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The present invention relates to a method of oscil-

lating an ultrasonic vibrator for use in ultrasonically

cleaning (including deburring) workpieces immersed in a

cleaning solution.

a cleaning solution in a cleaning tank,

For ultrasonically cleaning workpieces immersed in

it has been customary

to apply a periodic voltage signal to an ultrasonic vibrator

having a piezoelectric element, the periodic voltage
having a frequency equal to the natural frequency of

trasonic vibrator,

signal

the ul-

to oscillate the ultrasonic vibrator at

its natural frequency for thereby radiating an ultrasonic en-

ergy into the cleaning solution.

ergy produces a cavitation in the cleaning sOlutibn,

mersed in the cleaning solution.

It is generally known that the cavitation

The radiated ultrasonic en-

Which

generates shock waves to clean and deburr the workpieces im-

in the

cleaning solution appears at a depth depending on the fre-

quency of the radiated ultrasonic energy, i.e.,

the natural

frequency (resonant frequency} of the piezoelectric element

of the ultrasonic vibrator. More specifically, when

the ul-

trasonic energy is radiated from the bottom of the cleaning
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soni c vibrator having a piezoelectric elenent, the peri qdisShecias Bea Rey I
havi ng a frequency equal to the natural frequency of the
vibrator, to oscillate the ultrasonic vibrator at its nat m ﬁm}iﬁor
thereby radiating an ultrasonic energy into the cleaning ut'ron. e
radi ated ul trasoni c energy produces a cavitation in the cleaning solution,
whi ch geneamk elsowdmot kt lvia s flagec [lear land theucteamngosdipitaers immilvesed i n
the cleaning solution. It is generally known that the cavitation in the
cl ean- cleaning tank, the cavitation is produced intensively at a
depth equal to a quarter wavelength, and also at depths posi-
tioned successively at half wavelength intervals from that
depth toward the bottom of the cleaning tank.
For uniformly cleaning and deburring the workpieces
immersed in the cleaning solution, it is preferable to gener-
ate the cavitation uniformly in the cleaning solution without
being dispersed in the cleaning solution. To generate the
cavitation uniformly in the cleaning solution, it is desir-
able to radiate the ultrasonic enerqgy at a higher frequency.
It is also generally known that the highexr the frequency of
the radiated ultrasonic energy, the more the ultrasonic en-
ergy is attenuated in the cleaning solution, resulting in a
lowered cavitation effect. For effective cleaning or debur-
ring of the workpieces, therefore, it is preferable to radi-
ate the ultrasonic energy at a lower frequency. Since the
generation and effect of the cavitation vary depending on the
frequency of the ultrasonic energy, the frequency of Fhe ul-
s trasonic energy should be selected in view of the purpose for
which the workpieces are to be cleaned and the degree to
which the workpieces are to be cleéﬁed. For example, if a
stronger cleaning capability is desirable, then the ultra-
sonic energy should be applied at a lower frequency. If the
workpleces to be cleaned are fragile, then the ultrasonic en-
ergy should be applied at a higher fregquency in order to pre-

vent the workpieces from being damaged by the cavitation.



ing solution appears ‘at a depth depending on the fr eFhis Beén Replaced
radi ated ultrasonic energy, i.e., the natural fredquen

frequency) of the piezoelectric ele- nment of the ultr [ r. More

specifically, when the ultrasonic energy is radiated fromthe bo m of the
cleaning tank toward the surface |level of the cleaning solution in the

cl eani ng tank, the Herdvest i oleireé pnoddtesdsppiensihedtonthavyidepteh sdqual to a

quarter wavel ength, and also at depths_positioned successively at half
wave- | erfgtth HattedaltseAigRcyhat aept hlrerirdf e psttvgmlof requency,

the above requirements cannot be satisfied under various con-
ditions.

One solution has been to employ an ultrasonic vi-
brator having a plurality of piezoelectric elements having
respective different natural frequencies, and repeatedly ap-
ply a plurality of signals having frequencies equal to the
natural frequencies to the respective piezoelectric elements
for respective periods of time. Therefore, ultrasonic ener-
gles are radiated at different frequencies from the single
ultrasonic vibrator into the ultrasonic solution.

When the ultrasonic energies are radiated into the
ultrasonic solution, cavitations are produced at relatively
close depths, respectively, in the cleaning solution. &as a
result, the cavitations are distributed comparatively uni-
formly in the cleaning solution, and it is possible to obtain
an effective cavitation effect primarily based on those ul-
trasonic energies which have lower frequencies. A suitable

\— choice of periods of time for which the ultrasonic energies
having different frequencies are radiated is effective to
serve different purposes for which ﬁorkpieces are to be
cleaned.

The ultrasonic vibrator with plural piezoelectric
elements having respective different natural frequencies,
however, is difficult and expensive to manufacture. Another

problem is that the cavitation distribution becomes unstable



cleaning tank. For uniformy cleaning and deburring the WRit3heet Replaced
I mrersed in the cleaning solution, it is preferable to ge Hﬂ ﬂ
cavitation uniformy in the cleaning solu- tion without b in

the cl eaning solution. To 2 generate the cavitation uniformy in the

cl eani ng sol u- . , ,
because the natural frequencies of the piezoelectric elements

tend to vary due to the heat produced thereby when the ultra-
sonic vibrator is oscillated. Consequently, it has been dif-
ficult to clean and deburr the workpieces uniformly with the
cavitations.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention
to provide a method of oscillating an ultrasonic vibrator
which has a single natural frequency to easily generate uni-
form cavitations in various positions in a cleaning solution.

Another object of the present invention is to pro-
éide a method of oscillating an ultrasonic vibrator to obtain
a cavitation distribution suitable for the type of workpieces
to be cleaned and the purpose for which the workpieces are to
be cleaned.

As a result of various studies, the inventofs have
found out that when an ultrasonic wvibrator having a single
natural frequency 1is oscillated with a drive signal having a
frequency equal to either the natural frequency or an inte-

N gral multiple of the natural frequency, it is possible to
produce a cavitation sufficiently effectively in a cleaning
solution. More speqifically, a plufality of drive signals
having respective different frequencies each equal to an in-
tegral multiple of the natural frequency of the ultrasonic
vibrator are applied, one at a time, to the ultrasonic vibra-

tor for a suitable period of time. At this time, the ultra-

sonic vibrator successively radiates ultrasonic enexrgies hav-



tion, it is desirable to radiate the ultrasonic energy athi it facBeen Replaced
frequency. It is also generally known that the higher thei , gﬂ ’i’bhe

radi ated ultrasonic energy, the nore the ultrasonic energ in
the cleaning solution, resulting in a lowered cavitation effect. For
effective cleaning or deburring of the work- pieces, therefore, it is

pr ef er abl érgothadrasreehbve| 4% g Exepyensies Eaherthe cglRIRINYI Since the

generation and,effect of the cavitat,ion van¥adepending on the, frequency of

the ultraSBhPtieRet gy, TRHECRY RIRING 6 CBHétaFtPRSoAPEresPonding to

the ultrasonic energies having the respective different fre-
quencies, with the result that the cavitations are combined
into a uniform cavitation in the cleaning solution. It has
been found out that when each of the frequencies of the drive
signals applied to the ultrasonic vibrator is a multiple by
an odd number of the natural frequency of the ultrasonic vi-
brator, a uniform cavitation can effectively be produced-in
the cleaning solution,

According to the present invention, there is pro-
vided a method of oscillating an ultrasonic vibrator having a
single natural frequency for radiating ultrasonic energy into
a cleaning solution, comprising the steps of (a) generating a
plurality of oscillating signals having respective.different
frequencies which are integral multiples of the naturél fre-
guency of the ultrasonic vibrator, (b) switching between and
outputting the oscillating signals for respective periods of
time thereby to generate a composite signal which is composed

N of a time series of the oscillating signals, and {(c) applying
the composite signal as a drive signal to oscillate the ul-
trasonic vibrator.

When the composite signal is applied to the ultra-
sonic wvibrator, the ultrasonic vibrator radiates a time se-
ries of ultrasonic energies having different frequencies for
the respective periods of time into the cleaniﬁg solution,

based on the frequencies of the oscillating signals contained



energy should be selected in view of the purpose for whi s
are to be cleaned and the degree to which the workpi eces red.
For exam ple, if a stronger cleaning capability is desir {

ultrasonic energy should be applied at a lower fre- quency. If the
wor kpi eces to be cleaned are fragile, then the ultrasonic energy should be
appl i ed ainathegherresibte rignad | n hedepdiatpdevihraspeiqmrngieass from
bei ng damaged by the cavitation. However, where an ultrasonic vibrator
havi ng a Sfpse ¢avitations to be produced in the cleaning solution,

which are combined into a uniform distribution of cavitations
in the cleaning solution,

The oscillating signals may be outputted
consecutively for the respective periods of time, or one of the os-
cillating signals may be outputted, and then after elapse of
a predetermined quiescent period, a next one of the oscillat-
ing signals may be outputted. At any rate, ultrasonic ener-
gies having frequencies corresponding to the frequencies of
the oscillating signals are radiated from the ultrasonic vi-
brator into the cleaning solution.

Each of the respective periods of time may prefer-—
ably be composed of an integral number of periods of the respective oscillating
signal to enable the ultrasonic vibrator to radiate ultra-
sonlic energies having frequencies corresponding to the fre-
quencies of the oscillating signals smoothly into the clean-
ing solution for the respective periods of time.

The respective periods of time may preferaply be

N’ varied for the respective oscillating signals to obtain a
cavitation distribution suitable for the purpose for which
workpieces immersed in the cleaning'solution are to be
cleaned or the type of the workpieces.

Preferably, a rectangular—-wave signal having the
same frequency as the composite signal may be applied to the

ultrasonic vibrator to oscillate the ultvasonic vibrator.

When the ultrasonic vibrator is thus energized with the rect-



v AP This Sheet Has Been Replaced
gle natural frequency is oscillated at the natural fre- (q e
requi rements cannot be satisfied under various conditionsIu Hl has
been to enploy an ultrasonic vibrator having a plurality

c
el ements hav- ing respective different natural frequencies, and repeat-

edly apply a_plurality, of signals, having frequencies equal to the natural
fr equenciPEYG T HEVReEHBRE L ve? pTELYEL NG | GTIY: 18 SfdicdepsLyYr 8PREEETe

per i ods qf, t1ey, THELE: L0 g ML A &, T80 Ao i3dlebgd ah o fferent

circuit arrangement for generating a rectangular—-wave signal
to energize the ultrasonic vibrator can simply be constructed
of a digital circuit or the like.

The frequencies of the oscillating signals may
preferably be multiples by odd numbers of the natural fre-
quency of the ultrasonic vibrator for producing a uniform distri-
bution of cavitations in the cleaning solution.

Generally, when a signal having a frequency which
is an integral multiple of the natural frequency of the ul-
.trasonic vibrator is applied to the ultrasonic vibrator, the
higher the freqguency, the greater the current which flows
into the ultrasonic vibrator. Preferably, therefore, the
step (c) may comprise the steps of amplifying the composite
signal, controlling an amplification factor for the coﬁposite
signal depending on the frequencies of the oscillating sig-
nals, and applying the amplified composite signal to the ul-
trasonic vibrator to oscillate the ultrasonic vibratqr, and

s wherein the step of controlling an amplification factor for
the composite signal comprises the step of reducing the am-
plification factor as the frequenciés of the oscillating sig-
nals are higher. 1In this manner, an excessive current is
prevented from flowing into the ultrasonic vibrator and an
amplifier which supplies the signal thereto, so that the ul-
trasonic vibrator is prevented from being damaded.

When the oscillating signals are combined into the



frequencies fromthe single ultrasonic vibrator into the en Replaced
solution. Wien the ultrasonic energies are radiated into t ﬁﬁﬂm
solution, cavitations are produced at relatively close dep

respectively, in the cleaning solution. As a 3 result, the caV|tat|ons
are distributed conparatively uni -

composite signal, and the composite signal is amplified and

applied to the ultrasonic vibrator, if the amplification fac-
tor for the oscillating signals remains constant, then since
the frequency of the signal applied to the ultrasonic vibra-
tor is abruptly changed at the time the oscillating signals
switch from one to another, the oscillation of the ultrasonic
vibrator tends to be disturbed, producing noise. Therefore,
it may be preferable to lower an amplification factor for the
composite signal when the oscillatin§ signals switch from one
to another, and thereafter progressively increase the ampli-
fication factor to a predetermined level. Accordingly, when
the oscillating signals switch from one to another, the sig-
nal applied to the ultrasonic vibrator increases progres-—
sively from a low level, with the result that the ultrasonic
vibrator is oscillated smoothly at the frequencies of the os-
cillating signals.
iIn the.step {a), a reference signal having a single
frequency which is substantially an integral multiple of the
natural frequency of the ultrasonic vibrator may be generated
N and frequency~divided'to generate the oscillating signals.
If the frequency of the reference signal remains constant,
then when the natural frequency of éhe ultrasonic vibrator
varies due to the heat thereof, for example, the current
flowing into the ultrasonic vibrator varies, tending to make
unstable the ultrasonic energies outputted from the ultra-

sonic vibrator. Therefore, it is preferable to adjust the

frequency of the reference signal depending on the level of a



formy in the cleaning sol'ution, and it is possible to obfhisSheshHas aced
cavitation effect primarily based on those ultrasonic ener F
| ower frequencies. A suitable choice of periods of tine fo

ultra- sonic energies having different frequencies are radiated is
effective to serve different purposes for which work- pieces are to be

cl eaned. cPy&egtt suppRiedvEpr bhorulfraspiin alibsegrgeliacerierete- nments
havi ng respective different natural frequencies, however, is difficult and

expensivéqPélﬁéﬁquﬁtﬁFéguencY of the reference signal with the inte-
gral multiple of the natural frequency of the ultrasonic wvi-
brator. Thus, the frequencies of the oscillating signals
contained in the composite signal applied to the ultrasonic
vibrator are equalized with the integral multiples of the
natural frequency of the ultrasonic vibrator, so that the ul-
trasonic energies outputted from the ultrasonic vibrator are
stabilized.at the respective frequencies of the ultrasonic
vibrator.

The above and other objects, features, and advan-
tages of the present invention will become apparent from the
following description when taken in conjunction with the ac-
companying drawings which illustrate preferred embodiments of
the present invention by way of example.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of an ultrasonic vibrat-
ing apparatus to which a method according to the present in-
vention is applied;

.\J FIGS. 2(a) through 2(d) are diagrams illustrative
of the manner in which the ultrasonic vibrating apparatus op-
erates;

FI1IGS. 3(a) through 3(¢) are diagrams illustrative
of the manner in which the ultrasonic vibrating apparatus op-
erates;

FIGS. 4(a) and 4(b) are diagrams illustrative of

the manner in which the ultrasonic vibrating apparatus oper-



Anot her problemis that the cavitation distribution beceEshes fss Bdek Replaced
because the natural frequencies of the piezoelectric ele ary
due to the heat produced thereby when the ultrasonic vi bag Iﬁ}]@ ﬂl
| ated. Consequently, it has been difficult to clean and
wor kpi eces uniformly with the cavitations. US-A-3 371 233 discloses a
mul tifreBbBfcy ultra- sonic apparatus. Rather than controlling a frequency
generator to produge the various TIEUNG S 3T kndiSh' 2552 which
was eroded when an ultrasonic vibrator of the ultrasonic vi-
brating apparatus shown in FIG. 1 is energized at a certain
frequency;
FIG. 5(b) is a plan view of an aluminum foil which
was eroded when the ultrasonic vibrator of the ultrasonic vi-
brating apparatus shown in FIG. 1 is energized at another
certain frequency; and .
FIG. 6 is a diagram of another example of signals
applied to the ultrasonic vibrator.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
As shown in FIG. 1, an ultrasonic vibrating appara-
tus to which a method according to the present invention is
applied includes an ultrasonic vibrator 1 having a single
natural frequency, which is of 25 kHz in the embodimenf shown
in FIG. 1, and an ultrasonic oscillating circuit 2 for oscil-
lating the ultrasonic vibrator 1. The ultrasonic vibrator 1
is of the Langevin type, for example, having a single piezo-
N electric element (not shown). The ultrasonic vibrator 1 is
fixedly mounted on the bottom of a cleaning tank 3 with a vi-
brating surface la held in contact ﬁith a cleaning solution 4
contained in the cleaning tank 3. |
The ultrasonic oscillating circuit 2, which consti-
tutes a central portion of_the ultrasonic vibrating appara-

tus, includes a reference signal oscillatpr 5 for generating

a reference signal {(rectangular-wave signal) having a high

- 10 -



| mpul ses are provided in a random fashion to one or nnré“n
transducers which resonate at their fundanental frequenC|
t he harnonics thereof in order to generate a w de band of

cl eaning frequencies. The inpul se or square wave eXC|tat|on |s app

H

eaf Re Iaced

the transducer which itself provides the frequency gov- ernlng elenents

rather thEFeqQIRNI¥edfuehoy fes@varal. hundreds kHz, "a plurality ©

(three in the illustrated embodiment) frequency dividers 6,

7, 8 for frequency-dividing the reference signal generated by

the reference signal oscillator 5, a switching circuit 9 for

switching and outputting output signals from the frequency

dividers 6, 7, 8 in a time-series fashion, an amplifier 10

for amplifying an output signal from the switching circuit 9

and applying the amplified signal to the ultrasonic vibrator

1, an output control circuit 11 for adjusting the gain of the

amplifier 10 depending on the frequency of the output signal

from the switching circuit 9, and a frequency adijusting cir-

cuit 12 for effecting fine adjustment on the frequency of the

signal generated by the reference signal oscillator 5 depend-

ing on an output current. from the amplifier 10, i.e.,

current supplied to the ultrasonic vibrator 1.

