom wall 67 of
the receptacle 64. The piezo-crystal 69 and the
conductor member 10 through the bottom wall 87
are connected by conductors 7{ and 72, respec-
tively, to a source of alternating current of the
desired frequency.

The receptacle 64 is fllled with a suitable liquid
to the level indicated by the numeral 13, and a
wave trgnsmitter 74 is suspended in the liquid
by a tension spring 78 from a suspension member -
18 adjustably secured by a hand-wheel 77
threaded thereon to a bracket 18 attached to one
of the side walls 86. Supported in any suitable
manner within the receptacle 84, as between a
lower Qhracket 719 attached to one of the side walls
6§ and an upper bracket 80 hingedly connected

. to the same side wall §8§, is an article 81 having a

surface 82 to be treated or polished.

In the operation of this embodiment of the ap-
paratus of my invention polishing members in
the form of small abrasive particles 83 are con-
tinuously supplied to the liquid, or the liquid
containing them is continuously agitated, so that
they are suspended between the transmitter 14
and the surface 82 to be treated. The sound

wave generator 68 is then energized by an alter-

nating current of the desired frequency, so that
& sound wave of substantially sine form is trans-
mitted through the liquid to the transmitter 14.

The frequency of the current supplied to the
plezo-crystal 69 is so related to its distance from
the transmitter 74 that this distance is an odd

contact with the surface §3. The reciprocation of g5 multiple of a quarter wave length of sound in the
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liquid, thus establishing a condition of resonance.

The spring 18 is made of such strength relative
to the mass of the transmitter 74 that it acts as a
pure capacitance, the natural period of vibration
of the transmitter 74 as a whole being the same
as the generator.

In response to-the sound wave transmitted to
it through the liquid, the transmitter T4 is caused
to oscillate vertically in the manner hereinbe-
fore described in connection with other forms of
apparatus of my invention. This oscillation of
the transmitter 74, as has also been previously
described, causes the rapid-reciprocation of the
abrasive polishing- particles-83 suspended in the
liquid in contact with the surface 82 to be pol-
ished.

A reflector 84 is positioned in the lower portion
of the receptacle 84 so that sound waves from the
generator 68 are directed against the lower end
of the transmitter T4 and between the surface 82
of the article 81 to be polished and the adjacent
surface of the transmitter T4 while preventing
the transmission of sound waves to the lower end
of the article 81. The reflector serves to concen-
trate the sound waves from the generator 68
against the transmitter 74 and between the
transmitter 74 and the article 81, while prevent-
ing the direction of sound waves against the lower
end of the article 81 and the edge of its surface
82 and the abrasion thereof which would result.

The level 13 of the liquid within the receptacle
¢4 may be adjusted so that the length of the
liquid column between the level 13 and the piezo-
crystal €9 is such that resonance is established
within this liquid column. Since the pressure
and rarefaction impulses are reflected from the
surface of the liquid and into the liquid as unlike
or opposite impulses, this liquid eolumn will be
of a length equal to an odd multiple of quarter
wave lengths of sound in the liguid when such
resonance is established.

The motion of the abrasive particles 83 sus-
pended in the liquid adjacent the surface 82 is
therefore the resultant of the effect of the liquid
surrounding them moving in response to the re-
ciprocation of the transmitter 74 and in response
to the sound waves transmitted directly from the
generator 8. The frequency of the impulses
transmitted to the liquid and abrasive particles
83 adjacent the surface 82 by the transmitter T4
is the same as the frequency of the impulses
transmitted to the liquid and such particles di-
rectly from the generator 68.

