$1-+ ELECTRI CAL DI SCHARGE MACHI NI NG OF , SMALL DEEP HOLES The present ) G%EEE
Lnvention relates t'g an el ectrical discharge machining (EDM nethod and
apparatus in whicch a tool electrode is juxtaposed 5 wi th a workpi ece
across a fluid filled machining gap and a series of electrical g ghggg |
pul ses are passed between the tool electrode and the workpi ece across the
machining gap to renove material fromthe wikpi ece. Mre particularly, the
i pvention relates 10 to an el ectrical discharge nmachining nethod and

appar atus of the t hirb ' Y MACBITNING2 B,1C AWEPY HOL®BISe or
t hr ough- openi ng isﬁﬁ%c R1 m’9qSggggggrg%gT‘Thggpggdgg%rﬁﬁ'fﬁ‘?r?ﬁﬁﬂﬂ and

deep hole or 15  through- opgai Reedlnt dinvERitalon TAatbsioomn ess and a
| arge depth to dianeter ratio is extensively required in industry. For

example, it is desgnabheitcalraadena rgecmazhioliagor EDMInmedhodo apdepar e
drawi ng dies, fuel-injection nozzles in a diesel engine, and 20

fiber-spi nni ng nozapparatng dnswhtiehf ar modlbadediolcde s jaxtguosad t o be
machi ned by a traveling-wire or wire-cutting EDM operation. It has
general |y beef recwdnhzad wolrkipiewehiacnegsofe tfHadd Hdlded aeehinganaEar
cavities can be 25 achi eved by el ectrical discharge machining with
li'nmted advant ages andc ausenifesy aff @leaiorinagle fiachangs MuLa8f affhi ni ng

accessories required. A :
' passed between the tool electrode and the workpiece

across the machining gap to remove material from the
workpiece. More particularly, the invention relates
10 to an electrical discharge machining method and
_apparatﬁs of the type described whéreby*a sméll and
deep cavity, hole or thfough-openinglis produced in a
- workpiece. | |
The production 6f a small and deep hole or
iS through-opening of a:diameter, say, 1 mm or less and
a large depth to diameter ratio is extensively
required in industry. TFor example, it is desirable
to produce such a hole or openings to prepare drawing
dies; fuel-injection nozzles in a diesei enging, and-
20 = fiber-spinning nozzles, and also to form a base hole
in a workpiece to be machined bj a traveling-wire or
* .wire-cuttiﬁg EDM_operation.
It has generélly been recognized'that
machining of these holes, openings or cavities can be
'25 achieved by electrical discharge machining with
limited adVantages-becauée of various complicated

measures and machining accessories required. A



conparatively long machining tinme has tthen al so been required for a
oparitively small anobunt of stock renpval and the requirenent- often
conmes a prohibitive factor to justify resort to the EDM5 . techni que
for machining of small/deep hole fornations, especially where the machining
IS to be carried out on a mass-production basis. The present invention. '
seeks to provide an inproved nethod and apparatus for electrical 10
di scharge. machi ni ng whereby a small and cavity hole or through-opening;
- may be machined in a workpiece with ease and at an_increased speed. This '
.and ot her obj ectGVERATHF LYY | 1ongcBABh i RS, bame| haappheanelaer beaaft er

are attained in 15 . accprdance mﬁth,%he resent_ invention by providing,
ina first aspec’ietyﬁerregéf -0 e HBRE O bY%ﬁYr?’E% 1 ameunt,g€- &heskning a

[ dd . ' t h- ' h i naf t "hol e", int
Chrough a wor ki eB0va} BnE, Hhe DL ALPRCRPSR Ofbel bSeRRPBrR20 1 bss and b
depth to di t ' te B, .06 t, | t whi ch
mea!tohod gon{)?ingegﬂﬂi}g%gfte%tse g#a:'éfi?(t%époél nglgyt? ?%gﬁﬁdtgﬁgﬁaa#@g tulbﬁl ar

el ectrode W th t{secmpidue SESr Ak &5 Sn fn JESHI )§BevS ying a water
machi ning fluid, prefé?gily of a 25n 'gggec€*€glg€§?gt#§? y in excess of

[err] ohmcm t hriysetatiens Jlbiéﬂpécﬂlﬂ:?& "Peré NERe LBEHPRTHE! I8 P8Pp8t 2

pressure of at least 20 kg/cn2, preferably
carried out on a mass-production basis.

