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 customary
to apply a periodic wvoltage signal to an ultrasonic Vibfator
having a piezoelectric element, the periodic voltage signal
having a frequency equal to the natural frequency of the ul-
trasonic vib;ator, to oscillate the ultrasonic wvibrator at
its natqral frequency for thereby radiating an ultrasonic en-
ergy into the cleaning solution. The radiated ultrasonic en-
ergy produces a cavitaéion in the cleaning solution, yﬁ}ch

—

generates shock waves to clean and deburr the workpieces -im-
mersed in the cleaning solution. )
It is generally known that the cavitation in the

cleaning solution appears at a depth depending on the fre-~
e :

" 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

B



tank toward the surface level of the cléanihg'solution in the
cleaning tank, the cavitatibn'is'p;dducéd';nténsively'at a
depth equal to a quarter wavelength, and also at depths posi-
tioned successively at half wavélehgth 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'ﬁnifofmly-in'the'cleaning solution without

being dispefsed in the cleaning solution. To generate the

cavitation uniformly in the cleaning solution, it is desir-

.S

able to radiate the ultrasonic energy at a higﬁéi fiequency.
It is also generally known that the higher'the'ffequency of
the radiated ultrasonic energy, the mbfe“the'hltfasqniC'en-
ergy is attenuated in'the,cleaniné 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:frEqﬁen¢y. _Since the
generation and effect of the cavitation vary dépéndihg.dn the
frequehcy of the ultrasonic energy, the frequency of ghe'ul-
trasonic energy should be selected in view of éhe_phréﬁsejfof
which the workpieces are to be cleaned and the degree to
which the workpieces are to be cléaﬂéd;"qu exaﬁplé, if a
stronger cleaningfcapability is desirablef;thén the ultra-

sonic energy should be -applied at. a. lower frequency. If the

workpieces to be cleaned are fragile, then the ultrasonic en-

ergy should be applied at a higher freduéncy in order to ‘pre-

vent the workpieces from being damaged by the cavitation.



However, 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 piézoelecﬁric-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:gggf—
gies are radiated at different frequencies from the siﬁézé
ultrasonic vibratof 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 c¢leaning solution, and it is possible to obtain
an effective cavitation effect primarily based on those ul;
trasonic energies which have lower freguencies. A sﬁ;table
choice of periods of time for which.the ultrasédig ené;gi;;
having different frequencies are radiated is effective to
serve different purposes for which éorkpieces are to be
cleaned.

The ultrasonic.vibrator with plufal piezéelectric
elements having respective different natural frequencies,

however, is difficult and expensive to manufacture. Another .

=

problem is that the cavitation distribution becomes unstable
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.-because the natural frequencies'gf the.piezoelectric elements
tend to vary duelto the.heat produced_thereby:whgn the ultra-
sonié vibrator is oscillated,. Cogsgquently;_it has been dif- .
ficult to ciean and deburr the workpieées uniformly w@th_the

cavitations.

—— L - 3
3 ~I= =  sueary oF THE INVENTION

It is the;efb:e_an objéct-of the presenﬁ_inveﬁtion
to pﬁovide a method of chillatiqg_an_g;trgsonic vibrator
which has a single n;turél frequency}to;egsily_generate uni-
form cavitations in Qa;iogs_positions in g_clganing solution;_

Another object_qflthe prese@ﬁ_invention is_tzﬁpioj__
vide a method of oscillating an ultrasonic Qibrator to obtain
a cavitation dis?ribut;oq sq;;ablé for the type of workpieces
to be cleaned and the ﬁurpose fo#_whiphuthe,wo;kpiedes are touf
be éleéned.

As a-result.of_vérigus stqq;es, the inventors have
found out that when an ultrasoniq“vibratd;_having a éingle
natural frequency.is'oscilla;ed with_a.drive signal‘having a
frequency"équal to_eithermthe natural:fregugncy or an inte-
gral hultiple of the naﬁﬁ;él freQuency,_it is pogsibleztom
produce a cavitation sufficiéntly”effeqtively.in a clgaéiag
solution. More sﬁecifica;Ly,.a_plufality_of drive signals
having respective diffefeﬁt ffequenciés egch.equal to an in-
tegral multiple of the natural frequency 9& the_ultrasonic
vibratér.aré ;ppiied;.ég; a£ a tiﬁe; to the:ultrasonic vibra-
tor for a suitabie pe;iqd of time. At this_tiﬁe, the ultra-