the

The frequency dividers 6, 7, 8 generate respective

oscillating signals a, b, ¢ {(see FIGS. 2(a) ~ 2(d)) having

different frequencies f£,, f;, f3, respectively, from the ref-

erence signal generated by the reference signal oscillator 5,

o’ each of the frequencies fj, £, f3 being an integral multiple

(including 1 times) of the natural frequency of the ultrastnic vibrator 1. For

example, the frequency divider 6 frequency-divides the refer-

ence signal generated by the reference signal oscillator 5

into the oscillated rectangular-wave signal a (see FIG. 2(a))

which has the same frequency £; (f; = 25 kHz) as the natural

frequency of the ultrasonic vibrator 1. .The ffequency di~

viders 7, 8 frequency-divide the reference signal generated

- 11 -



SUMVARY OF THE INVENTION It is therefore an object of therhpiSR&cHds Bedh de®N
to provide a nethod of oscillating an ultrasonic vibrator
single natural frequency to easily generate uniform cavi tamm% Emlgl mus
positions in a cleaning solution. Another object of the present n
Is to provide a nethod of oscillating an ultrasonic vibrator to obtain a
cavi t at i en thetrefrnsnre suigrgdl estédlehert jpend wie kpieiddating
rectangular-wave signals b, c¢ (sée FIGS. 2(b) and 2(c)) which
have the respective frequencies £3, f3 (f2 = 75 kHz, f3 = 125
kHz) that are three and five times, respectively, the natural
frequency of the ultrasonic vibrator 1. The oscillating sig-
nals a, b, c generated by the respective frequency dividers
6, 7, 8 are held in synchronism with each other,
The switching circuit 9 repeatedly outputs the os-
cillating signals a, b, c generated by the respective fre-
quency dividers 6, 7, 8 successively over respective periods
of time, thereby generating a composite signal d (see FIG.
2(d}) for energizing the ultrasonic vibrator 1. More specif-
ically, the switching circuit 9 first outputs the oscillating
signal a for a period of time tj; that is an integral multiple
of the period of the oscillating signal a from an initial
positive—-going edge. Thereafter, the switching circuif 9
outputs the oscillating signal b for a period of time ty that
is an integral multiple of the period of the oscillating sig-
nal b, and then outputs the oscillating signal ¢ for a period
o’ of time t3 that is an integral multiple of the period of the
oscillating signal c¢. The switching circuit 9 subsequently
repeatedly outputs the oscillating éignals a, b, ¢ succes-
sively, thus generating the composite signal d. Therefore,
the composite signal d generated by the switching circuit 9
is composed of a time series of oscillating signals a, b, c

for respective periods of times t3, ta2, ta within each period

{= t3 + t2 + t3) thereof. Since the periods of times tj, tgz,

- 12 -



to be cleaned and the purpose for which the workpi eces ar B
As a result of various studies, the inventors have found o
ultrasonic vibrator having a si n- gl e natural frequency is

a drive signal having a frequency equal to either the natural frequency or

an integral .nultjple of the ural frequency, it is pos- S|ble to pr oduce
a caV|taf?oﬁoguv$$%?eﬁﬁ?yoiﬁéilﬂﬁ%ﬂﬂ flg ai ScPeafir n§ 36F LT has

specific cgg%% u{n%egréll %Imﬂéjerrl bt per%'& Bf htarYeI ggcu(igglem} s!&laqlsfa{,eg, eé;'txe——

frequenci

spectively, these oscillating signals a, b, ¢ have positive-
going edges occurring where they switch from one to another.

The periods of times tj, tz, t3 for which the os-
cillating signals a, b, ¢ are outputted can be varied.
Specifically, the switching circuit 9 has a plurality of
variable resistors 13, 14, 15 (see FIG. 1) for establishing
the periods of times ti, tz, tiz for the respective oscillating
signals a, b, ¢. The periods of times tj, t2, t3 can be set
to desired values by varying the resistances of the variable
resistors 13, 14, 15 through respective control knobs (not
shown). It is possible to set the periods of times ti, ta, t3
to "0". When the periods of times t3, tz, t3 are set to "0V,
the oscillating signals a, b, ¢ are not outputted from the'
switching circuit 9. |

In this embodiment, the periods of times tj;, ta, t3
are set to relatively short periods of time, e.g., 1 second,
0.5 second, and (.25 second, respectively.

N Operation of the ultrgsonic vibrating apparatus
will be described below.

The composite signal d oufputted from the switching
circuit 9 is amplified by the'éﬁplifier 10 and then applied
to the ultrasonic wvibrator 1. . .Inasmuch as the composite -signal
d is composed of a time series of oscillating signals a, b, ¢

of different frequencies for respective periodé of times

{also referred to as “output periods™) tj, t2, t3z within each

...13_.



equal to an integral nultiple of the natural frequency mis Sh&eHasl Rded

vi brator are applied, one at atine, to the ultrasonic v
suitable period of tine. At this time, the ultrasonic vi ively
radi ates ultra- sonic energies having the respective dif -

cies into the cleaning solution for thereby producing cavitations
cor r espore¢nied chedreafit s sisiscrdhedgabsvhavtheg thierasspie tvirationf dr ent

frequencies, with the result that the cavitations are conbined into a
un|forn1chﬁl?%ﬁ%kﬁ?§?9t%ﬂ9Qﬂ%§&ﬂeﬁ§ a6l throfirenrengtepedh thIRFGUt

lating signals a, b, ¢, and such successive oscillation at
the frequencies of the oscillating signals a, b, ¢ is re-
peated in the periods of the composite signal d. Because the
frequencies of the oscillating signals a, b, ¢ are integral
multiples of the natural frequency of the ultrasonic vibrator
1 and the oscillating signals a, b, c are successively out-
putted as a time series fér the respective output periods t,,
tz, t3 composed of unit periods of the oscillating signals a,
b, ¢, thus generating the periodic signal d, the ultrasonic
vibrator 1 can smoothly be oscillated at the successive fre-
quencies of the oscillating signals a, b, c. Accordingly, as
shown in FIGS. 3(a) through 3{c¢}, the ultrasonic vibrator 1
repeatedly radiates ultrasonic energies e, f, g having dif-
ferent frequencies into the cleaning solution 4 at relatively
short periods.
FIGS. 3{a) through 3(c) illustrate the ultrasonic
energies e, f, g, respectively, which correspond to the os-
N cillating signals a, b, ¢ whose frequencies f3, fp, £3 are 25
kHz, 75 kHz, and 125 kHz. The frequencies of the ultrasonic
energies e, f, g are the same as thé respective frequencies
of the oscillating signals a, b, ¢. The ultrasonic energies
e, £, g have respective wavelengths A3, Az, A3z. Cavitations
are intensively produced in the cleaning solution 4 at depths
indicated by the broken lines shown in FIGS. 3(a) through

3(c) which correspond to the wavelengths iy, Ay, A3.

- 14 -



t hat when each of the fre(:]uenci es of the drive signals aﬁjﬁiﬁ laced
ultrasonic vibrator is a nultiple by an odd nunber of the mﬁﬂgmrncy
of the ultrasonic vibra- tor, a uniformcavitation can ef
produced in the cleaning solution. 5 According to the present invention,
there is pro-
As the wavelengths A3, Az, A3 of the ultrasonic en-

ergies e, f, g, respectively, which correspond to the oscil-

lating signals a, b, ¢ differ from each other, the depths at

which the cavitations are produced by these ultrasonic ener-

gies e, f, g also differ from each other. With the output

periods tj, tz, t3 being relatively short, the cavitations

which correspond to the ultrésonic energies e, f, g are re-—

peatedly produced at short intervals of time. Consequently,

on the basis of a period of time that is sufficiently longer

than the output periods tj, tg, t3, the cavitations generated

in the cleaning solution 4 are distributed relatively uni-

formly therein. Thus, when workpieces {(not shown) are im-

mersed in the cleaning solution while the ultrasonic energies

e, f, g are being radiated therein, cavitations act on vari-

ous locations on the workpieces, effectively cleaning and de-

burring the workpieces. If an ultrasonic energy having a

fixed frequency were radiated into the cleaning solution for

a relatively long period of time, then air bubbles would be

attached to the surfaces of the workpieces immersed ;n the
s cleaning solution, tending to prevent the workpieces from be-

ing cleaned. According to the present invention, however,

the ultrasonic frequency is periodiéally varied to prevent

air bubbles from remaining attached to the surfaces of the

workpieces. Therefore, the workpieces can be cleaned highly

effectively.

In the above ultrasonic cleaning apparatus, it is

possible to vary the output periods ti, ta, t3 of the oscil-

...15..



vided a nmethod of oscillating an ultrasonic vibrator hav-Ths
natural frequency for radiating ultrasonic energy into a c '

Replaced
on

conprising the steps of (a) generating a plurality of osci
havi ng respective different frequencies which are integral rrultl- pl es o

the natural ,frequency of the uItrasonl c vibrator, éb wj tchin Lg bet ween and
out put t i hRE1RE BLEHF %t‘?'ngb'sﬁq £QYalr@oi st ipgshREL PYRT %%?ﬁ‘b‘ase’b? 34%% t her eby

to generateac S|tes ch is conposed of a tinme series of the
osci | | at Fhg Sl%okg%)‘é n‘ﬁl{% %eﬁé‘ef‘ﬁé gonposite

More specifically, the higher the ultrasonic fre-

quency, the greater the cavitation effect becomes. For exam-
ple, when relatively fragile workpieces are to be cleaned, it
is preferable to employ an ultrasonic energy having a higher
frequency in order to prevent the workpieces from being dam-
aged. Therefore, to clean fragile workpieces with the ultra-
sonic cleaning apparatus, the output period ti of the oscil-
lating signal a having the lowest frequency is sufficiently
shortened or reduced to 0", and the other ultrasonic ener-~
gies are radiated to clean the workpleces while avoiding dam-
age to the workpieces.

Conversely, when workpieces are to be cleaned for a
greater cleaning effect, the output periods t;, ty of the os-
cillating signals a, b having the lowest and second loﬁest
frequencies are set to relatively long values. In this man-
ner, the workpieces can be cleaned effectively.

In this embodiment, the oscillating signals a, b, ¢

Y for energizing the ultrasonic vibrator 1 and hence the com-
posite signal d are rectangular-wave signals. Consequently,
the ultrasonic vibrator 1 can be oséillated by the oscillat-
ing signals a, b, ¢ with a smooth response, so that the ul-
trasonic vibrator 1 can stabl§ be oscillated by the oscillat-
ing signals a, b, ¢. Use of the rectangular-wave signals
permits the ultrasonic vibrating apparatus to be compara-

tively simple in circuit arrangement.

- 16 -



vibrator radiates a tinme series of ultrasonic energies

frequen- cies for the respective periods of time into the cleani

solution, based on the frequencies of the oscillating sig- nals contained
in the conposite sif§RaPutPHE fadtu®bdeinetids ol c(s@r?e% s ldagdduehsi t ati ons

i n the. cleani sol ution, which are _conbined.into uni -
to be pr%ggcggin (amplgffcat{g% factor) of the amplifger 18 dependf;g

signal as a drive signal to oscillate the ultrasonic vil tHay BeeWAGhdgne
conposite signal is applied to the ultra- sonic vibrato Ilﬂgﬁﬁp o
[ t

on the frequencies of the oscillating signals a, b, ¢ succes-
sively outputted from the switching circuit 9, as follows:
Generally, the higher the frequency of the signal applied to
the ultrasonic vibrator 1, the larger the current flowing
into the ultrasonic vibrator 1 and the amplifier 10. If an
excessive current flowed into the ultrasonic vibrator 1 and
the amplifier 10, then they would be liable to be damaged.
According to this embodiment, the output control circuit 11
reduces the gain of the amplifier 10 to a lower level as the
frequency of the oscillating signal from the switching cir-
cuit 10 goes higher, for thereby preventing an excessive cur-
rent from flowing into the ultrasonic vibrator 1 and the am-
plifier 10 and hence protecting them from damage. _

When the oscillating signals a, b, c-supplied to
the amplifier 10 switch from one to anothex, the output con-
trol circuit 11 lowers the gain of the amplifier 10 to ap-
proximately "0¥, and thereéfter gradually increases the gain

\r! of the amplifier 10 to amplification factors commensurate
with the respective frequencies-of the oscillating signals a,
b, c¢. Specifically, if the gain of.the amplifier 10 were of
a constant level corresponding té the frequency of one of the
oscillating signals a, b, ¢ from the time oscillating signals
a, b, ¢ switch from one to another, then since the frequency
of the signal appiied to the ultrasonic vibrator 1 woqld be

abruptly varied, the oscillation of the ultrasonic vibrator 1

- 17 -



formdistribution of cavitations in the cleani ng sol uti ofﬁhlsmfiasbeeh
signals may be outputted consecu- tively for the respectl
time, or one of the oscillating signals may be outputted

el apse of a predeterm ned qui escent period, a next one of the OSCI atlng

?ngﬁgacﬂﬁéx¥g g 3%%&%@’@%ﬁﬁﬁébFaeqﬁﬁﬁé$é§$§$h%ﬂgﬂgégﬁﬁfaP?xéng|gnals are

radiated Jromdfe, Yo AR LR BLOLAL LD, L0ke YLANIN0 S WrpesbRch Of
10 is reduced to "0" when the oscillating signals a, b, c.
switch from one to another, as described above.
Consequently, right after the oscillating signals - a, b, ¢
switch from one to another, the level of the signal applied
to the ultrasonic vibrator 1 gradually increases from a low
level, permitting the ultrasonic vibrator 1 to start oscil-
lating smoothly at the frequencies of the oscillating signals
a, b, c.

In addition, the frequency adijusting circuit 12

{(see FIG. 1) effects fine adjustment on the oscillating fre-
quency {(frequency of the reference signal) of the reference
signal oscillator 5 depending on the current supplied from
the amplifier 10 to the ultrasonic vibrator 1. More specifi-
cally, when the ultrasonic vibrator 1 oscillates, the ﬁatural
frequency thereof generally varies slightly due to the heat
thereof. If the frequencies of the oscillating signals a, b,
c were fixed at all times, therefore, the current floying

v into the ultrasonic wvibrator 1 would be varied, causing the
ultrasonic vibrator 1 to output unstable ultrasonic energies.
According to this embodiment, the oécillating frequency of
the reference signal oscillator 5 is finely adjusted by the
frequency adjusting circuit 12 so as to maintain the current
flowing into the ultrasonic vibrator 1 at an optimum level
for thereby equalizing the frequencies of. the oécillating

signals a, b, ¢ with integral multiples of the actual natural

- 18 -
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oscillating signals snoothly into the cleaning solution for the respective
periods of tinme. . . '
frequency of the ultrasonic vibrator 1. 1In such a fine ad-

bly be conposed of an integral nunber of periods of theThi
oscillating signal to enable the ultrasonic vibrator to

justment process, the oscillating frequency of the reference
signal oscillator 5 is varied across its rated frequency at
.suitable time intervals until an oscillating frequency is de-
tected at which the current supplied to the ultrasonic vibra-
tor 1 is of a predetermined optimum level, e.g., a maximum
level. The frequency adjustment may be made depending on the
sound pressure of the ultrasonic energy that is radiated from
the ultrasonic vibrator 1 into the cleaning solution.

In the illustrated embodiment, the oscillating sig-
nals &, b, ¢ are successively switched and outputted for the
respective output periods ti, tz, t3 by the switching circuit
9. However, as shown in FIG. 6, quiescent periods ts4 may be
inserted between the output periods tj, t2, t3 of the oscil-
lating signals a, b, ¢, and the oscillating signals a, b, ¢
spaced by the quiescent periods t4 may be amplified and out-
putted to the ultrasonic vibrator 1. At this time, the ul-
trasonic vibrator 1 radiates ultrasonic energies having the
frequencies of the oscillating signals a, b, c intermittently

N for the respective output periods ti, tz, t3. In this case,
cavitations are also produced at different depths correspond-
ing to the frequencies of the osciliating signals a, b, ¢ in
the cleaning solution 4. The cavitations thus produced are
thus distributed relatively uniformly in the cleaning solu-
tion 4.

Wwhile the oscillating signals a, b, ¢ are periodi-

cally supplied in the named order to the ultrasonic vibrator

...19...



The respective periods of tine may preferably be varied f gpis placed
oscillating signals to obtain a cavitation distribution sui1
pur pose for which workpieces i Mmersed in the cleaning sol utfi
cl eaned or the type of the workpieces. Preferably, a rectangul ar-wave
signal havjng the me fre ncy as the conposite sjgnal be applied to
the ult rgs% !%S?/f%f%%rtlf%%ﬁyﬁoé’ﬁé f’ﬁg’rﬁquFai $Bnf eer]of‘g%l‘b?Eft%en t he
ul tr asonk ey YaBRELOT e L0 PR OIAGHa YL ], LB LoRinoy! Hpaue sional. a
driving éenergy

any optional or random order to the ultrasonic vibrator 1.

In the above ultrasonic cleaning apparatus, the
freguencies of the oscillating signals a, b, ¢ may basically
be integral multiples of the natural frequency of the ultra-
sonic vibrator 1. More preferably, the frequencies of the
oscillating signals a, b, ¢ should be multiples by odd num-
bers of the natural frequency of the ultrasonic vibrator 1.

The reasons for the odd multiples of the
natural frequency of the ultrasonic vibrator 1 will be de-
scribed below with reference to FIGS. 4(a) and 4(b).

FIG. 4(a) illustrates the waveforms of the ultra-
sonic energies e, f that are produced in the cleaning solu-
tion 4 by the respective oscillating signals a, b when the
frequencies of thé oscillating signals a, b are 25 kHz-(the
natural frequency of the ultrasonic vibrator 1) and 50 kHz
(twice the natural frequency of the ultrasonic vibrator 1).
The horizontal axis of the graph shown in FIG. 4(a) repre-

W sents the depth in the cleaning solution 4, whereas the ver-
tical axis represents the amplitude of the ultrasonic ener-
gies e, f. It is assumed in FIG. 4(5) that the waveforms of
the ultrasonic energies e, f have overlapping crests at a
depth Dg.