,_The present invention seeks to provide an
improved method'and.apparatus for electrical
10 discharge machining_whereby a small and deep cavity
hole or through-bpening may be machined in a
workpiece with ease and at an increased speed.
This and other objectives which will become
more readily appafent'hereinafter_aré attained in
15 accordance with the present invention by providing,
in a first ﬁsrect thereof, a method of electrical-
discharge-maqhiping a small and deep cavity, hole or
through-opening, hereinafter "hole", into or through
a workpiebe, the hole having a diameter of 1 mm br
20 less and a depth to diametér ratio of at least 5, and
even of at least 10, which method comprises the steps
of: juxtaposing a thin and elongated tubular
electrode with the workpiece across a machiﬁing gap;
supplying a water machining fluid, préferably of a
25 specific resistivity in excess of 104 ohm-cm
tﬁrough the tubular electrode into the machining gap
at a pressure of at least 20 xg/em?, preferably |



r‘l

-3 2 2 25 kg/[err], and nore desirably 40
kg/cn1 ~applying a series of electrical nachining pul ses between the 22~
taibul ar el ectrodé and the workpi ece to cause tinme- spaced el ectrical ' "
di scharges through the nmachining 5 gap thereby renoving material from
t he workpi ece; and advancing the tubular electrode in its |ongitudinal
direction relatively lnto t he wor kpi ece. The-PfAvention provides, in a
eg%nd aspect thereof, paratus for electrical-dischagge- 10 .

ining a snal | éﬁﬁk@a@pm land marordesi valbly adQokgpente, appdyhovlge
having a dianmeter of 1 mmor less and a depth to diameter ratio of at |east
5, and even of at lessridy ohiehechpheal unacbhipingepuiseni heiweesl dbgat ed
tubul ar el ectrode adapted to be juxtaposed 15 wi.th the workpi ece across
a machi ning gap; suppiulaheireiprede needstherwaekpieepn§oacaser tiaehi ni ng
fluid, preferably of a specific resistivity in excess of [err] ohmcm
t hrough the tubul arSR# r%%EQYﬁ%%a¥h@lﬁﬁﬂﬁFﬁ?ﬁgtbﬁﬁuéb b, achiaiyeg at

| east 20 kg/cnR, 20 referably 25 kg/cnR an S|rab 40 kg/c
pover supply reans 8% éhﬁﬁ %@%%%?gsm%FeEFé t FEQI cHPﬁkﬁdeﬁﬁPs
bet ween the tubul ar gl ect de and t he, wor k g é g d#ce tinme-s 3
‘electrical di schar JVaRe hbER S WRRLRA R ea poss LREr dOpELT

material fromthe VplIQLEen FOfafivdfy TAES tRE UEHRBLYGLY

The invention provides, in a.second aspect
thereof, an_apﬁaratus for electrical-discharge-

10 ' machining a small and deep hole into or through a |
workpiece, the hole having a diameter of 1 mm or less
and a depth fo diametgr;;atio of at least 5, and even
of at least 10, wpich apparatus comprises a thin and
elongated tubular electrode adapted to be juxtaposed

15 with the workpiece across a machining gap; supply and
pumping means for delivering a water machining fluid,
preferably of a specific resistivity in excess of
104 ohm-cm through the tubular electrode into the
machinihg_gap at a pressure'of at least 20 kg/cmz,

20 ﬁrgferably 25 kg/cm?, and‘more desirably
40 kg/cmz; powef supply meaﬁs for applying.a series
.of eiectrical macﬂining pulses between'fhe tubular _
eledtrode and the wqupiece to produce time-spaced
electrical'dischérges through the machining gap