sonic vibrator successively radiates ultrasonic energies hav-
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"'ing the respective different frequencies into the cleaﬁing
solution for thereby producing cavitations corresponding to
the ultrasonic energieé“having the.respeéﬁiée different fre—
quencies, with the result that the'cavitations are combiqed
into a uniform cavitaéiﬁh:in the cleanihg Solution; It has
been found out that when éagh of the frequencies of the drive
signals applied to the ultrasonic vibrdtdr is a multiple by'
an odd number of ﬁhe naﬁurél frequendy of the ultrasonic vi-
"brator, a uniform cavitation can'éffectiQely be produced-in °
the cleaning solution. - L _ o S _l I A

Aécording to the present invention, there-isfﬁéé-_
vided a method of oscillating an ultrasonic vibrator having a
sing;e natural frequency for gadiating,u;trasqnic'energy_into
a cleahing solutién, compfising the.steps of (a) genéréting a 5.
plurality of oscillatiﬁg signals having respective different
frequencies which ére_integfal multiples of the natural fre-
quency of the ultraSoEic.Qibrétof, kb).swiﬁéhing ﬁetween and.
'outputting the oséillatipg signals fo:.respecﬁive periods of
time theréby to generate a compoéite signal which is composed  %;\ui
of a time series of the osciliéting signals, and (c)'aﬁplying. ':Ef
tﬁe composite signal as a drive sigﬂal to oscillate the.ﬁi; n
trasonic vibrator. o

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

based on the frequencies of the oscillating signals contained



*in the composite signal. The radiated ultrasonic energies

cause cavitations to be produced in the cleaning golution}
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 erer-
gies having frequencies corresponding to the frequencies of
the oscillating signals are radiated from the ultrasoniéiéi-
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 réspective oscillating
signal to enable the ultrasonic vibrator to radiate ultra-
sonic energies having freqﬁencies 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 prefera?ly be
varied for the respective oscillating signals to obtaih a—
cavitation distribution suitable for the purpose for whigﬁ
workpieces immersed in the cleaning.solution are to be
cleaned or the type of the workpieces.

Preferably, a rectangular~wavé signal having the

same frequency as the composite signal may be applied to the

ultrasonic vibrator to oscillate the ultrasonic vibrator.

When the ultrasonic vibrator is thus energized with the rect-



‘‘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 cohstr@éted'

of a digital circuit or the like. i

The frequencies of thé“oscillatiﬁg:Sighals.may
preferaﬁly.bé multiples by odd-nﬁﬁbérS'éthhe natural fre-
quency of the ultrasonic vibrator for producing a uniform distri-
bution of cavitations in the cleaning solution.

Generally, when a signal having é”frgquénby'whiéh
is an integral multiple of the natural frequency of'th;’ﬁi;
‘trasonic vibrator is applied to the ultrasonic vibrator, the
higher-the'frequenéy; the greater the éurfent.whiph flows
into the ultrasohip~vibfatbtﬁ -Preférabiy;”theréforé} the
step (c) mayfcbmprisé-tﬁe';teps-of'ampliEYiﬁgithe éomposite
signal, controlling an amplification factor for"thé.édmpbsite
signal depending oh”the-frgquehcies of the oscillating sig-
nals, and applying the amplified composite signél to the ul-
trasonic vibrator to oscillate the ultrasonic vibrator, and
wherein the step of controlling an amplificétibn factdf for
the composite signal comprises the étep of redﬁCiﬁq'the.ﬁé;
plification factor as the freqﬁenciés-of the oscillating sig-
nals are higher. 1In this manner, an excessive current is
prevented from flowing intO'the*ultraSOnic‘%ibratof'and an
amplifier wﬁich supplies ghe:signéljthereto;-so that the ul-

trasonic vibrator is prevented from being damaged.