If the transmitter T4 be located at the proper
distance from the surface 82, the lag in the move-
ment of the molecules of liquid adjacent the sur-
face 82 with respect to the movement of the
transmitter 14 may be made such that the move-
ment of the molecules of liquid adjacent the sur-
face 82 induced by the standing sound wave
transmitted through the liquid at alternate maxi-
mum velocity variation zones will be reinforced
and amplified by the effect of the reciprocation
of the transmitter 74, while at the other alternate
maximum velocity variation zones such move-
ment of such molecules of the liquid will be re-
duced by the effect of such reciprocation of the
transmitter T4. This difference in the combined
effects of the transmitter 74 and generator €8
upon the particles 83 at adjacent maximum ve-
. locity variation zones is due to the fact that the
particles are urged in opposite directions at such
adjacent zones by the sound waves transmitted
directly from the generator §8 and in the same
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10
direction by the wave pattern transmitted from
the transmitter 74.
. The movement of the liquid and abrasive par-

~ ticles 83 induced by subjecting the liquid to elas-

ticity stress imposed by the stationary sound
wave transmitted directly from the piezo-crystal
88 may thus be reinforced by the effect of the
reciprocation of the transmitter 74 subjecting
the liquid to viscosity shear stress, with the re-
sult that the amplitude of movement of the abra-
sive particles induced by the standing sound
wave, and already increased over the amplitude
of movement of the piezo-crystal 69 by the con-
dition of resonance, is still further mcreased by
the effect of the transmitter 14.

The amplitude of movement of the surface
finishing elements and particles caused by the
transmitters 28 and 50 may be enhanced by sound
waves transmitted thereto under conditions of
resonance through the fluid in which they are
suspended by auxiliary sound wave generators in
addition to the sound wave generators {4 and 39,
respectively.

With respect to all forms of the apparatus of
my invention hereinbefore described, there may
be employed fluid of any desired characteristics,
preferably water or oil of suitable viscosity. For
the abrasive particles there may be employed full
size grains of silicon carbide or aluminum oxide,
each of which has several sharp points or edges
upon its boundary contour and definite cleavage
planes, so that it is individually friable, or sand,
or particles of metal, or particles of any material
harder than the surface being treated and with
sharp edges thereon. The sound waves may be
generated not only by generators of the piezo-
crystal and magneto-striction bar types, as il-
lustrated and described, but by any other suit-
able types of generators, such as a diaphragm
or piston, oscillated by an eccentric shaft driven
by an electric motor.

All forms of the apparatus of my invention
contemplate that the method of my invention
may be performed therewith to subject the sur-
face being polished to uniform action of the
polishing elements throughout the desired area
by moving the surface being treated or the sound
wave generator to vary the locus of the surface
subjected to the maximum velocities of the con-
tacting elements.

Likewise, all of the forms of apparatus of my
invention herein described may be operated in ac-
cordance with the method of my invention to set
up a standing sound wave, such as illustrated in
Figure 4, which assumes, for illustrative purposes
only, that the distance between the sound wave
generator and a reflecting wall of greater density
than the transmitting medium is equal to one
and a half wave lengths of sound in the trans-
mitting medium.

In Figure 4 the abscissa represents the dis-
tance between the generator and the reflecting
wall and the mean pressure at the level of the
transmitted sound wave, and the ordinates rep-
resent variations in pressure above and below
such mean value.

It will be seen from Figure 4 that there is a
zone of maximum pressure variation at points
AA’ and BB’, representing the reflecting wall
and the sound wave generator, respectively, and
also at points CC’ and DD’ spaced therefrom
and from each other a distance of half a wave
length. Separated a quarter wave length from
each of these maximum pressure variation zones
are zones of minimum pressure variation or
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maximum velocity variation, identifled as E,
F, and G.
It is apparent from Figure 4 that the surface
finishing elements at the maximum velocity zones
E, P, and G, that is to say, the distances equal
to odd multiples of quarter wave length will
have the maximum velocity and amplitude of
movement. Therefore the portions of the sur-
face of the article contacting the surface finish-
ing elements at the maximum velocity variation
zones are subjected to impact of the particles
of the greatest value and during their mzxximum
movement. :

The surface finishing elements are of dimen-
sions greater than the distance between adja-
cent ridges 85 of machine tool scratches or ad-
jacent projections of the roughened surface to
be polished, so that their action is expended upon
the ridges 85 or projections until they are
flattened to the level of valleys 86 or the in-
dentations adjacent, these ridges and valleys of
the machine tool scratches being illustrated in
Figure 5.