25 théreby removing material from the workpiece: and

drive means for relatively



—

1{ldi spl aci ng the tubul ar el ectrode and the workpi ece to cause the tublar
trpode to be advanced in its longitudinal direc- tion.into 'the workpjece
ormthe hole therein or therethrough. Preferably, a further step or
S is included of or for inpar#li=ng to the tubul ar el ectrode an
asoni c vibra- tion whose frequency preferably ranges in sone
Id:ﬁ;pwéu_x?smbhtaba@akﬁuqetm arid ahe i 06 Std Neasess of 0
nd in still other applications between 1 and 10 MHz. The vibrationgl-oj
dheftubalibt edeertrode Rorbeoadvancdd i LEEE t TongELbaDRARr debeelr ofe
be held at nil or at a reduced value as |ong as the machi ning procegds
o i tntdéacher woﬂt?netd itd Pornhthehole tWer€en corWWReré BRre8gENsat €
tered into unsatistactory conditions. The vibration nay be inparted to
ubul ar ePpeferdblyn i Turther dtepridPmesdis iPuincludedfefably

ted transversely to the axis of the tubular electrode. The water

or nfof| impartinge td ¢the itubal amteYedtrodey an spktirasoniesvibraty ifn

s of 104 ohmcm and neans is preferably provided to maintain the '
$onrwhoBer freqRencyaipre ferabdy anges | in some napppleationsed range.
| evat ed delivery pressure of the water machining fluid is preferabljy
chesd thani 30okdz, dn iseme gther iapplications atntexceashofi 69 dept i of
nol e increases. It has also be found to be advantageous to maintain}25

t he {Heiznandr inhatiddc othesmiappiications hetveentd and tQcMHe.

The vibrational energy of the ultrasonic vibration

19 imparted to'the.tubﬁlar'electrode'may be held at nil or at

a reduced value as 1ong_$s the méehihihg proceeds under satis- |
factory gap conditiohs and mﬁy be increaSed'whén the gap state
is altered into unsatisfactory conditions. The vibration may
be imparted to the tubular electrode in its axial direction,

1% but is preferably 1mpaé§ed transversely to the axis of the
tubular electrode.

The water machihing fluid may be a'd;stilled water
having a specific reéistivtty in excess of 104 ohm-ém,and means
is preferably provided to maintain"the temberature thereof
20 |l at a preselected value or in a preéelecfed range.

.The elevated delivery pressure of the water machining
fluiduis.preferably incbeased cohtinuouély or in a plurality
of steps as the machinihg depth of-the hole increases.

It has also be found to be advantageous to maintain

25 the amount of the water machining fluid supplied to the machin-




*ng gap substantially two or nbre tinmes the amount of gases produced in t
machi ni ng gap. *As machining or drilling of the hole proceeds in the
yor kpi ece with the tubul ar el ectrode, 5 a projection formation integral
wi th the workpiece tends to build up in the drilled hole. Thus, in
accordance with a further specific feature of the invention, the inner
di aneter of the tubular electrode is dinensigned and the electrical
machining 10 - conditions in the power supply are preferably set so as to -
meaFhtain the ratioyg gapt Qul el iH19¥ Swd AN ndrfe Wikled Itie daturdepth of
the hole being nmachined and t' is the height of the projection being fornmed
in the hole. 15 gases produbd Supphe aéhinipigigapeans, in accordance
wi th anot her feature of the aforenentioned second. aspect of the invention,
i ncludes a water supply punp Azawiauh imided iorerde idrleisagiref dfheathdlemst 20
kg/ cn2, preferably 25 kg/[err] and nore desirably 20 40 kg/[err]
pressure-resi st ant poaedeids nmarkhe ororgeidiory wikh vidteertwhtlan  edfeatrrodsinp
t hrough the tubul ar el ectrode into the machi ni ng gap defined between the
latter and thé& wor lepipgeiecdricorn fioapat inesnteg ek ofiiitatidre R REEED t he
pressure- 25 _resistant conduit means between the punp and the

: tends to build up in the drilled hole. Thus, in

accordanée with a further specific feature of the
invention, the inner diamétef of the tubular .
electrode is dimensioned and the electrical'machining

10 conditions in the power supply are preferably set so
as to maintain the ratio {'/L o be not greater than
1/5 where L is the depth of the hole being machined
and &' is the héight of the projection being formed
in the hole;