As can be seen from FIG. 4(a), where the frequency
of the oscillating signal b is twice {a multipié by an even

number of) the natural frequency of the ultrasonic vibrator

- 20 -



is efficiently inparted to the ultrasonic vibrator, which Tlm%eeaﬂ eenRe laced

oscillated. A circuit arrangenent for generating a rectangu

to energize the ultrasonic vibra- tor can sinply be constru

digital circuit or the i ke. The frequenmes of t he osmllatmg S|gnal
nber s natural fre- quency  of the

f- bI | odd
P o asonde. EhEP.PLESES, 83, Blie SR uOtOHR To tne e AR, BT a Ry L S0 ons
the cl eanj,1qe3 Wi Ole GEUEEALAYor WIED  SIANAl: RIS 2 # Loausngy whi ch

each other at depths Dj, Dz, for example. Therefore, a com-

posite waveform x composed of a combination of the waveforms
of the ultrasonic energies e, f is asymmetrical with respect
to the horizontal axis at the center of the amplitude. This
indicates that a distribution of cavitations that are pro-
duced by the combination of the ultrasonic energies e, f is
apt to become non—uniform. A similar asymmetrical composite
waveform will be produced if the frequency of the oscillating
signal ¢ is 100 kHz, which is four times the natural fre-
guency of the ultrasonic vibrator 1.

FIG. 4(b) illustrates the waveforﬁs of the ultra-
sonic energies e, f that are produced in the cleaning solu-
tion 4 by the respective oscillating signals a, b when the
frequencies of the oscillating signals a, b are 25 kHz.(the
natural frequency of the ultrasonic vibrator 1} and 75 kHz
(three times the natural frequency of the ultrasonic vibrator
1) . The horizontal axis of the graph shown in FIG. 4}b) rep-

S resents the depth in the cleaning solution 4, whereas the
vertical axis represents the amplitude of the ultrasonic en-
ergles e, £. It is assumed in FIG..4(b) that the waveforms
of the ultrasonic energies e, f have overlapping crests at a
depth Dgp.

As can be seen from FIG. 4(b}, where the frequency
of the oscillating signal b is three times (a mhltiple by an

odd number of) the natural frequency of the ultrasonic vibra-
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is an integral nultiple of the natural frequency of the ulf@sQm.Codth REAL
Is applied to the ultrasonic vibrator, the higher the freq

greater the current which flows into the ultrasonic vibrat }gm&ﬂm%al I
therefore, the step (c) may conprise the steps of anplifyi e
signal, controlling an anplification factor for the conposite signa
dependi n§°8n 1t hEPEReGHERES 3L OFNE HE BN &f A§esidhapsonafderdryyi®ig t he

amplified com posite sjgnal to the ultrasqQnic vihrator to qoscillate the
0l tr asonPES FEERESr O AR NS WARYETIRT IRF S, St SBSRPLS| PRRGIY £ overiap

each other. Therefore, a composite waveform y composed of a

combination of the waveforms of the ultrasonic energies e, f
is symmetrical with respect to the horizontal axis at the
center of the amplitude. This indicates that a distxyibution
of cavitations that are produced by the combination of the
ultrasonic energies e, f is apt to become uniform. A similar
symmetrical composite waveform will be produced if the fre-
quency of the oscillating signal ¢ is 125 kHz, which is five
times the natural frequency of the ultrasonic vibrator 1.

In view of the above analysis with reference to
FIGS. 4(a) and 4(b), the frequencies of the oscillating sig-
nals a, b, ¢ should preferably be.multiples by odd numbers of
the natural frequency of the ultrasonic vibrator 1.

While three oscillating sigrnals a, b, ¢ having dif-
ferent frequencies are employed in the above embodiment, more
oscillating signals having different frequencies may be em-
ployed to radiate corresponding ultrasonic energies ;pto the

Y, cleaning solution.

Actual cavitation effects that occurred when sig-
nals having frequencies which are iétegral multiples of the
natural frequency of the ultrasonic vibrator 1 were applied
to the ultrasonic vibrator 1 will be described below with
reference to FIGS. 5(a} and 5(b).

The inventors conducted an experimenf in which alu-

minum foils having a thickness of 7 Um were vertically im-
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an anplification factor for the conposite signal com pr F
reducing the anplification factor as the frequencies of t L
signals are higher. In this manner, an excessive current '

e

flowng into the ultrasonic V|brator and an anplifier mhlch supp

he . ultrasonic vibrator is prevented fro
Zgggggdtnﬁ;%ﬁg 30 thd tcltea%llfjlgtsofutzlton 4, and rectangular-wave sqb

nals having frequencies of 25 kHz and 50 kHz, which are equal
to and twice the natural frequency of the ultrasonic vibrator
_1, were separately applied to the ultrasonic vibrator 1, and
observed erosions developed on the aluminum foils. In the
experiment, the cleaning solution 4 was water and was deaerated until the
solution 4 had a dissolved oxygen content of 5.0 ppm, kept at a temperature
“of 24°C, and had a depth of 232 mmn. The eroded coditions of the aluminium foils
are shown in FIGS. 5(a) and 5(b), respectively. ‘
In FIGS. 5(a) and 5(b), hatched regions A show
holes produced in the aluminum foils, and stippled regions B
show erosions that were developed to a certain extent in the
aluminum foils. These eroded regions A, B indicate that cav-
itations are produced in the cleaning solution 4 at corre-
sponding depths therein.
As shown in FIG. 5(a), when the ultrasonic Qibrator
1 was energized at the same frequency (25 kHz) as the natural
frequency thereof, the eroded regions A, B appeared at depths
that are spaced by substantiallyhalf a wavelength. ?he ob-
N servation indicates that cavitations are intensively produced
at the depths that are spaced by substantially half a wave-
length. '
As shown in FIG. 5(b), when the ultrasonic vibrator
1 was energized at a ffequency (50 kHz) which is twice the
natural frequency thereof, the eroded regions A, B also ap-
peared at depths that are spaced by suhstantiélly half a

wavelength, indicating that cavitations are intensively pro-
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7 Wien the oscillating si.gnal s are conbined into the corrp&"él's n Replacgd
the conposite signal is anplified and applied to the ult raﬁhiﬁigﬂiﬁmmﬁ
if the anplification factor for the oscillating signals re
then since the frequency of the signal applied to the ultra- sonic vibrator
| 20U SR ol LU LA s oscllo el D SLanals i gl rom one
di sturbed,, RAYEH .| "InBOLICend "SE O Grdd s Y 1€ A1GHEFPLEAN R LOVEr an
than the extent of the erosions that were developed when the
ultrasonic vibrator 1 was energized at 25 kHz. However,
since erosions that were strong enough to form holes in the
aluminum foil are observed, it can be seen that cavitations
with a sufficient cleaning effect were produced when the ul-
trasonic vibrator 1 was energized at 50 kHz. The wavelength
of the ultrasonic energy generated when the ultrasonic vibra-
tor 1 was energized at 50 kHz was half the wavelength of the
ultrasonic energy generated when the ultrasonic vibrator 1
was energized at 25 kHz. Accordingly, the interval between
the depths at which intensive cavitations were produced when
the ultrasonic vibrator 1 was energized at 50 kHz is substan-
tially half that when the ultrasonic vibrator 1 was energized
at 25 kHz, indicating that the cavitations appeared at closer
depths in the cleaning solution.
Therefore, even when the ultrasonic vibrator 1 is
energized at a frequency that is twice the natural fgequency
s of the ultrasonic vibrator 1, it is possible to produce suf-
ficient cavitations required to clean workpieces immerséd in
the cleaning solution, and alsoc to éroduce cavitations at
depths different from those when the ultrasonic vibrator 1 is
energizéd at its natural frequency.
It thus follows that, as described above with re-

spect to the jllustrated embodiment, when the dltrasonic vi-

brator 1 is energized by a composite signal having a time se-
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anplification factor for the conposite signal when the 0%k $HeatlHaBees R S

swtch fromone to another, and thereafter progressively i
anplification fac- tor to a predeterm ned | evel. Accordin
oscillating signals switch fromone to another, the signal e

ultrasonic vibrator increases progres- sively froma lowlevel, with the
resul t tHds (He diififeassni ErenBrECELS| §hR% c7Te B Hdo N iRt ephet

frequenches oftis BIMAL 9L A2k2e A Dol S PhSRAR) 1 2 gfigience o ona
tions can be produced in a relatively uniform distribution in
the cleaning solution for a large cleaning effect on the
workplieces immersed in the cleaning solution.
Although certain preferred embodiments of the pre-
sent invention have been shown and described in detail, it
should be understood that various changes and modifications

may be made therein without departing from the scope of the

invention which is defined by the appended claims.
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frequency which is substantiall integral nultiple of '"t.h"é nat ur al
frequency of the ultrasonic vi b# me“imml!ﬂ ated andhi 1 Hed
to generate the oscil- lating si e ngquency of q
signal remains constant, then when the nat ural *f requency I i C
vibrator vari gslafiressto the heat thereof, for exanple, the current flow ng
into the ultrasonic vibrator varies, tending to nake unstable the
ul trasoni ¢ energi es but pldtreetiodnef hesuillasongcani biatasoniherefore, it
is preferable to adjust the frequenci/ of the reference sig-
vibrator having a single natural frequency for radiating
ultrasonic energy into a cleanihg solution, comprising
the steps of:
(a) generating a plurality of oscillating signals
having respective different frequencies which are
integral multiples of the natural frequency of the
ultrasonic vibrator;
(b) switching between and outputting said
— oscillating signals for respective periods of time
thereby to generate a composite signal which is composed
of a time series of said oscillating signals; and

(c) applying said composite signal as a drive

signal to oscillate the ultrasonic vibrator.

2. A method according to claim 1, wherein said
step (b) comprises the step of outputting said
oscillating signals consecutively for said respective

periods of time.

3. A method according to claim 1, wherein said
step (b) comprises the steps of outputting one of said
oscillating signals, and then after elapse of a
predetermined quiescent period, outputting a next one of

said oscillating signals.
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. - This Sheet Has Been Replaced
nal depending on the |evel of anﬂwuﬁmlrunﬁugiﬂmro the ul tor
in order to equalize the freque ®hce si gnalslluﬂﬂm |B
integral nultiple of the nat- ura f?edUeHcy of the ultra X
Thus, the fre- quencies of the oscillating signals contained in the

conposite signal apdied tiethed (Bageedme v brlkabn r ewkeuainzedchi ¢f the

integral nultiples of the natural fre- quency of the ultrasonic vibrator,
so that the ulgdigkgrggpective periods of timé is composed of an

integral number of periods of the respective oscillating

signal.

5. A method according to any preceding claim,
wherein said step (b} cowprises the step of varying said
respective periods of time for the respective

oscillating signals.

~ 6. A method according to any preceding claim,
wherein said step (¢) comprises the step of applying a
rectangular-wave signal having the same frequency as
said composite signal to the ultrasonic vibrator to

oscillate the ultrasonic vibrator.

7. A method according to any preceding claim,
wherein said frequencies of the oscillating signals are
odd multiples of the natural frequency of the ultrasonic

vibrator.

8. A method according to any preceding claim,
wherein said step (c¢) comprises the steps of amplifying
sald composite signal, controlling an amplification
factor for said composite signal depending on the
frequencies .of said oscillating signals, and applying
the amplified composite signal to tﬁe ultrasonic

vibrator to oscillate the ultrasonic vibrator, and
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8 energies outputted fromthe uIt are sta o R ee}“ mwd
respective frequencies of the ult lmﬂ mﬁlnllﬁﬂmﬁm The abo I
obj ects, features, and advan- tage$ of tthe"présent |nvent|
apparent fromthe follow ng description when taken in COﬂjUﬂCtIOﬂ mnth the
acconpanyi ng dttesiengs swidhetidp ust reort poklideraedawpbodioenisnofather
present invention by way of

for said composite signal comprises the step of reducing

the amplification factor as the frequencies of said

oscillating signals are higher.

9. A method according to any preceding claim,
wherein said step (c¢)comprises the steps of amplifying
said composite signal, lowering an amplification factor
for said composite signal when the oscillating signals
switch from one to another, and thereafter progressively

AN increasing the amplification factor to a predetermined

level,

10. A method according to any preceding claim,
wherein said step (a) comprises the steps of generating
a reference signal having a single frequency which is
substantially an integral multiple of the natural
frequency of the ultrasonic vibrator, adjusting the
frequency of said reference signal depending on the
level of a current supplied to the ultrasonic vibrator
in order to equalize the frequency of said reference
signal with the integral multiple of the natural
frequency of the ultrasonic vibrator, and frequency-
dividing said reference signal whose frequency has been

adjusted to produce said oscillating signals.



exanpl e. BRI EF DESCRI PTI ON OF THE DRAWNGS FIG 1 is a bl ock di agram of an

ul trasonic vibrating apparatus to which a nmethod accor di ngThiOSHed ®lad
invention is applied; FIGS. 2(a) through 2(d) are di agrans

i !
in which the ultrasonic vibrating appa- ratus op#'u’%‘mg{uﬁm
3(a) through 3(c) are diagrans illustrative of the manner in

t he manner

ul trasoni c vibrating appa-

ABSTRACT

METHOD OF OSCILLATING ULTRASONIC VIBRATOR

FOR ULTRASONIC CLEANING

An ultrasonic vibrator (1) has a single natural
frequency for radiating ultrasonic energy into a
cleaning solution (4) to clean and deburr workpieces
that are immersed in the cleaning solution. A plurality
of oscillating signals (a,b,c) having respective
different frequencies which are integral multiples of
the natural frequency of the ultrasonic vibrator are
generated, and successively outputted for respective
periods of time thereby to generate a composite signal
which is composed of a time éeries of the oscillating
signals. The composite signal is applied as a drive
signal to the ultrasonic vibrator to oscillate the
ultrasonic vibrator. The oscillating signals may be
outputted successively for said respective periods of
time or intermittently with quiescent periods inserted

therebetween.

[Fig. 11
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ratus operates; FIGS. 4(a) and 4(b) are diagrans illustrative of the manner
in which the ultrasonic vibrating apparatus operates; FIG 5(a) is a plan
view of an alum numfoil which was eroded when an ultrasoni VI brator of

the ultra- sonic vibrating apparatus shown in FIG 1 is ene n Replaced
certain frequency; FIG 5(b) is a plan view of an alum nume, # ’
eroded when the ultrasonic vibrator of the
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ultrasonic vibrating apparatus shown in FIG 1 is energized at anot her
certain frequency; and 9 FIG 6 is a diagram of anoﬂhesh fm

signals applied to the ultrasonic vibrator. DETAILED DE
PREFERRED ENMBCDI MENTS
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As shown in FIG 1, an ultrasonic vibrating appara- tus to which a nethod
according to the present inven- tion is applied includes an,

( . : . . ul rgsonic
vibrator 1 having a single natural frequency, which is of 2 eplaced
enbodi nent shown in FIG 1, and an ultrasonic oscillat- ing g, Fg!m
oscillating the ultrasonic vibrator 1. The ultrasonic vibrat ]

Langevin type, for exam ple, having a single piezoelectric elenent (not
shown). The ultrasonic vibrator 1 is fixedly nounted on the bot- tomof a
cleaning tank 3 with a vibrating surface 1 a held
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in contact wwth a cleaning solution 4 contained in the cleaning tank 3. The
ultrasonic oscillating circuit 2, which constitutes a central portion of
the ultrasonic vibrating apparatus, includes a reference giGhal HR%eid RBhQH
5 for generating a reference signal (rectangul ar-wave sign [ i gh
frequency, e.g., of several hundreds kHz, a plurality of (Eﬂuﬂgmﬂmr}%“}

Il lustrated enbodi nent) frequency dividers 6, 7, 8 for fre [ g

the reference signal gener- ated by the reference signal oscillator 5, a
switching cir-

FIG. 4(a)




cuit 9 for switching and outputting output signals fromthe frequency_____
dividers 6, 7, 8 in-a time-series fashion, an anplifier 10pf hed lifying
an output signal fromthe switching circuit 9 and appl yi ng Been Raplaced
signal to the ultrasonic vibrator 1, an output control circ ﬂﬁml
adjusting the gain of the anplifier 10 depending on the fre f |
out put signal fromthe switching circuit 9, and a frequency adjusting
circuit 12 for effecting fine adjustnent on the frequency of the signal
generated by the reference signal oscillator 5 dependi ng on an out put

FIG. 5(a)
UENCY :

R
ST T

FIG. 5(b)
REQUENCY ! 50KHz

Y ———
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10 Eurrent fromthe anplifier 10, i.e., the current supplied to the
ultrasonic vibrator 1. The frequency dividers 6, 7, 8 generate respective
oscillating signals a. b, ¢ (see FIGS. 2(a) - 2(d)) havi rnyis@hdef ias 8adn Replaced

frequencies [err] respectively, fromthe ref- erence signa Imrﬁmﬁ“tml '

t he reference signal oscilla-
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DATE OF RECEIPT .ooccvivirrrrinvecmeeceniones
The present invention rEINTES LU & WMeTHOAd OL OSCil—

lating an ultrasonic vibrator for use in ultrasonically
cleaning (including deburring) workpieces immersed in a

cleaning solution.

For ultrasonically cleaning workpieces immersed in
a cleaning solution in a cleaning tank, it has been customary
to apply a periodic voltage signal to an ultrasonic vibrator
having a piezoelectfic element, the periodic voltage signal
having a frequency equal to the natural frequency of the ul-
trasonic vibrator, to oscillate the ultrasonic vibrator at
its natural frequency for thereby radiating an ultrasonic en-
ergy into the cleaning solution. The radiated ultrasonic en-
ergy produces a cavitation in the cleaning solution, which
generates shock waves to clean and deburr the workpieces im-
mersed in the c¢leaning solution.