When the oscillating signals are combined into the



. composite signal, and the composite signal is amplified and
applied to the ultrasonic vibrator, if the amplification fac-
tor for the oscillating signals remains conétant,-then since
the frequenéy of the signal applied t6 the ultrasonic_vibra—
tor is abruptly changed at the time the oscillating signals
switch from one to another, the oscillation of the ultrasonic
Qibrator 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 ultrasonic vibrator may be ggnerated
and frequency-divided to generate the oscillating sigmals-
If the frequency of the reference signal_remains bonspaég;
then when the natural frequency of éhe ultrasonic vibrator
-varies due to the heaﬁ thereof, for example, the current
flowing into the ultrasonic vibrator varies, tending to make
unstable the ultrasoniénénergies.oﬁtputted from the ultra--

sonic vibrator. Therefore, it is preferable to adjust the

frequency of the reference signal depending on the level of a



-current supplied to the ultrasbnic'vibratot in order to
equalize'the'fréquency of the réféfence*signal with the inte-
gral multiple of the'natﬁral'fréquéncy of the ultrasonic Qi-
brator. Thus, the fréquéhcies of the osciliating sianls
contained in the composite signal éppiied to the ultrasonic

' vibrator are equalized with the integral multiples of the
natural frequency of the ultrasonic vibrator, so that the ul-
trasonic energies'outpﬂtféd'from the ultrasonic Qibtatér'ére
stabilized aﬁ'the'reSpectivé frequencies of the ultrasonic
vibrator. |

e 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"embodihents of x

the present invention by way of example.
| BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of an ultrasonic vibrat-
ing appaiatus to which a method according to the'présent in-
vention is agplied; _

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

FIGS. 3(a) tthugh'3(c)fare’di;grams'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'vibratinq apparatus oper-



ates;

FIG. S{(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 ;s energized at a certain
frequency; ‘

FIG. 5(b} is a plan view of an aluminum éoil 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. ' -k -

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

As shown in FIG. 1, an ultrasonic wibrating appara-
tus to which a method according to the present~invention is
applied includes an ultrasonic vibrator 1 having a single
natural fréquency, 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. Th; ultrasonic vibrator 1
is of the Langevin type, for example, having a single piézo-
electric element (not shown). The ultrasonic v;brator;1 is
fixedly mounted on the bottom of a cleaning tank 3-with & vi-
brating surface la held in contact Qith a cleaning solﬁtion 4
contained in the cleaning tank 3. |

The ultrasonic oscillating circuitr 2, which consti-
tutes a central portion of the ultrasonic vibrating appara-
tus, includes a réference signal oscillater 5 for generating

a reference signal (rectangélar-wave signal) having a higﬁ
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' 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_aigna;_generated by

the reference signal oscillator 5, a switching circuit 9 for _

switching and outputting output signals_fromﬁthe frequency
dividers 6, 7, 8.in.a_timelseries fashfon;.an amplifier 10
for amplifying an outnut.signal from the.switching circuit 9
and'applying the ampiified signal to_the uitrasonic_vibrator
1, an output control c1rcu1t 11 for adjustlng the galn of the
ampllfler 10 dependlng on the frequency of the output 51gnal
from the swltching_czrcult 9, and a frequency adjuat;ng cir-
cuit 12 for.effecting.fine adjustment.on.the frequency‘of the
signal generated by the reference SLgnal osc111ator 5 depend—
ing on an output current from the ampllfler 10, i,e., the
current supplled to the ultrasonlc v1brator 1.

The frequency d1v1ders 6,_7; 8 generate respectlve
oscillating signals a, b, c (see FIGS. Z(a) ~ Z(d)) having
different frequenciee.fly fz, f3, respectiveiy, froﬁ the ref-
erence signal generated by the reference 51gnal osc111ator 5,

- each of the frequencxes f1, fz, f3 being an 1ntegral multlple

(including 1 times) of the natural frequency of the ultzas:mc vibrator l _

example, the frequency d1v1der 6 frequency-d1v1des the refer-_

ence 51gnal generated by the reference 81gnal osc1llator S

into the osc111ated rectangular-wave szgnai a (see FIG 2(a))

which has the same frequency f1 (fl . 25 kHz) as the natural
frequency of the ultrasonlc v1brator 1 .The frequency dl-

viders 7, 8 frequency d1v1de the reference signal generated

_1'1_

For .
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.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 (fz2 =75 kHé, £3 = 125
kHz) that are three and five times, reépectively, the natural

-

frequency of the ultrasonic wvibrator 1. The oscillating éig—
nals a, b, ¢ 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, ¢ 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 in£egfal multiple |
of the period of the oscillating signal a from an initial |
positive-going edge. Thereafter, the switching circuit 9
outputs the oscillating signal b for a period of time t3 that
is an integral multiple of the period of the oscillating sig-
nal b, and then outputs the oscillating sigﬁal ¢ for a period
of time t3 that is an integral'multipie of the period of the
oscillating signal ¢. The switcbing'circuit 9 subsequently
repeatedly outputs the oscillating éignals 4, b, ¢ succes-
sively, thus generating the composite sighal d. Therefore,
the composite signal d generated by the skitching circuit 9
is composed of a time sé}iéé of oscillating signals a, b, ¢
for respective periods of times ty, t2, tsa withiﬂkeach period