15 . Thé supply and pumping means, in accordahce'

'with another feature of the aforementioned second. |
aspect of the invenfion, includes a water supply.pump
having a deliverj preséure of at least 20 kg/cmz,
preferably 25 kg/cm2 and more desirably -

20 40 kg/cmz; pressure—resistant conduit means for
fee&ing the water output of the pump through the
tubular electrode into~the machining gap defined
between the latter aﬁd fhe workpiéce; and a high-
pressufe'accumulator coupléd to the pressure-

25 resistant conduit means between the pump and the



. . @
-6-: tubul ar el ectrode. These and ot her .objects, features and advant ages of

~ _the invention will be nore readily appreciated fromthe fol |l owi ng
A~~escription of certain 5 enbodi ments thereof nmade by way of exanple only .
d taken with reference to the acconpanying drawings in which: FIG 1 is a

hematic view, partly in section, diagrammatically illustrating an
pparatus 10 according to the inventiog; FIG 2A is a vertical sectiona
vieM/diagrannaticaIIy illustrating a tubtPar electrode, a support therefog,—

and a portion of .an ultrasonic vibratile horn in the apparatus of FIG 1;
15 Wﬁég f%cg $&hsverse cross- sectional view

¥ :h‘é‘gra?ﬁ?%? ta:t ie of i 'eusiraf:*?%'?e %“?'sgﬁﬁégd?b5%?*%22?5%&?%%%3? ;‘;tgtnulgf% "
al ong the Iine &f‘v;& §of| G PRe Frfenfib §1E0EEThReevEeMagagent ially in

bl ock form di agrama ng a ma er I Ni ng d supply
system for use,q L Y08 ! £PGnhD POE1BRRAEILESORpElGn brOkeRRKiql thoSE
shown 25 el se ere erein, 1 n enbodyl ng t e present invention;

5 embodiments thereof made by way of example only and

takén_with reference to the accompanying drawihgs in
which:

PIG. 1 is a schematic view, partly in
section, diagrammatically illustrating an apparatus

fO according to the invention; |

| FIG. 2A is a vertical sectional view
diagrammatiéaliy_iilustrating a tubular eiectrode,'a
support fhgrefor and a'portion of an ultrasonic
vibratile horn ia the apparatus of PIG. 1;.

15 : ' FIG. 2B is a transverse cross-sectional
view diagrammaticaliy illustfating an'eleétrode |
positioning guide structﬁre'in the apparatus of
PIG. 1; .

- PFIG. 2C is a vertical sectional.view taken

20  along the line 2C-2C in FIG. 2B;

FPIG. 3 is a schematic view essentially in
block form diagrammatically iilustrating a water
machining fluid supplj'system for use, ih'conjunétion
with the aﬁparatus of FIG. 1 or any of those shown

25 elsewhéfe herein, in embodyihg the present |

invention;



;%-‘FIGZ 4 is a graph illustrating typical "machining characteristics gained
I n accordance with an electrical discharge machi ning nethod of the present
ipvention; 5 - FIG 5 is a fragnentary vertical view :
diagrammatically illustrating a preferred arrangenent for inparting an
ultrasonic vibration to a tubular electrode in accordance with the
invention; FIGS. 6A and 6B are plan views 10.7. diagrammatically
ildustrating certain forns in which the ultrasonic horn is disposed in
engagenent with the tool eledI®det pscargraphtdllhetiavengi typicddG 7 is a
schematic view diagrammatically illustrating an apparatus i.ncluding an
ultrasonic 15 vitkeahtining yHarder toticol gahged hin capeordatecofwi hie
vibration inparted to the tubular el ectrode while responding to the
machi ni ng gap condiar onléctmbenl ddivchargd machinheg nebhod cobf thee
invention; FIG 8 is a waveformdiagramillustrating a 20 nodi fi ed
series of vibratiorPREapnt sinemelomparted to the tubul ar el ectrode in
accordance with the invention; FIG 9 is_a graph showi ng a conparison of
machi ni ng: charcteeristics gaiHed ?nighe $7agmentarpsvertieel vigWder

diff f hi ni By : -Oor - '
different sets o 'H%Qéggélaé§ggqf§9Pf1ustra§ing a preferred arrangement

for imparting an ultrasonic vibration to a tubular
electrode ih accordance with thé invention; o
FIGS. 6A and 6B are plan views _