It is generally known thaé the cavitation in the
cleaning solution appears at a depthjaepending on the fre-
guency of the radiated ultrasonic energy, i.e., the natural
frequency (resonant frequency) of the piezoelectric element
of the ultrasonic vibrator. More specifically, when the ul-

trasonic energy is radiated from the bottom of the cleaning




| ating reéﬁﬁﬁﬁﬂﬁ@ﬂﬁ@ﬁé&ﬂﬁﬂ@nals b, ¢ (see FIGS. 2(b) and-2{€)) which have
-t he respégct silerr] 75 kHz,[err] 125 kHz) that ‘are three and
five tings, % tthe natural frequency of the ultrasonic vibrator
1. The osicif §&fﬁ§ é% als a, b, c generated by the respective frequency
di vi ders 6,1 iin syn- chronlsn1mnth each other. The sw tching
circuit 9 repeatedly out putis the oscit-2 lating signals a, b, c generated by
t he respectrrve~fre=qguency~di viders 6, 7, 8 successively over respective

tank toward the surface level of the cleaning solution in the
cleaning tank, the cavitation is produced intensively at a
depth equal to a quarter wavelength, and aléo at depths posi-
tioned successively at half wavelength intervals from that
depth toward the bottom of the cleaning tank.

For uniformly cleaning and deburring the workpieces
immersed in the cleaning solution, it is preferable to gener-
ate the cavitation uniformly in the cleaning solution without
being dispersed in the cleaning solution. To generate the
~cavitation uniformly in the cleaning solution, it is desir-
able to radiate the ultrasonic energy at a higher frequency.
It is also generally known that the higher the frequency of
the radiated ultrasonic energy, the more the ultrasonic en-
ergy is attenuated in the cleaning solution, resulting in a
lowered cavitation effect. For effective cleaning or debur-
ring of the workpieces, therefore, it is preferable to radi-
ate the ultrasonic energy at a lower frequency. Since the
generation and effect of the cavitation vary depending on the
frequency of the ultraéonic energy, the freqguency of ;he ul-
trasonic energy should be selected in view of the purpose fo;
which the workpieces are to be cleaned and the degree to
which the workpieces are to be cleaﬁed. For example, if a
stronger cleaning capability is desirable, then the ultra-
sonic energy should be applied at a lower frequeﬁcy. If the
workpieces to be cleaned are fragile, then the ultrasonic en-
ergy should be applied at a higher frequency in order to pre-

vent the workpieces from being damaged by the cavitation.

s
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peri ods of time, thereby generating a conposite signalj e - G—2td
for energizing the ultrasonic vibrator 1. Mre specifiggPtg*EkﬁEn;ﬁHLE

circuit 9 first outputs the oscillating signal a for eriod of Trme
that is an inte- gral multiple of the period of the o c'II;ﬂqid@T%%na
froman initial positive going edge. Thereafter, the tching ciTcui
outputs the oscillating signal b for a be?iod of tinejt Z2-ttrat—ts—an

integral nultiple of the period of the oscillating signal b, and then

ng

[err]

outputs the oscillating sig- nal ¢ for a period of tinme t3 that 15 an
integral multiple qfowever, where an ultrasonic vibrator having a sin-

gle natural frequency is oscillated at the natural frequency,
the above requirements cannot be satisfied under various con-
ditions.

One solution has been to employ an ultrasonic vi-
brator having a plurality of piezoelectric elements having
respective different natural frequencies, and repeatedly ap-
ply a plurality of signals having frequencies equal to the
natural frequencies to the respective piezoeiectric'elemehts
for respective periods of time. Therefore, ultrasonic ener-
gies are radiated at different frequencies from the single
ultrasonic vibrator into the ultrasonic solution.

When the ultrasonic energies are radiated into the
ultrasonic solution, cavitations are produced at relatively
close depths, respectively, in the cleaning solution. As a
result, the cavitations are distributed comparatively uni-
formly in the cleaning solution, and it is possible to obtain
N an effective cavitation effect primarily based on those ul-

trasonic energies which have lower frequencies. A suitable
choice of periods of time for which the ultrasonic energies
having different frequencies are radiated is effective to
serve different purposes for which Qorkpieces are to be
cleaned.

The ultrasonic vibrator with plural piezoelectric
elements having respective different natural frequencies,
however, is difficult and expensive to manufacture. Another

problem is that the cavitation distribution becomes unstable



the period of the oscillating signal c. The swi tching ci
Subsequently repeatedly outputs the oscillating signals
successively, thus generating the com posite signal d Thejfefore, thé
conposite signal d gen- erated by the switching circuit s;y@gngs$@ of
time series of oscillating signals a, b c for respectivp periods o é'

[er] within each period [err] 4 -
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because the natural frequencies of the piezoelectric elements
tend to vary due to the heat produced thereby when the ultra-
sonic vibrator is oscillated. Consequently, it has been dif-
ficult to clean and deburr the workpieces uniformly with the
cavitations.,

SUMMARY OF THE INVENTION

It is therefore an object of the present invention
to provide a method of oscillating an ultrasonic vibrator
which has a single natural frequency to easily generate uni-
form cavitations in various positions in a cleaning solution.

Another object of the present invention is to pro-
vide a method of oscillating an ultrasonic vibrator to obtain
a cavitation distribution suitable for the type of workpieces
to be cleaned and the purpose for which the workpieces are to
be cleaned.

As a result of various studies, the inventors have
found out that when an ultrasonic vibrator having a single
natural frequency is oscillated with a drive signal having a
frequency equal to either the natural frequency or an inte-
gral multiple of the natural frequency, it is possible to
produce a cavitation sufficiently effectively in a cleaning
solution. More specifically, a pluiality of drive signals
having respective different frequencies each equal to an in-
tegral multiple of the natural frequency of the ultrasonic
vibrator are applied, one at a time, to the ultrasonic vibra-
tor for a suitable period of time. At this time, the ultra-

sonic vibrator successively radiates ultrasonic energies hav-



thereof. Since the periods of tines [err]for which the os
a, b, c are outputted conprise an integral number of perilo
oscillating signals a. b, c, respectively, these oscilla

c have positive-going edges occurring where they switch fir
anot her. The periods of tinmes [err] for whi.ch the oscill gt

b. ¢ are outputted can be varied. Spectf¥--cally, the SMAtching circuit 9
1 L0

has a plurality of variable resistors 13, 14, 15 (see Fl G—4}-f-0f
eStab||Sh|n9néh€he respective different frequencies into the cleaning

solution for thereby producing cavitations corresponding to
the ultrasonic energies having the respective different fre-
quencies, with the result that the cavitations are combined
into a uniform cavitation in the cleaning solution. It has
been found out that when each of the frequencies of the drive
signals applied to the ultrasonic vibrator is a multiple by
an odd number of the natural frequency of the ultrasonic vi-
brator, a uniform cavitation can effectively be produced - in
the cleaning solution.

According to the present invention, there is pro-
vided a method of oscillating an ultrasonic vibrator having a
single natural frequency for radiating ultrasonic energy into
a cleaning solution, comprising the steps of (a) generating a
plurality of oscillating signals having respective.different
frequencies which are integral multiples of the naturél fre-
quency of the ultrasonic vibrator, (b) switching between and

A\ outputting the oscillating signals for respective periods of
time thereby to generate a composite signal which is composed
of a time series of the oscillating signals, and (c) applying
the composite signal as a drive signal to oscillate the ul-
trasonic vibrator.

When the composite signal is applied to the ultra-
sonic vibrator, the ultrasonic vibrator radiatéé a time se-~
ries of ultrasonic energies having different frequencies for
the respective periods of time into the ¢leaning solution,

based on the frequencies of the oscillating signals contained



periods of times [err] for the respective oscillating sigﬁ
periods of times t1, t2, t3 can be set to desired values b
resi stances of the vari- able resistors 13, 14, 15 throughjr

to "O'. Wen the periods of tines [err]
signals a, b, c are not out- putted frofh the switching cirfcult 9T th
enbodi ment, the periods of tinmes [err] are set to relativdaly.short periods
of tinme,

espective

e

knobs (not shown). It is possible to set the periods of t0Ugsber"

are set to "O', the joscillating

e.g., 1 second, 0.5
in the composite signal. The radiated ultrasonic energies

cause caQ;tations to be produced in the cleaning solution,
which are combined into a uniform distribution of cavitations
in the cleaning solution.

The oscillating signals may be outputted
consecutively for the respective periods of time, or one of the os-
cillating signals may be outputted, and then after elapse of
a predetermined gquiescent period, a next one of the oscillat-
ing signals may be outputted. .At any rate, ultrasonic ener-
gies having frequencies corresponding to the frequencies of
the oscillating signals are radiated from the ultrasonic vi-
brator into the cleaning solution.

Each of the respective periods of time may prefer-—

ably be composed of an integral number of periods of the respective oscillating

signal to enable the ultrasonic vibrator to radiate ultra-
sonic energies having frequencies corresponding to the fre-
quencies of the oscillating signals smoothly into the clean-
ing solution for the respective periods of time.

The respective periods of time may preferaply be
varied for the respective oscillating signals to obtain a -
cavitation distribution suitable for the purpose for which
workpleces immersed in the cleaning.solution are to be
cleaned or the type of the workpieces.

Preferably, a rectangular-wave signal having the
same frequency as the composite signal may be applied to the
ultrasonic vibrator to oscillate the ultxzasonic vibrator.

when the ultrasonic vibrator is thus energized with the rect-



second, and 0.25 second, respectively. Operation of the U|RE?§A@E§E%H‘SHEET

Vi brating apparatus will be described bel ow. The conpositdg Iguar ¢
outputted fromthe switch- ing circuit 9 is anplified by tlhg Lfier
and then applied to the ultrasonic vibrator 1. Inasnuch as hgggdﬂgB ?
signal d is conposed of a time series of oscillating signals-a, c_of
drfferent frequencies for respective pefiods of tines (al go referred to as
" out put

angular-wave signal, a driving energy is efficiently imparted
to the ultrasonic vibrator, which is stably oscillated. A
circuit arrangement for generating a rectangular-wave signal
to energize the ultrasonic vibrator can simply be constructed
of a digital circuit or the like.

The frequencies of the oscillating signals may
preferably be multiples by odd numbers of the natural fre-
quency of the ultrasonic vibrator for producing a uniform distri-

N bution of cavitations in the cleaning solution.

Generally, when a signal having a frequency which
is an integral multiple of the natural frequency of the ul-
.trasonic vibrator is applied to the ultrasonic vibrator, the

higher the freguency, the greater the current which flows
into the ultrasonic vibrator. Preferably, therefore, the
step (c) may comprise the steps of amplifying the composite
signal, controlling an amplification factor for the composite
signal depending on the frequencies of the oscillating sig-

L nals, and applying the amplified composite signal to the ul-
trasonic vibrator to oscillate the ultrasonic vibratqr, and
wherein the step of controlling an amplification factor for -
the composite signal comprises the step of reducing the em-
plification factor as the frequencies of the oscillating sig-
nals are higher. 1In this manner, an excessive current is
prevented from flowing into the ultrasonic vibrator and an
amplifier which supplies the signal thereto, so that the ul-
trasonic vibrator is prevented from being damaged.

When the oscillating signals are combined into the



12 periods") [err] within each period thereof, as describiﬂﬂaﬁﬁﬁﬁﬁﬂm@ﬁﬂﬁﬁT
ultrasonic vibrator 1 is oscillated successively at the ffe

oscillating signals a, b, ¢, and such successive oscillat}o
frequen- cies of the oscillating signals a, b, c is repeaje
of the conposite signal d. Because the frequen- cies of the
signals a, b, c are integral nmulti- = 8 - '

composite signal, and the composite signal is amplified and
applied to the ultrasonic vibrator, if the amplification fac-
tor for the oscillating signals remains constant, then since
the frequency of the signal applied to the ultrasonic vibra-
tor is abruptly changed at the time the oscillating signals
switch from one to another, the oscillation of the ultrasonic
vibrator tends to be disturbed, producing noise. Therefore,
it may be preferable to lower an amplification factor for the
composite signal when the oscillating signals switch from one
to another, and thereafter progressively increase the ampli-
fication factor to a predetermined level. Accordingly, when
the oscillating signals switch from one to another, the sig-
nal applied to the ultrasonic vibrator increases progres-
sively from a low level, with the result that the ultrasonic
vibrator is oscillated smoothly at the frequencies of the os-
cillating signals. |

In the step (a), a reference signal having a single
frequency which is substantially an integral multiple of the
natural frequency of the ultragcnic vibrator may be qenerated
and frequency-divided to generate the oscillating signals. -
If the frequency of the reference signal remains constant,
thén when the natural frequency of éhe ultrasonic vibrator
varies due to the heat thereof, for example, the current
flowing into the ultrasonic vibrator varies, tending to make
unstable the ultrasonic energies outputted from the ultra-
sonic vibrator. Therefore, it is preferable to adjust the

frequency of the reference signal depending on the level of a



pl es of the natural frequency of the ultrasonic vibrator
‘oscillating signals a, b, ¢ are successively out- putted
for the respective output periods [err] conposed of unit {p
oscillating sig- nals a, b, ¢, thus generating the periodi
ultrasonic vibrator 1 can snoothly be osgcillated at the §
frequencies of the oscillating signals 3, "b, c. Accor di ngl y;

FIGS. 3(a) through 3(c), the ultrasonic vibrator 1 repea

u: trasoni ¢ N&fenistpidd & aw R tdiakbarent s braayench es ok oo
cl eani ng

equalize the frequency of the reference signal with the inte-
gral multiple of the natural frequency of the ultrasonic wvi-
brator. Thus, the frequenciés of the oscillating signals
contained in the composite signal applied to.the ultrasonic
vibrator are equalized with the integral multiples of the
natural frequency of the ultrasonic vibrator, so that the ul-
trasonic energies outputted from the ultrasonic vibrator are
stabilized at the respective frequencies of the ultrasonic
vibrator.

The above and other objects, features, and advan-
tages of the present invention will become apparent from the
following description when taken in conjunction with the ac-
companying drawings which illustrate preferred embodiments of
the present invention by way of example.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of an ultrasonic vibrat-
ing apparatus to which a method according to the present in-
vention is applied;

FIGS. 2(a) through 2(d) are diagrams illustrative
of the manner in which the ultrasonic vibrating apparatus op-
erates;

FIGS. 3(a) through 3(c) are diagrams illustrative
of the manner in which the ultrasonic vibrating apparatus op-
erates;

FIGS. 4(a) and 4(b)} are diagrams illustrative of

the manner in which the ultrasonic vibrating apparatus oper-



solution 4 at relatively short periods. FIGS. 3(a) throu
the ultrasonic energies e, f, g, respectively, which cor
oscillating signals a, b, ¢ whose frequencies [err] are
125 kHz. The frequencies of the ultrasonic energies e, f
the respec- tive frequencies of the oscillating signals
ultrasonic energies e, f, g have respeéﬁﬁve wavel engt hs
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[ err].CavitatrTon
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enths jndi cated by

are integgkgel y produced in the cleaning solution 4 at
t he broken

FIG. 5(a) is a plan view of an aluminum foil which
was eroded when an ultrasonic vibrator of the ultrasonic vi-
brating apparatus shown in FIG. 1 is energized at a certain
frequency;

FIG. 5(b) is a plan view of an aluminum foil which
was eroded when the ultrasonic vibrator of the ultrasonic vi-
brating apparatus shown in FIG. 1 is energized at another
certain frequency; and

FIG. 6 is a diagram of another example of signals
applied to the ultrasonic vibrator.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

As shown in FIG. 1, an ultrasonic vibrating appara-
tus to which a method according to the present invention is
applied includes an ultrasonic vibrator 1 having a single
natural frequency, which is of 25 kHz in the embodiment shown
in FIG. 1, and an ultrasonic oscillating circuit 2 for oscil-
lating the ultrasonic-vibrator 1. The ultrasonic vibrator 1
is of the Langevin type, for example, having a single piezo-
electric element {(not shown). The ultrasonic vibrator 1 is
fixedly mounted on the bottom of a cleaning tank 3 with a vi-
brating surface la held in contact Qith a cleaning solution 4
contained in the cleaning tank 3.

The ultrasonic oscillating circuit 2, which consti~-
tutes a central portion of the ultrasonic vibrating appara-
tus, includes a reference signal oscillatpr 5 for generating

a reference signal (rectangular-wave signal) having a high



lines shown in FIGS. 3(a) through 3(c) which corre- spoﬁﬁmmﬂeﬁﬁﬁmﬂ"SHEET
Bgféhér*@a@c

out put periods [err] being relatively dhort, the cavitdtions which

‘wavel engths [err]. As the wavelengths [err] of the ultrps
f, g, respectively, which correspond to the oscil- latijng
differ fromeach other, the depths at which the cavitatji gn
these ultra- sonic energies e, f, g also differ from edch

d
hé

correspond to the-ultrasonic energies

frequency, e.g., of several hundreds kHz, a plurality of
{three in the illustrated embodiment) frequency dividers 6,
7, 8 for frequency-dividing the reference signal generated by
the reference signal oscillatof 5, a switching circuit 9 for
switching and outputting output signals from the frequency
dividers 6, 7, 8 in a time-series fashion, an amplifier 10
for amplifying an output signal from the switching circuit 9
and applying the amplified signal to the ultrasonic vibrator
1, an output control circuit 11 for adjusting the gain of the
amplifier 10 depending on the frequency of the output signal
from the switching circuit 9, and a freéuency adjusting cir-
cuit 12 for effecting fine adjustment on the frequency of the
signal generated by the reference signal oscillator 5 depend-
ing on an output current from the amplifier 10, i.e., the
current supplied to the ultrasonic vibrator 1.