-

(= t; + t2 + t3) thereof. Since the periods of times ty, tgz,
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‘t3 for which the.osc1llating 51gnals a, b, c.are outputted

comprise. an - integral number of periods of the osc111ating SLgnals a,k: S re-
spectively, these osc111at1ng Signals a, b, c have posrtive-
going edges occurring where they sw1tch from one to another.

' The periods of times tj, tz, t3 for Wthh the os-
cillating Signals a, b, c are outputted can be varied
Spec1fically, the sw1tch1ng Circuit 9 ‘has a plurality of
variable reSLStors 13 14, 15 (see FIG. 1) for establishing
.the periods of times tl,_tz, t3 for the respective osc111at1ng
signals a, b, c. The periods of times t1, tz, t3 can be set

to desired values by varying the re51stances of- the variable

reSLStors 13, 14, i5 through respective control knobs (not

shown) . It is possxble to set the periods of times tl, t2, t3
to "O". When.the periods of times_tl, tz, t3 are set to "“O", 4
the oscillating signals.a,”h, c are not eutputted.from the
sw1tch1ng c1rcuit 9 . | . | ._ ._

In this embodiment, the periods of times t1, tz, 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 v1brat1ng apparatus'
will be described below. o | o _ -

The compOSLte SLgnal d outputted from the switching-
circuit 9 is amplified by the amplifier 10 and then applied
to the ultrasonic v1brator 1 Inasmuchas dle composxte sxgnal
d is composed of a time series of osc111ating 51gnals a, b, ¢
of different frequenc;es for respective periods of times_

(also referred to as "output periods") t1, tz, t3 within each
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-period thereof, as described above, the ultrasonic vibrator 1
is oscillated succe;sively at the frequencies of the oscil-
lating signals a, b, ¢, and such successive-bscillétion at
the frequencies of the oscillating sigﬁals a b, ¢ is ;ef
peated in the periods of the composiﬁe signal d. Because the
frequencies of the oscillating signals a, b, c are integral
multiples of the natural frequency of the ultrasonic vibrator
1l and the oscillating signals a, b, ¢ are successively out-
putted as a timg series for the resbective output periods t;,
tz, t3 composed bf uniﬁ periods of the oscillating signals a,
b, ¢, thus generating the periodic signal d, the ultraSBﬁib
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 Qibrator 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, £, g, respectively, which correspond to the os-
cillatiﬁé signals a, b, c whose frequencies £;, fa, f3-$ré~25
kHz, 75 kHz, and 125 kHz. The frequencies of the'ultrgs;;ic
energies e, f, ¢ are the same as thé respective frequencies.
of the oscillating signals a, b, c. The ultrasonic energies
e, £, g have respective wavelengths Aj, Xér=l3. Cavitations
are intensivély produéea%iﬁ.the cieéning solution 4 at depths

indicated by the broken lines shown in FIGS. 3fa) through

3(c) which correspond to the wavelengths A3, Az, Asj.
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As the wavelengths 11, Az, 13 of the ultrasonlc en-
ergies e, £, g, respectlvely, whxch correspond to the oscil-
lating SLgnals a, b, c dlffer from each other, the depths at
‘which the cavitations are produced by these ultrasonlc ener-
gies e, f, g also dlffer from each other Wlth the output
periods ti, ta, t3 bexng relatlvely short, the cav1tatlons
whlch correspohd to the ultrasonlc energ;es_e, £, g are re-
peatedly produced'at.short.interyals of time .Consequently,
on the basis of a perlod of tlme that is sufflciently longer
than the output perlods t1, tz, t3, the cav1tatlons generated
in the cleanlng solutlon 4 are dlstrlbuted relatlveiy uhr—
formly thereln.' Thus, when workpleces (not shown) are 1m—
.mersed in the cleanlng solutlon whlle the ultrasonlc energles
e, £, g are belng radlated thereln, cav1tatlons act on vari-
ous locations on the workpleces, effectlvely cleanlng and de-
burring the workpleces. If an ultrasonlc energy havrng.a -
fixed frequency were radlated into the cleanlng solution for
a relatlvely long perxod of tlme, then air bubbles would be
attached to the surfaces of the workpleces immersed ln the
cleaning solutlon, tendlng to prevent the workpleces from be-
ing cleaned. Accordlng to the present 1nventlon, however,
the ultrasonlc frequency is perlodically varled to prevent
air bubbles from remalnzng attached to the surfaces of the
workpleces. Therefore, the workpleces can'he cleaned highly
'effectively. | -

- In the above ultrasonic'cieaningﬁapparatus, it is

possible to vary the output periods ty, t2, t3 of the oscil-
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.lating signals a, b, c for radiating the ultrasonic energies
e, £, g having different frequencies.