Those embodiments of the apparatus of my

invention and the method of my invention may.

be employed also for removing rust, paint, scale,

10

156

20

25

or other foreign matter from the surface of -

articles, or for roughening the surface by em-
ploying suitable amplitudes of movement for the
particles and suitable dimensions and character-
istics of the particles with a proper energy in-
put to the system. .

Any desired frequency of sound waves may be
employed in each apparatus, and in the perform-
ance of the method of my invention I have found
that frequencies varying between 1000 and 50,000
per second are suitable for polishing the surface.
of an article.

It will be seen that, by varying the frequency
of the sound waves generated, the location of the
surface being treated with respect to the zones
of maximum velocity variation, the mass of the
individual surface finishing elements, and the
energy input to the system, the method and ap-
paratus of my invention may be very readily
modified to provide any amplitude of movement
and force of impact desired and that, by vary-
ing the concentration of the surface tréating ele-
ments suspended in the fluid, as well as these
factors, the method and apparatus of my inven-
tion may be readily modified to vary the rate
of the cutting actlon to the desired value.

It will also be seen that, due to the very great
velocity of the surface finishing elements, the
surface may be cut or polished at an extremely
high rate, while st the same time maintaining
a force of impact of the individual surface
finishing elements against, and an amplitude of
their movement in contact with, the surface be-
ing treated of an extremely low order, with the
result that there is no objectionable scratching,
- burnishing, peening, or local surface heating dur-
ing the polishing of the surface.

.. Any extremely shallow scratches which are
formed by the contact of the surface finishing
elements with the surface belng treated are a
result of their movement induced by a number
of factors, including their deflection by contact
with other surface finishing elements and mole-
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cules of the fluid contacting the surface, and 7¢

therefore any such minute scratches are not ob-
jectionable, since they are extremely short and
of no definite pattern. Contributing to the
avoldance of the objectionable scratches and

12.
culation of the fluld in which the surface treat-
ing elements are suspended in contact with the
surface during treatment, which operates both
to cool the surface during this treatment and to
carry away particles of metal cut therefrom.

The suspension in a fluid of abrasive particles
individually friable to present any sharp edges
in the manner contemplated by my invention
provides a cutting action superior to any capable
of accomplishment employing a solid honing
member in which such particles are embedded,
since, when the particles are suspended in a
fluid, they are free to rotate in all directions to
present sharp edges [of] fo the surface being
treated when other edges of the particles are
dulled or smoothed.

. While I have described the apparatus of my
invention as being employed to treat the surface
of only one article at a time and have described
the method of my invention as being ap-
plied to single articles, it will be apparent
that a plurality of articles may be simulta-
neously treated by immersion in the fluid
carrying the suspended surface flnishing ele-
ments. Likewise, while I have {illustrated in
Figure 1 the treatment of the interior surface
of an article, my invention contemplates the
treatment of the exterior surface as well as the
interlor surface of such an article. Also, al-
though I have illustrated and described uses of
the apparatus and practices of the method of
my invention as involving the movement of the
surface finishing elements relative to the sur-
face to be treated, my Iinvention also contem-
plates the oscillation of the article to be treated
relative to the surface finishing elements in re-
sponse to sound waves. There is not excluded
from my invention the screening or protecting of
desired portions of the surface from the action
of the sound waves and the surface treating ele-
ments or the concentration of the sound waves
and surface finishing elements against desired
areas of the surface to be treated, by the use of
screens, bafle members, reflectors, or deflectors
of any desired shape as well as the shape of the
reflector 84 as it is illustrated in the drawing.

If desired to vary the pattern of the paths
of contact of the surface finishing elements with
the gurface being treated, the surface may be dis-
posed at any desired angle with the surface of
the wave transmitter or the direction of propa-
gation of the sound waves adjacent thereto.
Such an angular relationship-tacilitates the uni-
form polishing of surfaces of irregular form, and
the treating of such irregular surfaces as well as
plane surfaces may be facilitated by providing
the face of the wave transmitter adjacent the
surface being treated with corrugations, chan-
nels, or any desired pattern of irregularities. The
transmitters 28, $0 and 14 may be spaced as close
as desired to the surfaces 13, §9, and 82, respec-
tively, to be treated so long as there is between
them fluid containing surface finishing elements
suspended therein. This spacing is preferably of
the order of a fraction of an inch.