The frequency dividers 6, 7, 8 generate respective
oscillating signals a, b, ¢ {(see FIGS. 2{a) ~ 2(d)) having
different frequencies f3, f3, f3, respectively, from the ref-

erence signal generated by the reference signal oscillator 5,

each of the frequencies f3, f3, f3 being an integral multiple -

(including 1 times) of the natural frequency of the ultrasmic vibrator 1.
example, the frequency divider 6 fréquency—divides the refer-
ence signal generated by the reference signal oscillator §
into the oscillated rectangular-wave signal a (see FIG. 2(a))
which has the same frequency f; (f; = 25 kHz) as the natural
frequency of the ultrasonic vibrator 1. .The frequency di-

viders 7, B frequency-divide the reference signal generxated

For
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13 e, f, g are repeatedly produced at short intervals of
Consequently, on the basis of a period of tinme that is suf
than the output periods [err] the cavitations generated i|
solution 4 are dis- tributed relatively uniformy therein
pi eces (not shown) are imersed in the ¢l eaning solution
ultrasonic energies e, f. g are being” -

|

by the reference signal oscillator 5 into the oscillating
rectangular-wave signals b, ¢ (see FIGS. 2{(b} and 2(c}) which
have the respective frequencies f3, f3 (f2 = 75 kHz, f3 = 125
kHz) that are three and five times, respectively, the natural
frequency of the ultrasonic vibrator 1. The oscillating sig-
nals a, b, c generated by the respective frequency dividers
6, 7, 8 are held in synchronism with each other.
The switching circuit 9 repeatedly outputs the os-
A cillating signals a, b, ¢ generated by the respective fre-
quency dividers 6, 7, 8 successively over respective periods
of time, thereby generating a composite signal d (see FIG.
2(d)) for enexgizing the ultrasonic vibrator 1. More specif-
ically, the switching circuit 9 first outputs the oscillating
signal a for a period of time t; that is an integral multiple
of the period of the oscillating signal a from an initial
positive-going edge.l Thereafter, the switching circuit 9
outputs the oscillating signal b for a period of time t; that
is an integral multiple of the period of the oscillating sig-
nal b, and then outputs the oscillating signal ¢ for a period
of time t3 that is an integral multiple of the period of the
oscillating signal c¢. The switching circuit 9 subsequently
repeatedly outputs the oscillating signals a, b, c succes-
sively, thus generating the composite signal d. Therefore,
the composite signal d generated by the switching circuit 9
is composed of a time series of oscillating signals a, b, ¢
for respective périods of times t3, ta, ti within each period

(= t; + ty + t3) thereof. Since the periods of times tj, ta,



radlated therein, cavitations act on various |ocations on &Hﬁiﬁé}%ﬁﬂ@pgﬁgpfi
effectively cleanlng and deburring the workpieces. |If an |l tfrason TGy
having a fixed fre- quency were radiated into the cleaning $o qtlﬁp%for aj
rel- atively long period of tine, then air bubbles would bejattac 'ﬁﬂﬁtve
surfaces of the workpieces imersed in the cleaning sol utjof clatal

prevent the workpi eces from bei ng cl eariedl. ~ According to tpe present

i nvention, however, the ultrasonic frequency is periodically varfec-te-
prevent gajreddbltas frrmdRmiRitiggatliaahed 9 bhec are outputted

comprise an integral number of periods of the oscillating signals a, b, ¢, re-
spectively, these oscillating signals a, b, ¢ have positive-
going edges occurring where they switch from one to another.

The periods of times tj, tz, t3 for which the os-
cillating signals a, b, ¢ are outputted can be varied.
Specifically, the switching circuit 9 has a plurality of
variable resistors 13, 14, 15 (see FIG. 1) for establishing
the periods of times t;, tz, t3 for the respective oscillating
signals a, b, ¢. The periods of times tj, tj, t3 can be set
to desired values by varying the resistances of the variable
resistors 13, 14, 15 through respective control knobs (not
shown). It is possible to set the periods of times tj, tz, t3
to "0". When the periods of times ti, t3, t3 are set to "0O¢,
the oscillating signals a, b, ¢ are not outputted from the
switching circuit 9, |

In this embodiment, the periods of times tj, ta, t3
are set to relatively short periods of time, e.g., 1 second,
0.5 second, and 0.25 second, respectively.

Operation of the ultrasonic vibrating apparatus -
will be described below.

The composite signal d outputted from the switching
circuit 9 is amplified by the amplifier 10 and then applied
to the ultrasonic vibrator 1. . Inasmuch as the composite signal
d is composed of a time series of oscillating signals a, b, ¢
of different frequencies for respective periods of times

(also referred to as "output periods") tj, t2, t3 within each



surfaces of the workpieces. Therefore, the workpieces c

effectively. In the above ultrasonic cl eaning apparat usj
vary the output periods [err] of the oscil- lating sign
radiating the ultrasonic energies e, f, g having differ
More specifically, the higher the ultrasonic fre- quenc

'S pOSS|bI

?requenC|es

'MCEM’E&%E& ly

'he

cavitation effect becomes. For exanpl®,1%hen relativelyjfragile wor kpi ecds

are to be cleaned, it is preferable to enploy an ultrasOnc eNer gy
period thereof, as described above, the ultrasonic vibrator 1

is oscillated successively at the frequencies of the oscil-
lating signals a, b, ¢, and such successive oscillation at
the frequencies of the oscillating signals a, b, ¢ is re-
peated in the periods of the composite signal d. Because the
frequencies of the oscillating signals a, b, ¢ are integral
multiples of the natural frequency of the ultrasonic vibrator
1 and the oscillating signals a, b, ¢ are successively out-
putted as a time series fér the respective output periods tj,
t2, t3 composed of unit periods of the oscillating signals a,
b, ¢, thus generating the periodic signal d, the ultrasonic
vibrator 1 can smoothly be oscillated at the successive fre-
quencies of the oscillating signals a, b, c. Accordingly, as
shown in FIGS. 3(a) through 3(c), the ultrasonic vibrator 1
repeatedly radiateS'ultrasqnic energies e, f, ¢ having dif-
ferent frequencies into the cleaning solution 4 at relatively
short periods. ‘ )

FIGS. 3(a) through 3{(c) illustrate the ultrasonic
energies e, f, g, respectively, which correspond to the os-
cillating signals a, b, ¢ whose frequencies f;, f2, f£3 are 25
kHz, 75 kHz, and 125 kHz. The frequencies of the ultrasonic
energies e, f, g are the same as thé respective frequencies
of the oscillating signals a, b, ¢. The ultrasonic energies
e, £, g have respective wavelengths A3, Az, A3. Cavitations
are intensively produced in the cleaning solution 4 at depths
indicated by the broken lines shown in FIGS. 3(a) through

3(c) which correspond to the wavelengths Ay, Az, Aj.



havi ng a higher frequency in order to prevent the work- 5 PEJ
‘damaged. Therefore, to clean fragile workpieces with the ?fggghﬁﬁhp

cl eani ng apparatus. the output period [err] of the oscillating signal a
having the | owest frequency is sufficiently shortened or |redwadtpig9s 1
"0", and the other ultrasonic enerqgi eslgre radi ated to

=

As the wavelengths A;, Az, A3 of the ultrasonic en-
ergies e, f, g, respectively, which correspond to the oscil-
lating signals a, b, ¢ differ from each other, the depths at
which the cavitations are produced by these ultrasonic ener-
gies e, f, g also differ from each other. With the output
periods tj;, tj, t3 being relatively short, the cavitations
which correspond to the ultrasonic energies e, f, g are re-
ﬁeatedly produced at short intervals of time. Consequently,

¥/ on the basis of a period of time that is sufficiently longer
than the output periods tj, tp, t3, the cavitations generated
in the cleaning solution 4 are distributed relatively uni-
formly therein. Thus, when workpieces {(not shown) are im-
mersed in the cleaning solution while the ultrasonic energies
e, £, g are being radiated therein, cavitations act on vari-
ous locations on the workpieces, effectively cleaning and de-
burring the workpieces. If an ultrasonic energy having a
fixed frequency were radiated into the cleaning solution for
a relatively long period of time, then air bubbles would be
attached to the surfaces of the workpieces immersed %n the
cleaning solution, tending to prevent the workpieces from be-
ing cleaned. According to the present invention, however,
the ultrasonic frequency is periodiéally varied to prevent
air bubbles from remaining attached to the surfaces of the
workpieces. Therefore, the workpieces can be cleaned highly
effectively.

In the above ultrasconic cleaning apparatus, it is

possible to vary the output periods ti, tz, t3 of the oscil-



clean the workpieces while avoiding danage to the workpi ecs
when wor kpi eces are to be cleaned for a greater cl eani ng e
periods t1, t2 of the oscillating signals a, b having the

| owest frequencies are set to relatively long values. Int
wor kpi eces can be cleaned effectively. In this enbodi ment,
signals a, b, c for energizing the ultr¥sonic vibrator 1 a

HENT iR,

oywest and secon
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conposite signal d are rectangul ar-wave signals. Con-

lating signals a, b, c for radiating the ultrasonic energies
e, £, g having different frequencies.

More specifically, the higher the ultrasonic fre-
quency, the greater the cavitation effect becomes. For exam-
ple, when relatively fragile workpieces are to be cleaned, it
is preferable to employ an ultrasonic energy having a highér
frequency in order to prevent the workpieces from being dam-
aged. Therefore, to clean fragile workpieces with the ultra-
sonic cleaning apparatus, the output period t; of the oscil-
lating signal a having the lowest frequency is sufficiently
shortened or reduced to "0", and the other ultrasonic ener-
gies are radiated to clean the workpieces while avoiding dam-
age to the workpieces.

Conversely, when workpieces are to be cleaned for a
greater cleaning effect, the output periods tj, tz of the os-
cillating signals a, b having the lowest and second lowest
frequencies are set to relatively long values. In this man-
ner, the workpieces can be cleaned effectively.

In this embodiment, the oscillating signals a, b, ¢
for energizing the ultrasonic vibrator 1 and hence the com—
posite signal d are rectangular-wave signals. Consequently,
the ultrasonic vibrator 1 can be oscillated by the oscillat-
ing signals a, b, c with a smooth response, so that the ul-
trasonic vibrator 1 can stably be oscillated by the oscillat-
ing signals &, b, c. Use of the rectangular-wave signals
permits the ultrasonic vibrating apparatus to be compara-

tively simple in circuit arrangement.



sequently, the ultrasonic vibrator 1 can be oscillated by t QE@E [ [
signals a, b, ¢c with a snooth response, so that the ultrasoni A i HEET
can stably be oscillated by the oscillating signals a, b. c e of the
rectangul ar- wave signals pernits the ultrasonic vibrating ap a raf BT qgg?
conparatively sinple in circuit arrangenent. The output confr circuit 11
(see FIG 1) adjusts the gain (anplificdetion factor) of th anpllfler
dependi ng on the frequencies of the oscillating signals a,

successi vel y out putgd §LoM{ NEoRUd CUNGEY WY tisee FIG. 1) adjusts

the gain {(amplification factor) of the amplifier 10 depending

on the frequencies of the oscillating signals a, b, ¢ succes-
sively outputted from the switching circuit 9, as follows:
Generally, the higher the frequency of the signal applied to
the ultrasonic vibrator 1, the larger the current flowing
into the ultrasonic vibrator 1 and the amplifier 10. If an
excessive current flowed into the ultrasonic vibrator 1 and
the amplifier 10, then they would be liable to be damaged-.
According to this embodiment, the output control circuit 11
reduces the gain of the amplifier 10 to a lower level as the
frequency of the oscillating signal from the switching cir-
cuit 10 goes higher, for thereby preventing an excessive cur-
rent from flowing into the ultrasonic wvibrator 1 and the am-
plifier 10 and hence protecting them from damage.
When the oscillating signals a, b, c supplied to
the amplifier 10 switch from one to another, the output con-
\_/ trol circuit 11 lowers the gain of the amplifier 10 to ap-
proximately "0", and thereafter gradually increases the gain
of the amplifier 10 to amplification factors commensurate
with the respective frequencies of the oscillating signals a,
b, c¢. Specifically, if the gain of the amplifier 16 were of
a constant level corresponding to the frequency of one of the
oscillating signals a, b, ¢ from the time oscillating signals
a, b, ¢ switch from one to another, then since the frequency
of the signal appiied to the ultrasonic vibrator 1 would be

abruptly varied, the oscillation of the ultrasonic vibrator 1



9, as follows: Cenerally, the higher the frequency of the sign
the ultrasonic vibrator 1, the larger the current flow ng |ntc)REPLAC
ultrasonic vibrator 1 and the anplifier 10. If an excessive curr
into the ultrasonic vibrator 1 and the anplifier 10, then they
liable to be damaged. According to this enbodi nent, the output
circuit 11 reduces the gain of the anpl38ier 10 to a | ower |eel
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frequency of the oscillating signal fromthe switching circuitf 10 goes

hi gher,

f wouithdebebypbpuptént dngtanbescessndng UF® egruse noise.

According to the present invention, the gain of the amplifier
10 is reduced to "0" when the oscillating signals a, b, ¢
switch from one to another, as described above.
Consequently, right after the oscillating signals a, b, ¢
switch from one to another, the level of the signal applied
to the ultrasonic vibrator 1 gradually increases from a low
level, permitting the ultrasonic vibrator 1 to start oscil-
lating smoothly at the frequencies of the oscillating signals
a, b, c.

In addition, the frequency adjusting circuit 12
(see FIG. 1) effects fine adjustment on the oscillating fre-
quency (frequency of the reference signal) of the reference
signal oscillator 5 depending on the current supplied from
the amplifier 10 to the ultrasonic vibrator 1. More specifi-
cally, when the ultrasonic vibrator 1 oscillates, the ﬁatural
frequency thereof generally varies slightly due to the heat
thereof. If the frequencies of the oscillating signals a, b,
c were fixed at all times, therefore, the current floying
into the ultrasonic vibrator 1 would be varied, causing the.
ultrasonic vibrator 1 to output unstable ultrasonic energies.
According to this embodiment, the oscillating frequency of
the reference signal oscillator 5 is finely adjusted by the
frequency adjusting circuit 12 so as to maintain the current
flowing into the ultrasonic vibrator 1 at an optimum level
for thereby equalizing the frequencies of the oscillating

signals a, b, c with integral multipleé of the actual natural



fromflowng into the ultrasonic vibrator 1 and the aan|4
hence protecting them from damage. Wien the oscillating SI ACENT§H'SHEET

supplied to the anplifier 10 switch from one to anot her, out put con-
trol circuit 11 lowers the gain of the anplifier 10 to pRoxigrat @?§
"0", and thereafter gradually |ncreaseslthe gain of the ifier 10

anplification factors com

frequency of the ultrasonic vibrator 1. In such a fine ad-
justment process, the oscillating frequency of the reference
signal oscillator 5 is varied across its rated frequency at
suitable time intervals until an oscillating frequency is de-
tected at which_the current supplied to the ultrasonic vibra-
tor 1 is of a predetermined optimum level, e.g., a maximum
level. The frequency adjustment may be made depending on the
sound pressure of the ultrasonic energy that is radiated from
the ultrasonic vibrator 1 into the cleaning solution.

In the illustrated embodiment, the oscillating sig-
nals a, b, c are successively switched and outputted for the
respective output periods tj, tz, t3 by the switching circuit
9l However, as shown in FIG. 6, quiescent periods t4 may be
inserted between the output periods tj, tz, t3 of the oscil-
lating signals a, b, ¢, and the oscillating signals a, b, ¢
spaced by the quiescent periods t4 may be amplified ana out-—-
putted to the ultrasonic vibrator 1. At this time, the ul-

\/ trasonic vibrator 1 radiates ultrasonic energies having the
frequencies of the oscillating signals a, b, ¢ intermittently
for the respective output periods tj, tz, t3. In this case,
cavitations are also produced at different depths correspond-
ing to the frequencies of the osciliating signals a, b, c in
the cleaning solution 4. The cavitations thus produced are
thus distributed relatively uniformly in the cleaning solu-
tion 4.

While the oscillating signals a, b, ¢ are periodi-

cally supplied in the named order to the ultrasonic vibrator



mensurate with the respective frequencies of the oscil-

b, c. Specifically, if the gain of the anplifier 10 were
| evel corresponding to the frequency of one of the oscilljatiin S|gnals_37
b, ¢c fromthe tine oscillating signals a, b, ¢ switch frgmjon _18C$HBWﬁe
then since the frequency of the signal applied to the ultr c_Vibrato
woul d be abruptly varied, the oscillati?d®h of the ultrasonic vi brat or
woul d be abruptly dlsturbed tending to cause noi se. Acc

present |nﬁe@b|@@ciﬁﬁﬁtgalﬂeOLlEQQSQHPE bi8Fadfr 1 in the illustrated
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embodiment, the oscillating signals a, b, ¢ may be applied in
any optional or random order to the ultrasonic vibrator 1.

In the above ultrasonic cleaning apparatus, the
frequencies of the oscillating signals a, b, c may basically
be integral multiples of the natural frequency of the ultra-
sonic vibrator 1. More preferably, the frequencies of the
oscillating signals &, b, c should be multiples by odd num-

\r bers of the natural frequency of the ultrasonic vibrator 1.

The reasons for the odd multiples of the
natural frequency of the ultrasonic vibrator 1 will be de-
scribed below with reference to FIGS. 4(a)} and 4(b).

FIG. 4(a) illustrates the waveforms of the ultra-
sonic.energies e, f that are produced in the cleaning soclu-
tion 4 by the respective osc111at1ng signals a, b when the
frequencies of the oscillating signals a, b are 25 kHz (the
natural frequency of the ultrasonic vibrator 1) and 50 kHz
(twice the natural frequency of the ultrasonic vibrator 1).
The horizontal axis of the graph shown in FIG. 4(a) repre-
sents the depth in the cleaning solution 4, whereas the ver—
tical axis represents the amplitude of the ultrasonic ener-
gies e, f. It is assumed in FIG. 4(?) that the waveforms of
the ultrasonic energies e, f have overlapping crests.at a
depth Dg.