10 diagrammatically.illustfating certain forms in which
the ﬁltrasonic horn is diéposed in engagement with
the tool electrode, according to the invention;

PIG. 7 is a schematic view diagrammatically.
illustrating an apparatus inciuding an ultrasonic

15 vibration system for controlling the amplitude of the
vibration imparted to.the tubular electrode while
responding to the machining gap cqndition'in
_accordahce with a further feature of the invention;

_ | FIG. 8 is a waveform diagram illustrating a

20 modified series of vibration signals to be imparted
to the tubular électrode in acCordance.with the
invention; | |

| 'FIG; 9 is é gréph showing a comparison of
machining characteristics gained in the system of

25  FIG. 7 under different sets of machining conditions;

@g



~ Fl G- 10 is a schematic vieM/diagraﬁnatipafly il lustrating an apparatus

- /nyl uding a’'sighal source for energizing the EDM power supply and the
txasonic vibrator in accordance with a further 5 feature of the

o vention; FIG 11 is a waveformdiagramillustrating a series of signal

pul ges in tinme-spaced successions produced fromthe signal source of FIG

0/ FIG 12 is a schematic view di agrammagical |y 10 Illustrating an

apparatus with nmeans for gan i\ng. the anplityde qf the ultrasaonic vibratign,

accordi ng to machi ni ng pgi 0339 gﬁ Bc B5PERACE QnivilE Ya i RERmRata aalid of t

i nvention; FIG ilBuss$ratiangesat bpperetudi dgcdmddnigal Isighmal sourdést rating

an apparatus w Aol A i t I | qQf it ultrasonic

vibration in reggggEg‘g?gB?ﬁg r%%%r g%gl @%@?E&ﬁbﬁ'&e%adl t(;c(ra};lel n accor dance

with a further hdiresendt whdrameentinoaccor@ante with ocHardthiesr vi ew

di agrammat gcal | ¥o2@ure b Yhile hivagtddnarparatus with nmeans for changing
the anplitude of the ultrasonic. vibration in conjunction with changes in

machi ning conditions i n-81§-vdd dsups¥ayetionm ddaematods Tuslnad e r oughi ng
and finishing ia geeeedangeswighhla phiklelkeinSReGicispated suRRdsiwMY the

I nvention; FIG _15.is a iphenah%f vi ew_di agr ammat ﬁﬁ##y illustrating an
apparatus wi th BTOABFEEoETRES & ?%&4ﬂ¥u§4QEQ¥iﬂ%)- -ed®ncy vibrator and
a low frequency vibratofIGor 12miar i m@h&m@ﬁﬁmOQﬂewilﬂhgraddutﬁdaﬂly()the.
naCh'n'ng16'eFt&iigskgaii%%r%%P%%paratus with means for changing the

amplitude of the ultrasonic vibration according to

machining purposes in accordancé with a further
feature of the invention: | o
FIG. 13 is a schematic'view diagrammatically
15 illustrating an apparatus with means for changing the
amplitude of the ultrasonic vibration in response to-
the progress of an EDM operation in accordance with a
further feature of the invention; '

FIG. 14 is a schematic view diagrammatically

20 illustrating an apparatus with means for changing the
amplitude of the ultrasonic vibration in conjunction
with changes in machining conditions in a given
course of EDM operations including roughing and
finishing in accordance with a further specific

25 feature of the invention;

FIG. 15 is a schematic view diagrammatically
illustrating an épparatus_With'a vibrator assembly'
including a high-frequency vibrator and a low~
frequency vibrator for imparting a composite

30 vibration to the machining electrode in accordance
with a further feature of the invention:

~ FIG. 16 is a schematic vievw diagrammatically
illustrating a modification of the assembly of
FIG. 15; | |
35 : FIG. 17 is a schematic view diagrammatically



iy . . B N ’ . . . Ja -
with a further feature of the invention; FIG 16 is a schematic VIi%Eéé;/éigi;g

diagrammaticall'y ilTustrating a nodificati-on of the assenbly of Fl 35
EIG 17 is a schematic view diagranmmatically -9- illustrating a
apparatus which nmay be used to carry out a nethod of the present .invention;
and FIGS. 18, 19 and 20 are schematic views diagrammtically illustrating -
various arrangenents 5 usi ng an EDM power supply and a series L/C
c%%puit across the machining gap operative i resonance with the output of
t

power supply fqQr . prqduci.ng an ul trasqnic vi.bration.and j rting. .the
vibration to the n’&&ﬂ%#ﬁj‘%é‘l"&ﬁno&é’g a%&“(,sorwé’a%r?@e TRt rp%aqﬁgueﬁﬁce(?r 24
feature of the i nvgr&tti gn e@?zfoﬁr Bian;hfei ' es Qfoliﬁv Jn’t %’?va%ﬁf'ﬁr at us enbodyi ng
the present invention nmakes use of a tébl e ectroé% f i the formof a

sl ender tube or thin tubul ampgg.eqgThqd uhiy 3o el_Ctd itk 1B sl 5

conposed of copper, brass or any other ‘suitable material and may have an
outer dianmeter of @iagFaimmadidallynan ldsvRitanhOlvaidis Mhrditkendrigt h of

400 mm The electrode 1 is supported by an el ectrode 20 hol der 2 .
having. a chuck 2a aginowh BDMFIfowed A supPly et adaried defC 2 imdwingds from

a horn 3 of an . _ o
across the machining gap operative in resonance with
the output of the power supply for producing an
ultrasonic vibration and impﬁfting the-vibratioﬁ to
the machining electrode in accordance with é further
10 feature of the invention.

‘Referring firsf to FIG. 1, an appafatus
embbdying the present invention makes.use'of a.tool
electrode 1 in the form of a slender tube or thin
tubular wire. The tubular electrode 1 may be

15 composéd of cbppef, brass or any other suitable
material and'may have an outer diametér of 0.5 mm and
an inner diameter of 0.275 mm and a length |
of 400 mm.

The electrode 1 is supportéd by an electrode

20 holder 2 having a chuck 22 as shown in FIG. 2A. The
electrode holder 2.extends from a horn 3 of an
uitrasonié assembly 4'whiéh may comprise a
piézoelecfric or electrostriction transducer 4a
energized by a high-frequency AC power supply or

25 | pulse source 4b with an output'frequency, say, of 20



At rasonic assenbly 4 which may conprise a piezoelectric or
ggﬂectrostriction transducer 4a energi zed by a high-frequency AC power

1pply or 25 pul se source 4b with an output frequency, “say, of 20 - -1
0- to 30 kHz. .As shown in FIG 2A, the horn 3 is forned with an internal
cavity 3[err] which extends in its longitudinal direction and into which
the end of the electrode 1 reaches and whdPe it is tightly held by a 5
packing ring 3b. The horn 3 has also a.liquid supply plug_5 which W
conmuni cates wi tB 30skHzce Asoshowawipn &I%matzérv FRehinamiy X 11f faamedy
flexible and pressure resistant fluid cdnduitﬁ%got.shomn) and is open to - -
the cavity 10 Wwith ap dskespadneaydtdr Savhich, §Xtend® dfdd®Sn el evated

into t t | | ect 1. The .hqrn and,vi t t
5. & carryi ng t nd oRELFPAIAR T s eEhion, And, TYCLNRER] Wnatih F s
hi I t .sh whi ' . ' It :
machi ne bed (noP LSREMARS rhesRiss Erontes 1Y 38 FAdiEY M mER T

di spl ace the as l; ically (i.e. along a Z-axis) and hence the
el ectrode ?n it?gggﬁéﬁfﬁﬁﬁﬁgﬁiairection. A base 8 on the machi ne bed

carries a 20 wor kt abl @pl0 L nhd Wik iR i WPl GRLulgl ssecur ed

t hereon by neans of a clanp 12. The worktable 10 1s in the formof a
cross-feed ‘which communicates with a source (not shown) of water