While the embodiments of the apparatus of
my invention hereinbefore illustrated and de-
scribed are fully capable of accomplishing the
objects, and providing the advantages, and per-
forming the method of my invention primarily
stated, there are various other embodiments
capable of accomplishing these objects and pro-
viding these advantages, and performing the
method of my invention, and I therefore wish

burnishing and local surface heating is the cir- 7§ my invention to be understood as not restricted
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to the specific embodiments of the apparatus or
the specific method hereinbefore described, but

as including all of the modifications thereof’

which come within the scope of the claims which
follow. ,

I claim as my invention: .

1. The method of treating the surface of a
article, which involves the use of a wave generator
and a transmitter with connecting means be-
tween them, and which includes the steps of:
positioning the transmitter adjacent the surface
to be treated; positioning a body of fluid in con-
tact with such surface and the transmitter; sus-
pending cutting elements in the fluid; position-
ing the generator more remote from such surface
than the transmitter; vibrating the transmitter
by the transmission from the generator to the
transmitter of waves of condensation and rare-
faction in the connecting means characterized
by their travel at the speed of sound; and rapidly
oscillating the cutting elements while in contact
with such surface by the drag of molecules of the
fluid moving In a wave pattern propagated by
variations in the viscosity shear stress in the
fluld induced by the vibrations of the transmit-
ter.

2. The method of treating the surface of an
article, which method involves the use of a wave
transmitter and a wave generator, and which in-
cludes the steps of: positioning the transmitter
adjacent the surface to be treated; positioning
& body of fluid in contact with such surface and
the transmitter; suspending cutting elements in
said fluid between such surface and the trans-
mitter; positioning the wave generator spaced
from the transmitter and such surface; oscillat-
ing the transmitter by waves from said genera-
tor characterized by their travel from said gen-
erator to said transmitter at the speed of sound;
and rapidly oscillating such elements while in
contact with such. surface by the oscillations of
the transmitter transmitted to such suspended
elements by the fluid.

3. The method of treating the surface of an
article, which method involves the use of a wave
transmitter and a wave generator, and which in-
cludes the steps of: positioning the transmitter
adjacent the surface to be treated; positioning a
body of fluid in contact with such surface and
the transmitter; suspending cutting elements in
said fluid between such surface and the trans-
mitter; positioning the wave generator spaced
from the transmitter and such surface; oscillat-
ing the transmitter by waves from said gen-
erator transmitted to the transmitter under con-
ditions of resonance; and rapidly oscillating such
elements while in contact with such surface by
the oscillations of the transmitter transmitted
to such suspended elements by the fluid.

4. The method of freating the surface of an
article, which method involves the use of a wave
transmitter and a wave generator, and which in-
cludes the steps of: positioning the transmitter
adjacent the surface to be treated; positioning a
body of fluid in contact with such surface and
the transmitter; suspending cutting elements in
said fluid between such surface and the trans-
mitter; positioning the wave generator spaced
from the transmitter and such surface; oscillat-
ing the transmitter by waves from said genera-
tor transmitted through such fluid and charac-
terized by their travel through such fluid at the
speed of sound; and rapidly oscillating such ele-
ments while in contact with such surface by the
oscillations of the transmitter transmitted to
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such elements through said fluid in which they
are suspended.

5. The method of treating the surface of an
article, which method involves the use of a wave
transmitter and a wave generator with connect-
ing means between them, and which includes
the steps of : positioning the transmitter adjacent
the surface to be treated; positioning a body of
fluid in contact with such surface and the trans-
mitter; suspending cutting elements in said fluid
between such surface and the transmitter; posi-
tioning the wave generator spaced from the
transmitter and such surface; oscillating the
transmitter by waves from said generator trans-
mitted thereto by movement of particles of the
connecting means transversely of the direction
of such transmission and characterized by their

_ travel at the speed of sound; and rapidly oscil-

20

25

30

35

40

45

50

860

85

70

(£]

lating such elements while in contact with such
surface by the oscillations of the transmitter
transmitted to such elements through said fluid
in which they are suspended. }