As can be seen from FIG. 4(a), where the frequency
of the oscillating signal b is twice (a multiple by an even

number of) the natural frequency of the ultrasonic vibrator



I's reduced to "0" when the oscillating signals a, b, c syBE
anot her, as descri bed above. Conse- quently, right after

e | .
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signals a, b, ¢ switch fromone to another, the |evel of
to the ultrasonic vibrator 1 gradually increases froma {
permtting the ultrasonic vibrator 1 tQ start oscillat- {

t he sfgnalﬂap
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frequencies of the oscillating signal ]af b, c. In additioh, the treque
adjusting circuit 12 (see FIG 1) effects fine adjust nmernt—en-the

oscillating,fkfen crests of the waveform of the ultrasonic energy e and

valleys of the waveform of the ultrasonic energy f overlap
each other at depths D3, D3, for example. Therefore, a com-
posife waveform x composed of a combination of the waveforms
of the ultrasonic energies e, f is asymmetrical with respect
to the horizontal axis at the center of the amplitude. This
indicates that a distribution of cavitations that are pro-
duced by the combination of the ultrasonic energies e, f is
apt to become non-uniform. A similar asymmetrical composite
waveform will be produced if the frequency of the oscillating
signal ¢ is 100 kHz, which is four times the natural fre-
quency of the ultrasonic vibrator 1.

FIG. 4(b) illustrates the waveforms of the ultra-
sonic energies e, f.that are produced in the cleaning solu-
tion 4 by the respective oscillating signals a, b when the
frequencies of the oscillating signals a, b are 25 kHz.(the
natural frequency of the ultrasonic vibrator.l) and 75 kHz
(three times the natural frequency of the ultrasonic vibrator
1) . The horizontal axis of the graph shown in FIG. 4(b) rep-
resents the depth in the cleaning solution 4, whereas the
vertical axis represents the amplitude of the ultrasonic en-
ergies e, f. It is assumed in FIG. 4(b) that the waveforms
of the ultrasonic energies e, f have overlapping crests at a
depth Dg.

As can be seen from FIG. 4(b), where the frequency
of the oscillating signal b is three times (a multiple by an

odd number of) the natural frequency of the ultrasonic vibra-



quency (frequency of the reference signal) of the refer-|DEpERrEnaN g
oscillator 5 depending on the current supplied fromthe jarg PRy

ultrasonic vibrator 1. Mre. specifically, when the ultrgsgnic vibrator

Elhe

oscil- lates, the natural frequency thereof generally vdrijes3sl OGht996 dge
to the heat thereof. If the frequenqj of the oscillatijnd_signals a b
were fixed at all tinmes, there- fore, e current flowing into the

1.to0

ultrasonic vibrator 1 moulq be varied, causing t he ultr” picMibrat ol
out- put upstabl ecNbhraS0NE s SPEYKE G vd XM FMNEhe0 iRirSsonic energy e

and crests of the waveform of the ultrasonic energy f overlap
each other. Therefore, a composite waveform y composed of a
combination of the waveforms of the ultrasonic energies e, f
is symmetrical with respect to the horizontal axis at the
center of the amplitude. This indicates that a distxyibution
of cavitations that are produced by the combination of the
ultrasonic energies e, f is apt to become uniform. A similar
symmetrical composite waveform will be produced if the fre-
quency of the oscillating signal ¢ is 125 kHz, which is five
times the natural frequency of the ultrasonic vibrator 1.

Iﬁ view of the above analysis with reference to
FIGS. 4{a) and 4(b), the frequencies of the oscillating sig-
nals a; b, ¢ should preferably be multiples by odd numbers of
the natural frequency of the ultrasonic vibrator 1.

| While.three oscillating signals a, b, c having dif-
ferent frequencies are employed in the above embodiment, more
oscillating signals having different.frequenéies may be em-
ployed to radiate corresponding ultrasonic energies into the
cleaning solution. N

Actual cavitation effects that occurred when sig-
nals having frequencies which are iﬁtegral multiples of the
natural frequency of the ultrasonic vibrator 1 were applied
to the ultrasonic vibrator 1 will be described below with
reference to FIGS. 5(a) and 5(b}.

The inventors conducted an experiment in which alu-

minum foils having a thickness of 7 pm were vertically im-
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enbodi nent, the oscillating frequency of the reference sign
is finely adjusted by the frequency adjusting circuit 12 sq
the current flowing into the ultrasonic vibrator 1 at an ogtifmum | evel for]
16 thereby equalizing the frequencies of the oscillating sifg{ nallsO@r 0, C
with integral nultiples of the actual 2{f’,at_ural L.

mersed in the cleaning solution 4, and rectangular-wave sig-
nals haviﬁg frequencies of 25 kHz and 50 kHz, which are equal
to and twice the natural frequency of the ultrasonic vibrator
1, were separately applied to the ultrasonic vibrator 1, and
observed erosions developed on the aluminum foils. In the
experiment, the cleaning solution 4 was water and was deaerated until the
solution 4 had a dissolved oxygen content of 5.0 ppr, kept at a temperature
‘of 24°C, and had a depth of 232 mm. The eroded caditions of the aluminium foils
are shown in FIGS. S{a) and 5(b}), respectively.

In FIGS. 5{a) and 5(b}), hatched regions A show
holes produced in the aluminum foils, and stippled regions B
show erosions that were developed to a certain extent in the
aluminum foils. These eroded regions A, B indicate that cav-
itations are produced in the cleaning solution 4 at corre-
sponding depths therein.

As shown in FIG. 5(a), when the ultrasonic ;ibrator
1 was energized at the same frequency (25 kHz) as the natural
frequency thereof, the eroded regions A, B appeared at depths
that are spaced by substantiallymilf a wavelength. ?he ob-
servation indicates that cavitations are intensively produced _
at the depths that are spaced by substantially half a wave-
length.

As shown in FIG. S5(b), when the ultrasonic vibrator
1l was energized at a f?equency (50 kHz) which is twice the
natural frequency thereof, the eroded regions A, B also ap-
peared at depths'that are spaced by substantiaily half a

wavelength, indicating that cavitations are intensively pro-



frequency of the ultrasonic vibrator 1. In such a fine adj/REprapt: B
"the oscillating frequency of the ref- erence signal oscillja St dls
across its rated fre- quency at suitable tine intervals untifl an
oscillating frequency is detected at which the current supp iéh?iﬁnth@5
ultrasonic vibrator 1 is of a predeterm ned optinmum | evelj . a maxi
| evel , The frequency adj ustnent nay'b@4hﬁde dependi ng on jt he soun
of the ultrasonic-energy that is radiated fromthe ultrasonte
into the cdegsdngtsbhat fepths that are spaced by substantially

)

hal
wavelength. The extent of the erosions is slightly smaller
than the extent of the erosions that were developed when the
ultrasonic vibrator 1 was energized at 25 kHz. However,
since erosions that were strong enough to form holes in the
aluminum foil are observed, it can be seen that cavitations
with a sufficient cleaning effect were produced when the ul-
trasonic vibrator 1 was energized at 50 kHz. The wavelength

\ of the ultrasonic energy generated when the ultrasonic vibra-
tor 1 was energized at 50 kHz was half the wavelength of the
ultrasonic energy generated when the ultrasonic vibrator 1
was energized at 25 kHz. Accordingly, the interval between
the depths at which intensive cavitations were produced when
Ehe ultrasonic vibrator 1 was energized at 50 kHz is substan-
tially half that when the ultrasonic vibrator 1 was energized
at 25 kHz, indicating that the cavitations appeared at closer
depths in the cleaning solution.

Therefore, even when the ultrasonic vibrator 1 is
energized at a frequency that is twice the natural frequency
of the ultrasonic vibrator 1, it is possible to produce suf-
ficient cavitations required to clean workpieces immersed in
the cleaning solution, and also to produce cavitations at
depths different from those when the ultrasonic vibrator 1 is
energizéd at its natural frequency.

It thus follows that, as described above with re-
spect to the illustrated embodiment, when the ultrasonic vi-

brator 1 is energized by a composite signal having a time se-



In the illustrated enbodi ment, the oscillating signals a. b, e
successively switched and outputted for the respective outpu %AWEN@SHEET
by the switching cir- cuit 9. However, as shown in FIG 6, glipsceént

periods t4 may be inserted between the output periods tl1l, t2 330{ e |
oscillating signals a, b, ¢, and the oscillating sig- nals &, b, ¢ 9@0@8‘5 ]
by the quiescent periods [err] may bé 3§prified and out putt dd to—t+he f
ultrasonic vibrator 1. At this time, the ultrasonic vibratorf 1 radiates 1

ultrasoni c energies having the frequencies of the oscillating sig- —

ries of different frequencies that are integral multiples of

the natural frequency of the ultrasonic vibrator 1, cavita-
tions can be produced in a relatively uniform distribution in
the cleaning solution for a large cleaning effect on the
workpieces immersed in the cleaning solution.
Although certain preferred embodiments of the pre-

sent invention have been shown and described in detail, it

w should be understood that various changes and modifications
may be made therein without departing from the scope of the

invention which is defined by the appended claims.



nals a, b, c interm respective output peri-
this case, cavitat maﬁ%mmﬂl%mgmbuced at different depth
to the frequencies L [ A ng signals a, b, cinth _
solution 4. The cavitations thus produced are thus distribufe kazﬂ%flvglyy
uniformy in the cleaning solution 4. Wile the oscillatingf s]gnal , 1996 ¢
are periodically supplied in the naned®rder to the ul trasgnic . r 1

to oscillate the dltrasonic vibrator 1 in the illustrated odi ment ,

oscillating gi189paks a, b, c¢c may be

1. A method of oscillating an ultrasonic
vibrator having a single natural frequency for radiating
ultrasonic energy into a cleaning solution, comprising
the steps of:

(a) generating a plurality of oscillating signals
having respective different frequencies which are
integral multiples of the natural frequency of the
ultrasonic vibrator;

(b) switching between and outpuﬁting said
oscillating signals for respective periods of time
thereby to generate a composite signal which is composed
of a time series of said oscillating signals; and

{c)} applying said composite signal as a drive

signal to oscillate the ultrasonic vibrator.

2. A method according to claim 1, wherein said
W, step (b) comprises the step of outputting said
oscillating signals consecutively for said respective

periods of time.

3. A method according to claim 1, wherein said
step (b) comprises the steps of outputting one of said
oscillating signals, and then after elapse of a
predetermined quiescent period, outputting a next one of

said oscillating signals.



applied in any optional or random order to the ultrasoni

"t he above ul traspg ' aratus, the fre- quencijeg of the
oscillating si gngmwm!!g‘mangHmi cally be integrall Mul siphes v t hel
frequency*ofet l Uls

frequencies of the oscillating signahE%L b, ¢ should be
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ic vibrator 1. Mre prefdrably, the

-t ptes—by~odd

4. A method according to claim 2, wherein each of
said respective periods of time is composed of an
integral number of periods of the respective oscillating

signal.

5. A method according to any preceding claim,
wherein said step (b) comprises the step of varying said
respective periods of time for the respective

oscillating signals.

6. A method according to any preceding claim,
wherein said step (c¢) comprises the step of applying a
rectangular-wave signal having the same frequency as
said composite signal to the ultrasonic vibrator to

oscillate the ultrasonic vibrator.

7. A method according to any preceding claim,
wherein said frequencies of the oscillating signals are
odd multiples of the natural frequency of the ultrasonic

vibrator.

8. A method according to any preceding claim,
wherein said step (c) comprises the steps of amplifying
said composite signal, controlling an amplification
factor for said composite signal depending on the
frequencies .of said oscillating signals, and applying
the amplified composite signal to the ultrasonic

vibrator to oscillate the ultrasonic vibrator, and



nunbers of the nar—T’T”T—équency of the ultrasonic vib £
"reasons for the od mﬁmu)m‘e natural fre- quenaﬁFgf‘xﬁﬁmwgﬁﬁgx
vibrator 1 will Y iﬂ““ﬂg Wi th reference to FIiGS. 4(a) and 4( )
FIG 4(a) |IIustrates fhetwalef'orms of the ul trasonic endrgdesOeT 1996 hat
are produced in the cleaning solution 4 by the respectlvé oscillating

signals a, b when the fre- quencies of28he oscillatingisignals a, b are 2

kHz (the natural frequency of the ultrasonic vibrator ZI)_and. 520

wherein said step of controlling an amplification factor
for said composite signal comprises the step of reducing
the amplification factor as the frequencies of said

oscillating signals are higher.

9. A method according to any preceding claim,
wherein said step (c¢)comprises the steps of amplifying
sald composite signal, lowering an amplification factor

N for said composite signal when the oscillating signals
switch from one to another, and thereafter progressively
increasing the amplification factor to a predetermined

level.

10. A method according to any preceding claim,
wherein said step {a) comprises the steps of generating
a reference signal having a single fregquency which is
substantially an integral multiple of the natural
frequency of the ultrasonic vibrator, adjusting the
frequency of said reference signal depending on the
level of a current supplied to the ultrasonic vibrator -
in order to equalize the frequency of said reference
signal with the integral multiple of the natural
frequency of the ultrasonic vibrator, and frequency-
dividing said reference signal whose frequency has been

adjusted to produce said oscillating signals.



kHz (twice the natural frequency of tHéis h@r%aGMmﬂk kded a- tor 1). The

hori zontal axis of the graph shown in F sent s pt-hedepth ip the
cl eani ng solution 4, whereas the vertic ents tREPEﬁ@ENﬁ%He§1 T
the ultrasonic energies e, f. It is assuned I n (a) tt LHU oS-

of the ultrasonic energies e, f have overlapplng crests at a 1[g£e%§
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As can be seen fromFIG 4(a), where tH2 fre- quency of th
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signal bis twice (a nultiple by an even nunber of) the na1u~al frequency

of the ultra-

ABSTRACT

METHOD OF OSCILLATING ULTRASONIC VIBRATOR

FOR ULTRASONIC CLEANING

An ultrasonic vibrator (1) has a single natural
frequency for radiating ultrasonic energy into a
cleaning solution (4) to clean and deburr workpieces
that are immersed in the cleaning solution. A plurality
of oscillating signals (a,b,c) having respective
different frequencies which are integral multiples of
the natural frequency of the ultrasonic vibrator are
generated, and successively outputted for respective
periods of time thexreby to generate a composite signal
which is composed of a time Qeries of the oscillating
signals. The composite signal is applied as a drive
signal to the ultrasonic vibrator to oscillate the
ultrasonic vibrator. The oscillating signals may be
outputted successively for said respective periods of

time or intermittently with gquiescent periods inserted .

therebetween.

[Fig. 1]
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t he cl eaning solution 4 was

and had a dept hrof—232
eroded.conditions of the a are shown in FIGS. mamw BYEE

In FIGS. 5(a) and 5(b), hatched regions A sh

respectively. :
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ultrasonic vibrator 1 was energi zed at 25 kHz. Accord- ingly, the interval
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The present invention relates to a method of oscil-
lating an ultrasonic vibrator for use in ultrasonically
cleaning {including deburring) workpieces immersed in
a cleaning solution,

For ultrasonically cleaning workpieces immersed in
a cleaning solution in a cleaning tank, it has been cus-
tomary o apply a periodic voltage signal to an ultra-
sonic vibrator having a piezoelectric element, the
periodic voltage signal having a frequency equal to the
natural frequency of the uitrasonic vibrator, to oscillate
the ultrasonic vibrator at its natural frequency for
thereby radiating an ultrasonic energy into the cleaning
solution. The radiated uitrasonic energy produces a
cavitation in the cleaning solution, which generates
shock waves to clean and deburr the workpieces
immersed in the cleaning solution.

It is generally known that the cavitation in the clean-
ing solution appears at a depth depending on the fre-
quency of the radiated ultrasonic energy, i.e., the natural
frequency (resonant frequency) of the piezoelectric ele-

- ment of the ultrasonic vibrator. More specificaily, when
the ultrasonic energy is radiated from the bottom of the
cleaning tank toward the surface level of the cleaning
solution in the cleaning tank, the cavitation is produced
intensively at a depth equal to a quarter wavelength,
and also at depths positioned successively at haif wave-
length intervals from that depth toward the bottom of the
cleaning tank.

For uniformly cleaning and deburring the work-
pieces immersed in the cleaning solution, it is preferable
to generate the cavitation uniformly in the cleaning soiu-
tion without being dispersed in the cleaning solution. To

ed enbodi nent,
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generate the cavitation uniformly in the cleaning solu-
tion, it is desirable to radiate the ultrasonic energy at a
higher frequency. it is also generally known that the
higher the frequency of the radiated ultrasonic energy,
the more the ultrasonic energy is attenuated in the
cleaning solution, resulting in a lowered cavitation
effect. For effective cleaning or deburring of the work-
pieces, therefore, it is preferable to radiate the ultrasonic
energy at a lower frequency. Since the generation and
effect of the cavitation vary depending on the frequency
of the ultrasonic energy, the frequency of the ultrasonic
energy should be selected in view of the purpose for
which the workpieces are to be cleaned and the degree
to which the workpieces are to be cleaned. For exam-
ple, if a stronger cleaning capability is desirable, then
the ultrasonic energy should be applied at a lower fre-
guency. If the workpieces to be cleaned are fragile, then
the ultrasonic energy should be applied at a higher fre-
quency in order to prevent the workpieces from being
damaged by the cavitation.

However, where an ultrasonic vibrator having a sin-
gle natural frequency is oscillated at the natural fre-
quency, the above requirements cannof be satisfied
under various conditions.

One solution has been to employ an ultrasonic
vibrator having a plurality of piezoelectric elements hav-

ing respective different natural frequencies, and repeat-
edly apply a plurality of signals having frequencies
equal to the natural frequencies to the respective piezo-
electric elements for respective periods of time. There-
fore, ultrasonic energies are radiated at different
frequencies from the single ultrasonic vibrator into the
uitrasonic solution.

When the ulirasonic energies are radiated into the

uitrasonic solution, cavitations are produced at relatively
close depths, respectively, in the cleaning solution. As a



frogmthe scope of the invention which is defined by the gﬁ e e
© 22 Cainms 1. A nethod of oscillating an ultrasonic vibr

- single natural
solution (4),

pulv ey ga
BB hf@i:h’f

frequency for radiating ultra- sonic eneggy 1nto a cTeaﬁ‘ln

conpri s- 2 2 NOV 1997
3

result, the cavitations are distributed comparatively uni-
formly in the cleaning solution, and it is possible to
obtain an effective cavitation effect primarily based on
those ultrasonic energies which have lower frequencies.
A suitable choice of periods of time for which the uitra-
sonic energies having different frequencies are radiated
is effective to serve different purposes for which work-
pieces are to ba cleaned.