*

machining fluid via a flexible_and pressure resistant
fluid conduit (ndt shown) and is opeh to the cavity
10 3a to convey the water machiniﬁg fluid under an
elevated pressure info thé tﬁbulér.electrbde 1.
The horn and vibrator érrangement 3,4
carrying the electrode 1 is carried by a ram head 6
mounted on a machine:column (not shown) which ia turn
15 is mounted upright on a machine bed (not shown). The
head 6 contains a servo unit 7 édapted to displace
the assembly 3,4 vertically (i}e. along a Z-axis) and
hence the electrode in ifs longitudinal direction.
| A base 8 on the machiﬁe bed carries a
20  worktable 10 which_in turn carries a workpiece 11
secﬁred thereon by means of a clamp 12.  The
workéable'10 is in the form of a cross-feed -
arrangemenf having a pair of servd'motors 9§ and 9y
and is thereby driven oﬁ the base_8 in an X-Y plane.

25 orthogonal to the Z-axis to adjust the position of



grrangenent having a pair of servo not.ors 9% and 9y and is thereby driven(éif}

on the base 8 i'n an" X-Y plane 25 orthogonal to the Z-axis to adjust the
position of the workpiece 11 relative to the axis of the electrode 1. To
provi de precise axial positioning, the electrode 1 is slidably guided along
a portion of its length on the machining side by a jig unit or 5 hol der

13 which is secured on the base 8 by neans ofttn L-shaped arm 13a. A power
sypply 15 for prowﬁwgﬂ@rmwpwﬁa@i t{d Clle MBI NG POLIpY!| Ses has one

t eFfri nal electrlcal connected to the to‘ﬁgelectrode 1 via the guide
unit 13 and the ot R}etEroial - el TR tPTRBIdS Eﬁm%b%ﬁe%x%%ﬁtPﬁﬁhb¥R%l%6e 11

\él a th& cl ?th12 Hﬂfehaeﬁé”@d*odl?élm dﬁf&i"idﬂ@ot THRCAL 14 6 Qflt)?ﬁéta?ﬁbrti?hsofh
esirable to have [ ul ses of a I on a no eat er an
30 15 micr oseconn’djé]‘)"ss aﬂ%f‘%‘?kg ?/ ‘%ﬁ%mf@g n?b‘?%rs]}é% dsi& 0] {h%* power
supply 15 may 5 ncl tlrtﬂdaezcaﬂp:’aommh afs asmmdt@mcﬂx@fbé)sé 8 oby meansfafad
connected across tQﬁlqyc %% %@ﬁ’ﬁ# The servo notors 9[err] and 9[err]

n‘D g

may each be a 20 st'eppli a DC notor equi pped with an encoder
and/or a rate generator- and Aegower opeppied hyf er npreyi¢imgcantrol | er (NC)

unit 14 for aUtOmtézﬁ?ééé’sf’&?'éfoélél&t:‘f@af'rﬁ&éﬁﬁgﬁné Pl1988 REsBRE
predet erm ned nachi ni ng positions on
: terminal electr1cally connected to the tool electrode

10 . 1 via the guide unit 13 and the other terminal
electrically connected to the workpiece 11 via the
clamp 12. For a small and deep hole machining
-operation, it is desirable to have machining pulses
of a duration genefally not greater than 30

15 microseconds and preferably around 5 microseconds,-
and the power supply 15 may include a capacitor of a
capacitance of Q. 1 to 1 microfarad connected across
the machining gap G. '

The servo motors 9x and 9y may each be a

20  stepping motor or a DC motor equipped with an encoder
and/or a rate generator and may be operated by a
numerical controller (NC) unit 14 for automatically
positioning the electrode 1 at one or more

- predetermined machining positiohs on the

25 workpiece 11. :

- Referring to FPIGS. 2B and 2C, the electrode
pdsitioning jig 13 comprises an outer cylinder 13
and’ an inner cylinder 13c shown arranged generally
coaxial with one another. The outer cylinder 13D is