6. The method of treating the surface of an
article, which method involves the use of a
wave transmitter and a wave generator with con-
necting means between them, and which includes
the steps of: positioning the transmitter adjacent
the surface to be treated; positioning a body of
fluid in contact with such surface and the trans-
mitter; suspending cutting elements in said fluid
between such surface and the transmitter; posi-
tioning the wave generator spaced from the
transmitter and such surface; oscillating the
transmitter by waves from said generator trans-
mitted thereto by movement of particles of the
connecting means parallel to the direction of such
transmission and characterized by their travel at
the speed of sound; and rapidly oscillating such
elements while in contact with such surface by
the oscillations of the transmitter transmitted to
such elements through said fluid in which they
are suspended.

7. The method of treating the surface of an
article, which method involves the use of a wave
generator and a transmitter, and which includes
the steps of: positioning the transmitter adja-
cent the surface to be treated; moving a stream
of fluid between and in contact with such sur-
face and the transmitter; suspending cutting ele-
ments in the stream; positioning the generator
spaced from the transmitter and such surface;
rapidly oscillating the transmitter by waves from
the generator characterized by their travel! be-
tween said generator and said transmitter at the
speed of sound; and rapidly oscillating the cut-
ting elements while in contact with such sur-
face by the oscillations of the transmitter trans-
mitted to such elements through said fluid in
which they are suspended.

8. The method of treating the surface of an
article, which method involves the use of a wave
generator and a transmitter, and which includes
the steps of: positioning the transmitter adja-
cent the surface to be treated; moving a stream
of fluid between and in contact with such sur-
face and the transmitter; suspending cutting ele-
ments in the stream; positioning the generator
spaced from the transmitter and such surface;
rapidly oscillating the transmitter by waves from
the generator characterized by their travel be-.
tween said generator and said transmitter at the
speed of sound; and rapidly oscillating the cut-
ting elements in directions substantially parallel
to the path of such stream while in contact with
such surface by the oscillations of the transmit-
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ter transmitted to such elements through said
fluid in which they are suspended.

9. The method of treating the surface of an
article having spaced projections thereon, which
method involves the use of a wave generator and
wave transmitter, and which method includes the
steps of: positioning the transmitter adjacent
such surface; positioning a body of fluid in con-
tact with such surface and the transmitter; sus-
pending in the fluid cutting elements of dimen-
sions greater than the space between adjacent
projections on such surface; positioning the gen-
erator at a greater distance from such surface
from the transmitter; rapidly oscillating the
transmitter by waves from the generator travel-
ing between said generator and said transmitter
at the speed of sound; and rapidly oscillating
such cutting elements in contact with such sur-
face by the oscillations of contacting particles
of the fluid induced by the oscillations of the
transmitter.

10. The method of treating the surface of an
article, which method involves the use of a wave
generator and transmitter, and which includes
the steps of: positioning the transmitter adja-
cent the surface to be treated; positioning a body
of liquid in contact with the transmitter and
such surface; suspending cutting elements in the
liquid; positioning the generator more distant
from such surface than the transmitter; rapidly
vibrating the transmitter in response to waves
from the generator characterized by their travel
between said generator and sald transmitter at
the speed of sound; and rapidly oscillating such
elements substantially parallel to such surface
while in contact with such surface by the oscil-
lations of contacting particles of the liquid in-
duced by the vibrations of the transmitter. )

11. The method of treating the surface of an
article, which method involves the use of g wave
generator and transmitter, and which includes
the steps of: positioning the transmitter adja-
cent the surface to be treated; positioning a body
of liquid in contact with such surface and the
transmitter; suspending cutting elements in the
liquid; positioning the generator more distant
from such surface than the transmitter; induc-
ing rapid relative vibratory motion of such sur-
face and the transmitter by waves from the gen-
erator characterized by their travel between said
generator and said transmitter at the speed of

sound; and rapidly oscillating the cutting ele-.

ments while in contaet with such surface by such
vibratory motion transmitted to such elements
through the liquid in which they are suspended.