The ultrasonic vibrator with plural piezoelectric ele-
ments having respective different natural frequencies,
however, is difficult and expensive to manufacture.
Another problem is that the cavitation distribution
becomes unstable because the natural frequencies of
the piezoelectric elements tend to vary due to the heat
produced thereby when the ultrasonic vibrator is oscil-
lated. Consequently, it has been difficult to clean and
deburr the worlgieces uniformly with the cavitations.

US-A-3 371 233 discloses a multifrequency uitra-
sonic apparatus.

Rather than controlling a frequency generator to
produce the various frequencies, shock excitation
impulses are provided in a random fashion to one or
more rectangular transducers which resonate at their
fundamental frequencies as well as at the harmonics
thereof in order to generate a wide band of ultrasonic
cleaning frequencies.

The impulse or square wave excitation is applied to
the transducer which itself provides the frequency gov-
erning elements rather than the frequency generator.
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SUMMARY OF THE INVENTION

it is therefore an object of the present invention to
provide a method of oscillating an ultrasonic vibrator
which has a single natural frequency to easily generate
uniform cavitations in various positions in a cleaning

- solution.
Another object of the present invention is to provide
~ a method of oscillating an ulfrasonic vibrator to obtain a
cavitation distribution suitable for the type of workpieces .
" to be cleaned and the purpose for which the workpieces
are to be cleaned.

As a result of various studies, the inventors have
found out that when an ultrasonic vibrator having a sin-
gle natural frequency is. oscillated with a -drive signal
having a frequency equal to either the natural frequency
or an integral multiple of the natural frequency, it is pos-

sible to produce a cavitation sufficiently effectively in a
cleaning solution. More specifically, a plurality of drive

signals having respective different frequencies each
equal to an integral multiple of the natural frequency of
the uitrasonic vibrator are applied, one at a time, to the
ultrasonic vibrator for a suitable period of time. At this

w time, the ultrasonic vibrator successively radiates ultra-
sonic energies having the respective different frequen-
cies into the cleaning solution for thereby producing
cavitations corresponding to the ultrasonic energies
having the respective different frequencies, with the
result that the cavitations are combined into a uniform
cavitation in the cleaning solution. It has been found out
that when each of the frequencies of the drive signals
applied to the ultrasonic vibrator is a multiple by an odd
number of the natural frequency of the uitrasonic vibra-
tor, a uniform cavitation can effectively be produced in
the cleaning solution.
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ultrasonic vibrator. 2. A nethod according to claim1l, wherelf—3&a
(b) conprises the step of outputting said oscillating signdlg
for said respective periods of tinme. 3. A nethod according it g
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period, outputting a next one of

According to the present invention, there is pro-
vided a method of oscillating an ultrasonic vibrator hav-
ing a single natural frequency for radiating ultrasonic
energy into a cleaning solution, comprising the steps of
(a) generating a plurality of oscillating signals having
respective different frequencies which are integral multi-
ples of the natural frequency of the ultrasonic vibrator,
(b} switching between and outputting the oscillating sig-
nals for respective periods of time thereby to generate a
composite signal which is composed of a time series of
the oscillating signals, and (c) applying the composite

W signal as a drive signal to oscillate the ultrasonic vibra-
tor.

When the composite signal is applied to the uitra-
sonic vibrator, the ultrasonic vibrator radiates a time
series of ultrasonic energies having different frequen-
cies for the respective periods of time into the cleaning
solution, based on the frequencies of the oscillating sig-
nals contained in the composite signal. The radiated
ultrasonic energies cause cavitations to be produced in
the cleaning solution, which are combined into a uni-
form distribution of cavitations in the cleaning solution.

The oscillating signais may be outputted consecu-
tively for the respective periods of time, or one of the

k)

oscillating signals may be outputted, and then after

elapse of a predetermined quiescent period, a next one
of the oscillating signals may be outputted. At any rate,
ultrasonic energies having frequencies corresponding
to the frequencies of the oscillating signals are radiated
from the uitrasonic vibrator into the cleaning solution.
Each of the respective periods of time may prefera-
bly be composed of an integral number of periods of the
respective oscillating signal to enable the ultrasonic
vibrator to radiate ultrasonic energies having frequen-
cies corresponding to the frequencies of the oscillating

signals smoothly into the cleaning solution for the

respective periods of time.
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periods of the respective oscillat- ing signal. 23 5. A hod accor di ng
to any preceding claim . 2 2 NOV 1997

The respective periods of time may preferably be
varied for the respective oscillating signals to obtain a
cavitation distribution suitable for the purpose for which -
workpieces immersed in the cleaning solution are to be

cleaned or the type of the workpieces.
Preferably, a rectangular-wave signal having the

same frequency as the composite signal may be
applied to the ultrasonic vibrator to oscillate the ultra-
sonic vibrator. When the ultrasonic vibrator is thus ener-
gized with the rectangular-wave signal, a driving energy
is efficiently imparted to the ultrasonic vibrator, which is
stably oscillated. A circuit arrangement for generating a

o rectangular-wave signal to energize the uitrasonic vibra-
tor can simply be constructed of a digital circuit or the
like.

The frequencies of the oscillating signals may pref-
erably be muitiples by odd numbers of the natural fre-
quency of the ultrasonic vibrator for producing a uniform
distribution of cavitations in the cleaning solution.

Generally, when a signal having a frequency which
is an integral multiple of the natural frequency of the
ultrasonic vibrator is applied to the ulirasonic vibrator,
the higher the frequency, the greater the current which
flows into the ultrasonic vibrator. Preferably, therefore,
the step (c) may comprise the steps of amplifying the
composite signal, controlling an amplification factor for
the composite signal depending on the frequencies of
the osciliating signals, and applying the ampilified com-
posite signal to the ultrasonic vibrator to oscillate the
ultrasonic vibrator, and wherein the step of controlling
an amplification factor for the composite signal com-
prises the step of reducing the amplification factor as
the frequencies of the oscillating signals are higher. In
this manner, an excessive current is prevented from
flowing into the ultrasonic vibrator and an ampilifier
which supplies the signal thereto, so that the ultrasonic
vibrator is prevented from being damaged.
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A nmet hod according to any precedlng claim wherein said frnquenC|es of the
oscillating signals

When the oscillating signals are combined into the
composite signal, and the composite signal is amplitied
and applied to the ultrasonic vibrator, if the amplification
factor for the oscillating signals remains constant, then
since the frequency of the signal applied to the ultra-
sonic vibrator is abruptly changed at the time the oscil-
lating signals switch from one to another, the oscillation
of the ultrasonic vibrator tends to be disturbed, produc-
ing noise. Therefore, it may be preferable to lower an
amplification factor for the composite signal when the
oscillating signals switch from one to another, and

" thereafter progressively increase the ampilification fac-
tor to a predetermined level. Accordingly, when the
oscillating signals switch from one to another, the signal
applied to the ultrasonic vibrator increases progres-
sively from a low level, with the result that the ultrasonic
vibrator is oscillated smoothly at the frequencies of the
oscillating signals.

in the step (a), a reference signal having a single
frequency which is substantially an integral multiple of
the natural frequency of the ultrasonic vibrator may be
generated and frequency-divided to generate the oscil-
lating signals. If the frequency of the reference signal
remains constant, then when the natural frequency of

\/ the ultrasonic vibrator varies due to the heat thereof, for
example, the current flowing into the ultrasonic vibrator
varies, tending to make unstable the ultrasonic energies
outputted from the ultrasonic vibrator. Therefore, it is
preferable to adjust the frequency of the reference sig-
nal depending on the level of a current supplied to the
ultrasonic vibrator in order to equalize the frequency of
the reference signal with the integral muitiple of the nat-
ural frequency of the ultrasonic vibrator. Thus, the fre-
quencies of the oscillating signals contained in the
composite signal applied to the ultrasonic vibrator are
equalized with the integral multiples of the natural fre-
quency of the ultrasonic vibrator, so that the ultrasonic
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energies outputted from the ultrasonic vibrator are sta-
bilized at the respective frequencies of the ultrasonic
vibrator.

The above and other objects, features, and advan-
tages of the present invention will become apparent
from the following description when taken in conjunction
with the accompanying drawings which illustrate pre-
ferred embodiments of the present invention by way of
example.

(7 BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of an ultrasonic vibrating

apparatus to which a method according to the

present invention is applied;

FIGS. 2(a) through 2(d) are diagrams illustrative of

the manner in which the ultrasonic vibrating appa-

ratus operates;

FIGS. 3(a) through 3(c) are diagrams illustrative of

the manner in which the ultrasonic vibrating appa-

ratus operates;

FIGS. 4(a) and 4(b) are diagrams illustrative of the
. manner in which the ultrasonic vibrating apparatus
had operates;

FIG. 5(a) is a plan view of an aluminum foil which

was eroded when an ultrasonic vibrator of the ultra-

sonic vibrating apparatus shown in FIG. 1 is ener-

gized at a certain frequency:;

FIG. 5(b) is a plan view of an aluminum foil which

was eroded when the ultrasonic vibrator of the

ultrasonic vibrating apparatus shown in FIG. 1 is

energized at another certain frequency; and
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» anplification factor as the frequen- cies of said oscill atji pg—st+ghets—ar
hi gher. A method according to any preceding claimwhereinisdid ste
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anplifica- tion factor for said co%posite signal when thejodcillating
signals switch fromone to another, and thereafter progregsively increasing

the anplifica- tion factor to a predeterm ned | evel.

FIG. 6 is a diagram of another example of signals
applied to the ultrasonic vibrator.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS -

As shown in FIG. 1, an ultrasonic vibrating appara-
tus to which a method according to the present inven-
tion is applied includes an ultrasonic vibrator 1 having a
single natural frequency, which is of 25 kHz in the
embodiment shown in FIG. 1, and an ultrasonic oscillat-

\or ing circuit 2 for oscillating the ultrasonic vibrator 1. The
ultrasonic vibrator 1 is of the Langevin type, for exam-
ple, having a single piezoelectric element (not shown).
The ultrasonic vibrator 1 is fixedly mounted on the bot-
tom of a cleaning tank 3 with a vibrating surface 1a held
in contact with a cleaning solution 4 contained in the
cleaning tank 3.

The ultrasonic oscillating circuit 2, which constitutes

? central portion of the uitrasonic vibrating apparatus
includes a reference signal oscillator 5 for generating a'
reference_signal (rectangular-wave signal) having a high
frequency, e.g., of several hundreds kHz, a plurality of

. (three in the Hlustrated embodimerit) frequency dividers
s 6.7 8for frequency-dividing the reference signal gener-
atgd by the reference signal osciltator 5, a switching cir-

cuit 9 for switching and outputting output signals from

the frequency dividers 6, 7, 8 in a time-series fashion

an.ampﬁﬁer 10 for amplifying an output signal from thé

switching circuit 9 and applying the amplified signal to

thg ultrasonic vibrator 1, an output control circuit 11 for

adjusting the gain of the amplifier 10 depending on the

frequency of the output signal from the switching circuit

S, .and a frequency adjusting circuit 12 for effecting fine

adjustment on the frequency of the signal generated by

the reference signal oscillator 5 depending on an output



.24 10. A nethod according to any preceding claim mherelgﬁﬁﬁgng
conprises the steps of gener- ating a reference signal h sLﬁgI tT
frequency which is substantially an integral multiple of € nat - ural

frequency of the ultrasonic vibrator, adjusting the frequenCQ:ghogabgy
reference signal depending 10

current from the amplifier 10, i.e., the current supplied to
the ultrasonic vibrator 1.

The frequency dividers 6, 7, 8 generate respective
oscillating signals a. b, ¢ (see FIGS. 2(a) ~ 2(d)) having
different frequencies 4, 15, f3, respectively, from the ref-
erence signal generated by the reference signal oscilla-
tor 5, each of the frequencies {4, 15, f3 being an integral
multiple {including 1 times) of the natural frequency of
the ultrasonic vibrator 1. For example, the frequency
divider 6 frequency-divides the reference signal gener-
ated by the reference signal oscillator 5 into the oscil-
lated rectangular-wave signal a (see FIG. 2(a)) which

N has the same frequency {; (f; = 25 kHz) as the natural
frequency of the ultrasonic vibrator 1. The frequency
dividers 7, 8 frequency-divide the reference signail gen-
erated by the reference signal oscillator 5 into the oscil-
lating rectangular-wave signals b, ¢ (see FIGS. 2(b) and
2(c)) which have the respective frequencies f,, f3 (Io =
75 kHz, f3 = 125 kHz) that are three and five times,
respectively, the natural frequency of the ultrasonic
vibrator 1. The oscillating signails a, b, ¢ generated by
the respective frequency dividers 6, 7, 8 are held in syn-
chronism with each other.

The switching circuit S repeatedly outputs the oscil-
lating signals a, b, ¢ generated by the respective fre-
quency dividers 6, 7, 8 successively over respective
periods of time, thereby generating a composite signal
d (see FIG. 2(d}) for energizing the ultrasonic vibrator 1.
More specifically, the switching circuit 9 first outputs the
oscillating signal a for a period of time t; that is an inte-
gral multiple of the period of the oscillating signal g from
an initial positive~-going edge. Thereafter, the switching
circuit 9 outputs the oscillating signal b for a period of
time t, that is an integral multiple of the period of the
oscillating signal b, and then outputs the oscillating sig-
nal ¢ for a period of time t; that is an integral multiple of
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frequency of the ultrasonic vibrator, andifne-

sai d reference signal whose frequency has he¢n 2 NGV gobzx o
produce said oscil- lating signals. 11

the period of the oscillating signal ¢. The switching cir-
cuit 9 subsequently repeatedly outputs the oscillating
signals a, b, ¢ successively, thus generating the com-
posite signal d Therefore, the composite signal d gen-
erated by the switching circuit 9 is composed of a time
series of oscillating signals a. b, ¢ for respective periods
of times ty, t,, t; within each period (=t +t; +13)
thereof. Since the periods of times t;, tp, t3 for which the
oscillating signals a, b, ¢ are outputted comprise an
integral number of periods of the oscillating signals a. b,
¢, respectively, these oscillating signals a. b, ¢ have
positive-going edges occurring where they switch from
one to another.

The periods of times t4, t,, t3.for which the oscillat-
ing signals a. b, ¢ are outputted can be varied. Speciti-
cally, the switching circuit 9 has a plurality of variable
resistors 13, 14, 15 (see FIG. 1) for establishing the
periods of times t4, 15, t3 for the respective oscillating
signals a. b, c. The periods of times ty, {5, t; can be set
to desired values by varying the resistances of the vari-
able resistors 13, 14, 15 through respective control
knobs (not shown). It is possible to set the periods of
times {4, 1, {3 t0 "0". When the periods of times t4, 2, 13
are set to "0", the oscillating signals a, b, ¢ are not out-

- putted from the switching circuit 9.

In this embodiment, the periods of times {4, {5, 3 are
set to relatively short periods of time, e.g., 1 second, 0.5
second, and 0.25 second, respectively.

Operation of the ultrasonic vibrating apparatus wiil
be described below.

The composite signal d outputted from the switch-
ing circuit 9 is amplified by the amplifier 10 and then
applied to the ultrasonic vibrator 1. Inasmuch as the
composite signal d is composed of a time series of
oscillating signais a, b, ¢ of different frequencies for
respective periods of times (also referred to as "output
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wavel engt h of tHeeriods™) t{, 1o t3 within each period thereof, as

described above, the ultrasonic vibrator 1 is oscillated
successively at the frequencies of the oscillating signals
a, b. ¢, and such successive oscillation at the frequen-
cies of the oscillating signals a, b, ¢ is repeated in the
periods of the composite signal d. Because the frequen-
cies of the oscillating signals a, b, ¢ are integral muiti-
ples of the natural frequency of the ultrasonic vibrator 1
and the oscillating signals a, b, ¢ are successively out-
putted as a time series for the respective output periods
t, 2, 3 composed of unit periods of the oscillating sig-
nals a, b. ¢, thus generating the periodic signal d, the
ultrasonic vibrator 1 can smoothly be oscillated at the
successive frequencies of the oscillating signals a, b, c.
Accordingly, as shown in FIGS. 3(a) through 3(c), the
ultrasonic vibrator 1 repeatedly radiates ultrasonic ener-
gies e, f, g having different frequencies into the cleaning
solution 4 at relatively short periods.

FIGS. 3(a) through 3(c) illustrate the ultrasonic
energies e, f, g, respectively, which correspond to the
oscillating signals a, b, ¢ whose frequencies f, f», f3 are
25 kHz, 75 kHz, and 125 kHz. The frequencies of the
ultrasonic energies e, f, g are the same as the respec-
tive frequencies of the oscillating signals a, b. ¢. The
ultrasonic energies e, f, g have respective wavelengths
M1, Ao, A3. Cavitations are intensively produced in the
cleaning solution 4 at depths indicated by the broken
lines shown in FIGS. 3(a) through 3(c) which corre-
spond to the wavelengths A4, Ag, Az.

As the wavelengths X, A5, 13 of the ultrasonic ener-
gies e, 1, g, respectively, which correspond to the oscil-
lating signals a, b, c differ from each other, the depths
at which the cavitations are produced by these ultra-
sonic energies e, £, g also differ from each other. With
the output periods ty, tp, t3 being relatively short, the
cavitations which correspond to the ultrasonic energies
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vibrator 1 is energized at a frequency that is tw ce the

nat ural frequency

of the ultrasonic vibrator 1, it is possible to produce suf-

e, f, g are repeatedly produced at short intervals of
time. Consequently, on the basis of a period of time that
is sufficiently longer than the output periods t4, ts, t3, the
cavitations generated in the cleaning solution 4 are dis-
tributed relatively uniformly therein. Thus, when work-
pieces {not shown) are immersed in the cleaning
solution while the ultrasonic energies e, £ g are being
radiated therein, cavitations act on various locations on
the workpieces, effectively cleaning and deburring the
workpieces. if an uitrasonic energy having a fixed fre-
quency were radiated into the cleaning solution for a rel-
atively long period of time, then air bubbles would be
attached to the surfaces of the workpieces immersed in
the cleaning solution, tending to prevent the workpieces
from being cleaned. According to the present invention,
however, the ultrasonic frequency is periodically varied
to prevent air bubbles from remaining attached to the
surfaces of the worlpieces. Therefore, the workpleces
can be cleaned highly effectively.