More specifically, the higher the.ﬁltrasénic fre-
quency, the greater the cavitation.effeét 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 workpieges from being dam-
aged. Therefore, to clean fragile workpieces with the ultra-
sonic cleaning apparatus, the outpuﬁ'period t1 of the oscil-
lating signal a having the lowest frequency is sufficiently
shortened or reduced to "0", and the other ultrasonic eﬁeEi
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 havihg the lowest and second lowest
fiequencies are set to relatively long values. In this man-
ner, thé workpieces can be cleaned effectively.

In this embodiment, the oscillating signalg a b, ¢
for enérgizing the ultrasonic vibrator 1 and hegce the -com~
posite signal d are rectangular-wave signals. Conéequgnéﬁ§,
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 stably be oscillaﬁgg by the oscillat-
ing signals é, b, c. ﬁé;méf.the fecfangul;r-wave signals

permits the ultrasonic vibrating apparatus to be compara-

tively simple in circuit arrangement.
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The output control oirouit 11 (see FIG. i).adjusts
the gain (amplification factor) of the amplifier 10 depending ’
on the frequencxes of the osc111at1ng sxgnals a, b, ¢ succes-

sively outputted ‘from the sw1tch1ng c1rcu1t 9, as follows.
Generally, the higher the frequency of the slgnal applied.to
the ultrasonic vibrator 1, the'iarger'theﬁourrent flowing
into the'ultraaOniCZVibrator 1 and thelampiifier'lo.. If an
excessive current flowed into the"uitrasonic.ribrator 1 and
the amplifier 10, then they would be liable to be damaoedz
According to.this'emhodimeht,.the'output control oircuit 11
reduces the gainzof the ampiifier 10 to a iower levei aa;the
frequency of the oscillating signal fron*the'suitching cir-
cuit 10 goes higher, for thereby preventino'an ekoessiue cur-
rent from flowing into the ultrasonic Vfbrator-i and the am- 5
plifier:io andlhence'proteeting them from:damaée.

When the osc11lat1ng sxgnals a, b, o'subplied to

the amplifier 10 SWltCh from one to another, the output con-.
trol circuit 11 1oaefs'tne gain of the ampiifier 10 to ap-
proximately "0", and thereafter gradually 1ncreases the gain
of the ampllfler 10 to ampllflcatlon factors commensurate'd. %fd
with the respective frequenc1es of the osczllatlng szgnalsta,
b, c. Specifically, if'thezgain of the amplifier 10 were of
a cohstant:level corresponding to the frequehCy of one of the
oscillating signals a, b, ¢ from the ‘time d§c1llat1ng signals
a b, ¢ sw1tch 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
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.would be abruptly disturbed, tending to cause noise.
According to the present invention, the gain of the amplifier
10 is reduced to "0" when the oscillating signalsla, b, ¢
switch from one to anoﬁher, as described above.

Consequently, right after the osﬁilléting 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 6f 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 éf the reference signal) of the reference
signal oscillator 5 depending on the current suppiied from
the amplifier 10 to the ultrasconic vibrateor 1. More specifi-
cally, when the ultrasonic vibrator 1 oscillates, 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, therefore, the current flqﬁiné
into the ultrasonic vibrator 1 would beuvarieq,.cauéing the
ultrasonic vibrator 1 to output unst'abJ:e ultrasonic eqexf;-i-es.
According to this embodiment, ﬁhe oécillating frequency of
the reference signal oscillator 5 is finely adjusted by the
frequency adjusting circuit 12 so as to ﬁaintain the current
flowing into the ultrasonic vibrator 1 at an optiﬁum level
for thereby equalizing the frequencies of the oécillating

signals a, b, ¢ with integral multiples of the actual-naturai

- 18 -



'frequency of the ultrasonic vibrator 1. In such a fine”ad-

justment process, the osc111at1ng frequency of the. reference
signal oscillator 5 is varied across its rated frequency at
suitable time lntervals ‘until an osc111at1ng frequency 1s de-
tected at which the current supplled to the ultrasonlc v1bra—
tor 1 is of a’ predetermlned optlmum level, e.g., a maximum
level. The frequency'adjuStnent'nay be'ﬁéde'dépéhaing on the
sound pressure of the ultrasonlc energy that is radlated from.
the ultrasonlc v1brator 1 lnto the cleanlng solutlon .