12. The method of treating the surface of an
article, which method involves the use of a wave
transmitter and a wave generator, and which in-
cludes the steps of: positioning the transmitter
adjacent the surface to be treated; positioning
a body of fluid in contact with such surface and
the transmitter; suspending surface treating ele-
ments in said fluid between such surface and the
transmitter; positioning the wave generator
spaced from the transmitter and such surface;
oscillating the transmitter by waves from said
generator characterized by their travel between
sald generator and said transmitter at the speed
of sound; and rapidly oscillating such elements
while in contact with such surface by the oscil-
lations of the transmitter transmitted to such
elements through the fluid in which they are sus-
pended. .

13. The method of treating the surface of an
article, which method involves the use of a wave
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generator and transmitter, and which includes
the steps of: positioning the transmitter adja-
cent the surface to be treated; positioning a body
of liquid in contact with such surface and the
transmitter; suspending cutting elements in the
liquid; positioning the generator more distant
from such surface than the transmitter; induc-
ing rapid relative vibratory motion of such sur-
face and the transmitter by waves from the gen-
erator characterized by their travel between said
generator and said transmitter at the speed of
sound; rapidly oscillating the cutting elements
while in contact with such surface by such vibra-
tory motion; and amplifying the oscillatory move-
ment of the elements by waves in the liquid char-
acterized by their travel in the liquid at the speed
of sound.

14. The method of treating the surface of an
article, which method involves the use of a wave
generator and transmitter, and which includes
the steps of: positioning the transmitter adja-
cent the surface to be treated; positioning a body
of liquid in contact with such surface and the
transmitter; suspending cutting elements in the
liquid; positioning the generator more distant
from such surface than the transmitter; indue-
ing rapid relative vibratory motion of such sur-
face and the transmitter by waves from the gen-
erator characterized by their travel between said
generator and sald transmitter at the speed of
sound under conditions of resonance; rapidly os-
cillating the cutting elements while in contact
with such surface by such vibratory motion; and
amplifying the oscillatory movement of the ele-
ments by waves in the liquid characterized by
their travel in the liquid at the speed of sound
under conditions of resonance,

15. In an apparatus for treating the surface of
an article, the combination of: a transmitter;
means supporting said transmitter adjacent the
surface to be treated; a fluid contacting said
transmitter and such surface; surface treating
elements in said fluild supported by said fluid;
wave generating means; and means adapted for
transmitting waves of alternate compression and
tension impulses therein from said generating
means to said transmitter to oscillate said ele-
ments in contact with such surface by oscillating
particles of said fluid in which they are suspended.

16. In an apparatus for treating the surface of
an article, the combination of: a vibration gen-
erator; a wave transmitter; means so supporting
said transmitter adjacent the surface to be
treated that said transmitter may reciprocate rel-
ative to such surface; a liquid contacting said
transmitter and such surface; surface treating
elements in said liguid supported only by said
liquid; and a body of liquid connecting said vibra-
tion generator and sald transmitter, the space
between said generator and sald transmitter
being so related to the frequency of the vibrations
generated by said generator that such vibrations
induce the travel of waves of condensation and
rarefaction of the liquid between said genera.or
and said transmitter under conditions of reso-
nance to oscillate rapidly said elements in contact
with such surface by oscillations of contacting
particles of the liquid induced by vibrations of
said transmitter.

17. In an apparatus for removing material
from a solid body: a tool comprising a rod-

. shaped element having a free end; means for

™

setting the element into sustained longitudinal
vibration causing said end to oscillate at high
frequency and minute amplitude; a separate op-
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erative tool portion; means for interposing a liq-
uid between said oscillating end and said sepa-
rate tool portion for transmitting the oscillations
to said tool portion; a fluid body interposed be-
tween said tool portion and said solid body; and
surface treating elements in and supported by
said fluid body for oscillation in contact with said
solid body under influence of oscillations received
and transmitted by said tool portion.

18. In an apparatus for removing material
from a solid body; a tool comprising a rod-
shaped element having a free end; means for
setting the element into sustained longitudinal
vibration causing said end to oscillate at high
frequency and minute amplitude, a separate op-
erative tool portion; means for interposing a
vibratable liquid column between said oscillating
end and said separate tool portion for transmit-
ting the oscillations to said tool portion; means
for interposing a fluid body between said tool
portion and said solid body; & fluid body so inter-
posed between said tool portion and solid body;
and surface treating elements in and supported
by said fluid body for oscillation in contact with
said solid body through the agency of said oscil-
lations transmitted to said tool portion and im-
parted thereby to sald fluid body.