In the above ultrasonic cleaning apparatus, it is
possible to vary the output periods ty, 1o, t3 of the oscil-
lating signals &, b, ¢ for radiating the ultrasonic energies
e, f, g having different frequencies.

More specifically, the higher the ultrasonic fre-
quency, the greater the cavitation effect becomes. For
example, when relatively fragile workpieces are to be
cleaned, it is preferable to employ an ultrasonic energy
having a higher frequency in order to prevent the work-
pieces from being damaged. Therefore, to clean fragile
workpieces with the ultrasonic cleaning apparatus, the
output period t; of the oscillating signal a having the
lowest frequency is sufficiently shortened or reduced to
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"0", and the other ultrasonic energies are radiated to
clean the workpieces while avoiding damage to the
workpieces.

Conversely, when workpieces are to be cleaned for
a greater cleaning effect, the output periods ty, t> of the
oscillating signals a, b having the lowest and second
lowest frequencies are set to relatively long values. In
this manner, the workpieces can be cleaned effectively.

In this embodiment, the oscillating signals a, b, ¢
for energizing the ultrasonic vibrator 1 and hence the
composite signal d are rectangular-wave signals. Con-
sequently, the ultrasonic vibrator 1 can be oscillated by
the oscillating signals a, b, ¢ with a smooth response,
so that the ultrasonic vibrator 1 can stably be oscillated
by the oscillating signals a, b. ¢. Use of the rectangular-
wave signals permits the ultrasonic vibrating apparatus
to be comparatively simple in circuit arrangement.

The output control circuit 11 (see FIG. 1) adjusts
the gain (amplification factor) of the amplifier 10
depending on the frequencies of the oscillating signals
a. b. ¢ successively outputted from the switching circuit
9, as follows: Generally, the higher the frequency of the
signal applied to the ultrasonic vibrator 1, the larger the
current flowing into the ultrasonic vibrator 1 and the
amplifier 10. if an excessive current flowed into the
uitrasonic vibrator 1 and the amplifier 10, then they
would be fliable to be damaged. According to this
embodiment, the output control circuit 11 reduces the
gain of the amplifier 10 to a lower level as the frequency
of the oscillating signal from the switching circuit 10
goes higher, for thereby preventing an excessive current
from flowing into the ultrasonic vibrator 1 and the ampli-
fier 10 and hence protecting them from damage.

When the oscillating signals a. b, ¢ supplied to the
amplifier 10 switch from one to another, the output con-
trol circuit 11 lowers the gain of the amplifier 10 to
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approximately "0", and thereafter gradually increases
the gain of the amplifier 10 to ampiification factors com-
mensurate with the respective frequencies of the oscil-
lating signals a, b, c. Specifically, if the gain of the
amplifier 10 were of a constant tevel corresponding to
the frequency of one of the oscillating signals a, b. ¢
from the time oscilflating signals a, b, ¢ switch from one
to another, then since the frequency of the signal
applied to the ultrasonic vibrator 1 would be abruptly
varied, the oscillation of the ultrasonic vibrator 1 would
be abruptly disturbed, tending to cause noise. Accord-
ing to the present invention, the gain of the amplifier 10
is reduced to "0" when the oscillating signals a, b, ¢
switch from one to another, as described above. Conse-
quently, right after the oscillating signals a, b, ¢ switch
from one to another, the level of the signal applied to the
ultrasonic vibrator 1 gradually increases from a low
level, permitting the ultrasonic vibrator 1 to start oscillat-
ing smoothly at the frequencies of the oscillating signals
a, b,c.

In addition, the frequency adjusting circuit 12 (see
FIG. 1) effects fine adjustment on the oscillating fre-
quency (frequency of the reference signal) of the refer-

ence signal oscilfator 5 depending on the current
supplied from the amplifier 10 to the ultrasonic vibrator

1. More specifically, when the ultrasonic vibrator 1 oscil-
lates, the natural frequency thereof generally varies
slightly due to the heat thereof. If the frequencies of the
oscillating signals a, b, ¢ were fixed at all times, there-
fore, the current flowing into the ultrasonic vibrator 1
would be varied, causing the ultrasonic vibrator 1 to out-
put unstable ultrasonic energies. According to this
embodiment, the oscillating frequency of the reference
signal oscillator 5 is finely adjusted by the frequency
adjusting circuit 12 SO as to maintain the current flowing
into the ultrasonic vibrator 1 at an optimum level for
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thereby equalizing the frequencies of the oscillating sig-
nals a, b, ¢ with integral multiples of the actual natural
frequency of the ultrasonic vibrator 1. In such a fine
adjustment process, the oscillating frequency of the ref-
erence signal oscillator S is varied across its rated fre-
quency at suitable time intervals until an oscillating
frequency is detected at which the current supplied to
the ultrasonic vibrator 1 is of a predetermined optimum
level, e.g., a maximum level. The frequency adjustment
may be made depending on the sound pressure of the
ultrasonic energy that is radiated from the uitrasonic
vibrator 1 into the cleaning solution.

_ In the illustrated embodiment, the oscillating signals
a. b, ¢ are successively switched and outputted for the
respective output periods ty, tp, 13 by the switching cir-
cuit 9. However, as shown in FIG. 8, quiescent periods
t4 may be inserted between the output periods t4, to, i3
of the oscillating signals a, b, ¢, and the oscillating sig-
nals a, b, ¢ spaced by the quiescent periods t, may be
amplified and outputted to the ultrasonic vibrator 1. At
this time, the ultrasonic vibrator 1 radiates ultrasonic
energies having the frequencies of the oscillating sig-
nals a, b, c intermittently for the respective output peri-
ods t4, 5, ta. In this case, cavitations are also produced
at different depths corresponding to the frequencies of

\/ the oscillating signals a, b, ¢ in the cleaning solution 4.
The cavitations thus produced are thus distributed rela-
tively uniformly in the cleaning solution 4.

While the oscillating signals a, b, ¢ are periodicaily
supplied in the named order to the ulirasonic vibrator 1
to oscillate the ultrasonic vibrator 1 in the illustrated
embodiment, the oscillating signals a, b, ¢ may be
applied in any optional or random order to the ultrasonic
vibrator 1.

in the above ultrasonic cleaning apparatus, the fre-
quencies of the oscillating signals a, b, ¢ may basically
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oscillate the ultrasonic vibrator.

be integral muitiples of the natural frequency of the
ultrasonic vibrator 1. More preferably, the frequencies of
the oscillating signals a, b, ¢ should be multiples by odd
numbers of the natural frequency of the ultrasonic vibra-
tor 1.

The reasons for the odd multiples of the natural fre-
quency of the ultrasonic vibrator 1 will be described
below with reference to FIGS. 4(a) and 4(b).

FIG. 4(a) illustrates the waveforms of the ultrasonic
energies e, f that are produced in the cleaning solution
4 by the respective oscillating signals a, b when the fre-

. quencies of the oscillating signals a, b are 25 kHz (the
o natural frequency of the ultrasonic vibrator 1) and 50
kHz (twice the natural frequency of the ultrasonic vibra-
tor 1). The horizontal axis of the graph shown in FIG.
4(a) represents the depth in the cleaning solution 4,
whereas the vertical axis represents the amplitude of
the ultrasonic energies e, £. It is assumed in FIG. 4(a)
that the wavetorms of the ultrasonic energies e, { have
overlapping crests at a depth D,

As can be seen from FIG. 4(a), where the fre-
quency of the oscillating signal b is twice (a multiple by
an even number of) the natural frequency of the ultra-
sonic vibrator 1, then crests of the waveform of the ultra-
sonic energy e and valleys of the waveform of the
ultrasonic energy f overlap each other at depths D4, D,,
for example. Therefore, a composite waveform x com-
posed of a combination of the waveforms of the ultra-
sonic energies e, f is asymmetrical with respect to the
horizontal axis at the center of the amplitude. This indi-
cates that a distribution of cavitations that are produced
by the combination of the ultrasonic energies e, f is apt
to became non-uniform. A similar asymmetrical com-
posite waveform will be produced if the frequency of the
oscillating signal ¢ is 100 kHz, which is four times the
natural frequency of the ultrasonic vibrator 1.
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FIG. 4(b} illustrates the waveforms of the ultrasonic
energies e, f that are produced in the cleaning solution
4 by the respective oscillating signals a, b when the fre-
quencies of the oscillating signals a, b are 25 kHz {the
natural frequency of the ultrasonic vibrator 1) and 75
kHz (three times the natural frequency of the ultrasonic
vibrator 1). The horizontal axis of the graph shown in
FIG. 4 (b) represents the depth in the cleaning solution
4, whereas the vertical axis represents the amplitude of
the ultrasonic energies e, f. It is assumed in FIG. 4(b}
that the waveforms of the uitrasonic energies e, f have
overlapping crests at a depth D,.

As can be seen from FIG. 4(b), where the fre-
quency of the oscillating signal b is three times (a muilti-
pie by an odd number of) the natural frequency of the
ultrasonic vibrator 1, then crests of the waveform of the
ultrasonic energy e and crests of the waveform of the
ultrasonic energy f overlap each other. Therefore, a
composite waveform y composed of a combination of
the waveforms of the ultrasonic energies e, fis symmet-
rical with respect to the horizontal axis at the center of
the amplitude. This indicates that a distribution of cavi-
tations that are produced by the combination of the
w ultrasonic energies e, fis apt to become uniform. A sim-

ilar symmetrical composite waveform will be produced if
the frequency of the oscillating signal ¢ is 125 kHz,
which is five times the natural frequency of the ultra-
sonic vibrator 1.

In view of the above analysis with reference to
FIGS. 4(a) and 4(b), the frequencies of the oscillating
signals a, b, ¢ should preferably be multiples by odd
numbers of the natural frequency of the ultrasonic vibra-
tor 1.
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While three oscillating signals a, b, ¢ having differ-
ent frequencies are employed in the above embodi-
ment, more oscillating signals having different
frequencies may be employed to radiate corresponding
ultrasonic energies into the cleaning solution.

Actual cavitation effects that occurred when signals
having frequencies which are integral multiples of the
natural frequency of the ultrasonic vibrator 1 were
applied to the ultrasonic vibrator 1 will be described
below with reference to FIGS. 5(a) and 5(b).

The inventors conducted an experiment in which
aluminum foils having a thickness of 7 ym were verti-
cally immersed in the cleaning solution 4, and rectangu-
lar-wave signals having frequencies of 25 kHz and 50
kHz, which are equal to and twice the natural frequency
of the ultrasonic vibrator 1, were separately applied to
the ultrasonic vibrator 1, and observed erosions devel-
oped on the aluminum foils. In the experiment, the
cleaning solution 4 was water and-was deaerated until
the solution 4 had a dissolved oxygen content of 5.0
ppm, kept at a temperature of 24°C, and had a depth of
232 mm. The eroded conditions of the aluminium foils
are shown in FIGS. 5(a) and 5(b), respectively.

U In FIGS. 5(a) and 5(b), hatched regions A show
holes produced in the aluminum foils, and stippled
regions B show erosions that were developed to a cer-
tain extent in the aluminum foils. These eroded regions
A, B indicate that cavitations are produced in the clean-
ing solution 4 at corresponding depths therein.

As shown in FIG. 5(a), when the ultrasonic vibrator
1 was energized at the same frequency (25 kHz) as the
natural frequency thereof, the eroded regions A, B
appeared at depths that are spaced by substantially half
a wavelength. The observation indicates that cavitations
are intensively produced at the depths that are spaced
by substantiaily half a wavelength.
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As shown in FIG. 5(b), when the ultrasonic vibrator
1 was energized at a frequency (50 kHz) which is twice
the natural frequency thereof, the eroded regions A, B
also appeared at depths that are spaced by substan-
tially half a wavelength, indicating that cavitations are
intensively produced at the depths that are spaced by
substantially half a wavelength. The extent of the ero-
sions is slightly smaller than the extent of the erosions
that were developed when the ultrasonic vibrator 1 was
energized at 25 kHz. However, since erosions that were
strong enough to form holes in the aluminum foil are
abserved, it can be seen that cavitations with a suffi-
cient cleaning effect were produced when the uitrasonic
vibrator 1 was energized at 50 kHz. The wavelength of
the ultrasonic energy generated when the uitrasonic
vibrator 1 was energized at S0 kHz was half the wave-
fength of the ultrasonic energy generated when the
ultrasonic vibrator 1 was energized at 25 kHz. Accord-
ingly, the interval between the depths at which intensive
cavitations were produced when the ultrasonic vibrator
1 was energized at 50 kHz is substantially half that
when the ultrasonic vibrator 1 was energized at 25 kHz,
indicating that the cavitations anpeared at closer depths

in the cleaning solution. .
Therefore, even when the ultrasonic vibrator 1 is

energized at a frequency that is twice the natural fre-
quency of the ultrasonic vibrator 1, it is possible to pro-
duce sufficient cavitations required to clean workpieces
immersed in the cleaning solution, and also to produce
cavitations at depths different from those when the ultra-
sonic vibrator 1 is energized at its natural frequency.

it thus follows that, as described above with respect
to the illustrated embodiment, when the ultrasonic vibra-
tor 1 is energized by a composite signal having a time
series of ditferent frequencies that are integral multiples
of the natural frequency of the uitrasonic vibrator 1, cav-
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tion in the cleaning solution for a large cleaning effect on

the workpieces immersed in the cleaning solution.
Although certain preferred embodiments of the

present invention have been shown and described in
detail, it should be understood that various changes and

modifications may be made therein without departing
from the scope of the invention which is defined by the
appended claims.



. wherein said stpp~of.cont.t.ollin
si gnal conprise M@\QEN@fSP

frequenci es of pajd-oscrr+atd
to any preceding claim where| N
anmpl i fyi ng sai df conpodiN® ¥Pgn:

conposite signal mhen. fhe oscil
and thereafter Jprogressively

U)U')

f'\\"

Claims

an anplification factor-for-—said- Gorrpoate

cing the arrpllflcatlor,
e e o o TN

| owd2i ng an anplification factor Yor said
iting signals swtch fromone to anot her,

1.

A method of oscillating an ultrasonic vibrator (1)
having a single natural frequency for radiating ultra-
sonic energy into a cleaning solution (4), compris-
ing the steps of:

(a) generating a plurality of oscillating signals
having respective different frequencies which
are integral multiples of the natural frequency
of the ultrasonic vibrator;

(b) switching between and outputting said
oscillating signals for respective periods of time
thereby to generate a composite signal which
is composed of a time series of sald oscillating

(¢) applying said composite signal as a drive
signal to oscillate the ultrasonic vibrator.

A method according to claim 1, wherein said step
(b} comprises the step of outputting said oscillating
signals consecutively for said respective periods of

A method according to claim 1, wherein said step
(b) comprises the steps of outputting one of said
oscillating signals, and then after elapse of a prede-
termined quiescent period, outputting a next one cf

o
signals; and
2.
" time.
3.
said oscillating signals.
4.

A method according to claim 2, wherein each of
said respective periods of time is composed of an
integral number of periods of the respective oscillat-
ing signal.
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5.

A method according to any preceding claim,
wherein said step (b) comprises the step of varying
said respective periods of time for the respective
oscillating signals.

A method according to any preceding claim,
wherein said step (¢) comprises the step of apply-
ing a rectangular-wave signal having the same fre-
quency as said composite signal to the ultrasonic
vibrator to oscillate the ultrasonic vibrator.

A method according to any preceding claim,
wherein said frequencies of the oscillating signals
are odd muitiples of the natural frequency of the
ultrasonic vibrator.

A method according to any preceding claim,
wherein said step (¢) comprises the steps of ampli-
fying said composite signal, controlling an amplifi-
cation factor for said composite sighal depending
on the frequencies of said oscillating signals, and
applying the amplified composite signal to the ultra-
sonic vibrator to oscillate the ultrasonic vibrator,
and wherein said step of controlling an amplification
factor for said composite signal comprises the step
of reducing the amplification factor as the frequen-
cies of said oscillating signals are higher.

A method according to any preceding claim,
wherein said step (c)comprises the steps of ampli-
fying said composite signal, lowering an amplifica-
tion factor for said composite signal when the
oscillating signals switch from one to another, and
thereafter progressively increasing the amplifica-
tion factor to a predetermined level.
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10. A method according to any preceding claim,
wherein said step (a) comprises the steps of gener-
ating a reference signal having a single frequency
which is substantially an integral muitiple of the nat-
ural frequency of the ultrasonic vibrator, adjusting
the frequency of said reference signal depending
on the level of a current supplied to the ultrasonic
vibrator in order to equalize the frequency of said
reference signal with the integral muitiple of the nat-
ural frequency of the ultrasonic vibrator, and fre-
quency-dividing said reference signal whose
frequency has been adjusted to produce said oscil-
lating signals.
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ABSTRACT

METHOD OF OSCILLATING ULTRASONIC VIBRATOR

FOR ULTRASONIC CLEANING

An ultrasonic vibrator (1) has a single natural
frequency for radiating ultrasonic energy into a
cleaning solution {4) to clean and deburr workpieces
that are immersed in the cleaning solution. A plurality
of oscillating signals (a,b,c) having respective
different frequencies which are integral multiples of
the natural frequency of the ultrasonic vibrator are
generated, and successively outputted for respective
periods of time thereby to generate a composite signal
which is composed of a time éeries of the oscillating
signals. The composite signal is applied as a drive
signal to the ultrasonic vibrator to oscillate the
ultrasonic vibrator. The oscillating signéls may be
outputted successively for said respective periods of
time or intermittently with quiescent periods inserted

therebetween.
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