In the illustrated embodiment, the oscilIatihglsig-
nals a, b, ¢ are successively switched andzoutputted'for;the
respective output perlods ti, tz, t3 by the sw1tch1ng clrcult
9. However, as shown in FIG 6, qulescent perlods t4 may be
inserted between the output perlods t1, tz, t3 of the osc11— '
lating signals a, b, c, and the osc111at1ng srgnals a, b, c
spaced by the quiescent perlodS'tq may-be amplifred and out-
putted to the ultrasonic vibrator 1. At this time; the ul-
trasonic vibrator 1 radiates ultrasonic energies having thec
frequencies of the oscillating signals a, b, c:intermittently
for the respective output periods tj, tz, t3. In this-case, B ﬁ,ﬁ
cavitations“are’also produced at different_depthS'correspond- |
ing torthe frequencies of the'osciliating Signais a, b, ¢ in
the cleaning solution 4. The cavitations thus produced are
thus distributed relatively uniformly'inhthb.cleaning solu-
tion 4. S o

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

cally supplied in the named order to the ultrasonic vibrator
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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 cleaﬁing 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 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).

F1G. 4(a) illustrates the waveforms of the ultra-
sonic energies e, f that are produced in the cleaﬁing solu-
tion 4 by the respective oscillating signéls a, b when the
frequencies of the oscillating signals a, b are 25 kHz (the
natural frequency of the ultrésonic vibrator 1) and 50 kHz
{twice the natural frequency of the ultrasonic vibrator 1).
Tﬁe 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 en;;;
gies e, £. It is assumed in FIG. 4(?) that the waveforms of
the ultrasonic energies e, f have overlapping crests at a
depth Dg. o

As can be seeﬁ 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
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1, tﬁen crests of the waveform of the ultfasonicienergy-e and
valleys of the wavefo:m_of the ultrasonic-ehergy_f overlap
each bther at depths_Dl,_Dz, for_e;ample._ Therefore, a com-
posité.wavefo;m x.composed of a combination of the waveforms
of the ulﬁrasonic engrgies é, £ is gsym@et:ical_with respect .
to the horizontal gxis at:the qen&er_of the amplitude. This
indiéates thét_a dist;ibution gfscavitatiqns_that_arg-pro-.
duced by the cpmbination.of:thé_ultrasopic_energies e, f is
apt ﬁo become_:xxkuniﬁgqn. Aasimilar_asymmetrical-composite
waveform will be p:odgged_if the frequency of the oscil%ating :*uj.
signal c¢ is.ldolkHz, which is fqur ;imes_the natural'ffé—_-
quency of the ultrasoni;_vibrator ;. N

i FiGﬁ 4(b5 illustrates the wavefo:méqu'thejultra—; .
_sonic energies e,_f thétzare.p;qdﬁqed.iq the cleaning solu- - g
tion 4 by tﬁe_:espec;ive 6s¢illatigg_s;gqals a,_biwhen_the
frequencies of the oscillating signals a,_b“are_zs kHz (the
natural freqﬁéncy of the ultrasonic vibrator 1) and 75 kHz
(th;eé_times the natura; frequency pf the ultrasonic vibrator
1). Iﬁe ho:i#oﬁtal a#is_qfﬁthe graph shown in FIG. 4}b)wrep-
resents the depth-in the cle;ning sQlution 4,_whereas the-- =
vertical axis:reérésents the_émﬁlitude of the ultrasonic en-
ergies e, £. It is_assﬁmgd:in EIG,.A(b) that the waveforms
of the uthasonic ehergies e, f have overi??ping crests at a-
depth Dg. - e

As can be seen from FIG. 4(b),_whe:e the frequency

of the oscillating signal b is three times (a_mﬁlt;plq by.an"

odd number of) the natural'frequency of the ultrasonic vibra-
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"tor 1, then crests of the waveform of the ultrasonic energy e
and crests of the widveform of the ultrasonic energy £ overlap
each other. Therefore, a composite wayeforh y composed of a
combination of the waveforms of the ultrasonic energieé'e, £
is symmetrical with respect to the horizontal axis at the
center of the amplitude. This indicates that a distqibution
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'iT

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

While three oscillating. signals 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 %nto the

cleaning solution. -
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 beléw with

reference to FIGS. 5{a) and S(b).