19. The method of treating the surface of an
article to remove material from the article and
impart a predetermined contour to the treated
region, and which involves the use of a wave gen-
erator and a transmitter including an elongated
tool member, which comprises: imparting to an
end portion of the tool member a contour corre-
sponding in reverse to the contour desired, apply-
ing said tool to the surface to be treated, with
said end portion adjacent to said surface, while
holding said tool and surface against relative
rotation, posiltioning a body of fluid in contact
with such surface and the end portion of the tool
member, suspending cutting elements in said
fluid between said surface and the end portion
of the tool member, oscillating said end portion
of said elongated tool member by waves of com-
pression and tension travelling from said gener-
ator longitudinally through said tool member
characterized by their travel from said generator
to and longitudinally through said tool member
at the speed of transmission of longitudinal elas-
tic vibrations in said tool member, thereby en-
gendering atl the area of contact a relative oscil-
lation between tool and surface of high frequency
and minute amplitude and having a component
of movement perpendicular to said surface, and
said relative oscillation rapidly oscillating said
cutting elements while in contact with such sur-
Jace by the oscillations of the tool member trans-
mitted fo such elements by the fluid, thereby
maintaining a force of impact of said elements
against said surface.

20. The method of treating the surface of a
hard non-ylelding solid body to remove material
therefrom, and which involves the use of a wave
generator and a rod member and itransmitter,
which comprises: positioning said transmitier
adjacent the surface to be treated, positioning a
body of fluid in contact with such surface and
said transmilter, suspending particles of abrasive
in said fluid between said surface and said trans-
mitter, and oscillating said transmitter by com-
pression impulses travelling in said rod member
characterized by their travel from said generator
to and longitudinally through said rod member
at the speed of transmission of longitudinal elas-

tic vidrations in said rod member, the oscillations 75
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of said transmitter being transmitted through
the fluid so as to rapidly oscillate said particles
of abrasive while in contact with said surface,

‘thereby maintaining a force of impact of said

particles against said surface.
21. The subject mailter of claim 15, wherein
said means for transmitting waves of alternate

- compression and tension impulses includes an
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elastic rod having a free oscillatory end, and
said transmitter comprises an operative tool ele-
ment driven from said free oscillatory end of
said elastic rod. .

22. The subject matter of claim 15, wherein
said transmitter is positioned and oscillated by
said transmitied waves so as to have a compo-
nent of oscillatory motion towards and from said
surface and acts to maintain an impacting force
between said particles and said surface.

23. The subject matter of claim 15, wherein
said transmitter is positioned and oscillated by
said transmiited waves to have a component of
oscillatory motion to and from said surface, and
wherein said generator and transmitier are so
constructed and arranged that when operated
in their normal and intended manner, said trans-
mitter will oscillale at minute amplitude at a
frequency above 1000 cycles per second, said os-
cillating transmitier maintaining an impacting
force between said particles and said surface act-
ing in a direction substantially parallel with said -
transmitter oscillation.

24. A process for cutting material from a 3olid
body, which comprises: setting up sustained

- compressional vibrations in a longitudinal direc~
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tion in an elastic, free-ended vibration transmit-
ting rod having operatively combined with its
Jree end portion an operative tool element os-
cillated by the longitudinal vibration of the rod,
establishing the frequency of said vibrations at
a value higher than the quotient comprising the
speed of sound divided by four times the length
of the rod, whereby the rod is caused to alter-
nately elastically elongate and contract at such
frequency and within ils elastic range, position-
ing said operative tool element adjacent the body
to be cut, and positiontng a Nuid suspension of
cutting elements in contact with said body and
said operative tool element, whereby said cutting
elements are rapidly oscillated while tn contact
with said body by the oscillations of said tool
element transmitied to the suspended cutting ele~

ments by the fluid.
. ALBERT G. BODINE, Ja,
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