The inventors conducted an experimeni in which.alu-

~ e

minum foils having a thickness of 7 jm were vertically im-
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mersed in thg_glganing solution 4, and rectangular-wave sig-
nals having frequencies of 25 kHz and 50 kHz, which are equal
to and twicg.the natural frequency of the;uitrasonic vibrator
1, were separately applied to the ultr;sonic 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 mu.. The eroded axditions of the aluminiim foils -
are ;hown in EIGS,_S(al.and-S(b), respectively. - e

In FIGS. 5(a) and 5(b), hatched regions A show
holes producgd-in the aluminum foils, .and stippled regi;ﬁé-B"
show erosions that were developed to a certain extent in the
-aluminum foils._ These eroded regions A, B.ipdicaﬁg that cav-
itations are produced in the cleaning solution 4 at éorre-
sponding 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 erodedi:egions A, B appeared at depths -
that are spaced by substantiallyhalf a wavelength. ‘The ob-
servation indicates’ that cavitations are intensively pﬁodhced' *gJ
at the depths that a;e,spaced,by _ sﬁbs;aqtially hélfa;wé&%
length. .

As shQQn in FIG. 5(b), when the ultrasonic vibrator
1 was energized at a frequency (50 kHz).whﬁch-is-twice the
natural freqﬁenéy there;;:.ﬁhe erédéd;:egions;A, B also ap-

peared at depths that are spaced by . substantiélly_half a

- wavelength, indicating that'éavitations_are intensively pro-
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'-duced at the depths that are spaced by substantially half a
wavelength. The exfent 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. Howeve?r
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 ?f_the
ultrasonic energy génerated when the ultrasonic vibratbgui
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 frequency
of the ultrasonic vibrator 1, it is possible to p;odué; s;f—
ficient cavitations required to clean workpieces immersed in
the cleaning solution, and also to éroduce cavitations at
depths different from those when the ultrasonic vibrator 1 is
energized at its natural frequency. 7 |

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

-~

brator 1 is energized by a composite signal having a time se-
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‘'ries of different frequencies that are integral multiples of
the natural frequency of the ultrasonic vib;ator_l, cavita-
tions can be.p:oducea_in a rélativeiy uniform distribution in
the cleaning solution-for“a-large-cleaﬁing effect on tbé_'
workpieces immersed-in- the cleaning solution.: i
‘Although certain preferred embodiments of the pre-
sent invgntiontmwe been_shown and described in detail,'it
should be understood.that'various-changes.and modifications
may be_made_thergin withoﬁt departing-f:ém;the-scope'of the’

invention which is defined by the appended claims.
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| O R A
i, A method of oscillating an ultrasonic

A)
vibrator(having a single natural frequency for radiating

Claims

ultrasonic energy into a cleaning solutiory, comprising
the steps of: 7;)

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

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

(c) applying said composite signai 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, whereiﬁ said
step (b) comprises the steps of outputting one of said
oscillating signals, and then after glapse of a
predetermined quiéééént period, outputting a next cné of

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 reSQECtivé oscillating
sigﬁal.

S. A method accﬁrding to any preceding claim,
wheréin said steé (b) comprises the step of varying said
respective periods of time for the respective |

oscillating signals.

6. A method according to any preceding clgi@h
wherein said step (c) comprises the step of appl?ggé a
rectangular-wavejsignal having the same frequency as
said composite-signal'to the ultrasonic'&ibratqr 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 naturai 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 a%,amplification
factor for said composite signal dependigg on the
freQuencies of said oscillating éignals,_and applying
the amplified composite signal to the ultrasonic

vibrator to oscillate the ultrasonic vibrator, and
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L

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

level.

10. A method according to any pfeceding claim,
wherein said step (a) comprises the steps of generating}
a reference signal having a single frequency which is
substantially an integral multipie of the natural
frequency of the ultrasonic vibrator, adjusting the
frequency of said reference signal depending on the
level of a curreﬁt supplied to the ultrasqnic ﬁiprator

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.
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