30 fixedly secured to the arm 13a and has at least three
bolts 134 threaded through the wall thereof at equi-
spaced positions. The ends of the bolts 134 come in
engagemént with the outer wall of the ianer cylinder



25 “ wor kpi ece 11. Referring to FIGS. .2B and 2C, the el ectrode positioning

| Ng.13 conprises an outer cylinder 13b and an inner cylinder 13c shown
'YS riranged generally coaxial with one another. The outer cylinder 13b is 30 .

f¥xedly secured to the arm 13a and has at |east three bolts 13d threaded
t hrough the wall thereof at equi- spaced positions. The ends of the bolts
13d cone in engagenent with the outer wakit2ef the inner cylinder -12-

L3c in which thigg ¢l hﬂg%hcﬁhr@%mﬁﬁan%ﬁﬁciﬁem%'ﬂl"&lr% feogmdddae for@s

an |nterspaC|ng receive the ékFectro
cont act p05|t|oﬁ§ceﬂm9ﬁetBQI$§ forar ap wmﬁﬁrﬁWécﬂﬁﬂeﬂe@}Men@éﬁpﬁed 130 are

ad{szedhtotaccﬁﬂnﬁiihﬁbh er%b%&bb0%§e|e&?c&b%d%DQQln?ﬁ@eﬂdﬂ%a%&ﬁan 13,
establish its pro axi a pQsi ti Wi e ji senbly
F1G 3 shows o PRRLH1SHANPF 38 BOLEA ABMoN 10)s b ARG S BeTed i n
COﬂJEnCtIOB mntm3bparé0ad3uehedtm@dacﬁwmmﬁWQwelt&mdeﬂh&tﬂm@F ﬂlﬁgxgap EG%
in the apparatu r ter describe
The systen1inc|§8§ Eggégéraggﬁ%f%a ﬁvﬁgé%g&%ﬁgﬁ§ 3% & PR 16a and
a spent water taabhi&bﬂngesiﬁéwm.waﬂénm thhai@ambsﬂmbly 16b flows froma
wor kt ank or housi ng MI(ogibteg QRS Ly Ilgghﬁgtg@hgqg ﬂ& é@rdyfg¥¥gﬁito

ct

carry the workpiece 10 juxta mnth the tool
system which can be used in conJunctlon w1th the

10 electrode assembly 1 and the machining gap (G) in the
apparatus of FIG. 1 and any other embodiment
hereinafter described. Thé system includes a
reservoir 16 divided into a clean water tank 16a and
a spent water tank 16b. The spent water in the tank

15 16b flows from a worktank or housing W (omitted from
illustration in FIG. 1) disposed to carry the
workpiece 10 juxtaposed with the tool electrode 1.
The machining products, chips or sludges in the spent

. machining fluid are allowed to settle in the tank
- 20 16b, and the purified water is drawn by a puﬁp 17 and
- fed by an ultrafiltration device or fine filter 18 to
the tank 16a. -
A conductivity sensor 19 monitors the
conductiv1ty or resistivity of the clarified water

25 stored in the tank 16a. When an increased
conductivity is sensed or the specific resistivity
drops below a preset threshold value, say 4 x 104
ohm<-cm, the sensor 19 acts on a pump 20 to draw the
water from the tank 16a and bring it into contact

- 30 with an ion~exchange unit in a cartridge 21 to make
' the water more distilled or less conductive and then
permit the water t6 be returned to the tank 16a. The
sensor 19 .operates continuously so that the water in -
the tank 16a may be held substantially at a preset

35 resistivity or conductivity, or in a preset range of

resisfiVity, say, of.
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The machi ni ng products, chips or sludges.in the spent machining fluid are
al lowed to settle in the tank 20 16b, and the purified water is drawn by 92
a purp—+F an et ettt af i Fratt+en device or finme—f+iter 18 to the _
tank 16a.. A cgpnductivity sensor 19 nonitors the conductivity or resistivig
of the clarifgfed water 25 stored in the tank 16a. Wen an increased
conductivity ms.sensed or the specific resistivity drops bel ow a preset

t hr esfiol d val e, say 4 x ohmcm the sensor 19 acts on a punp 20 to draw
the water fro

the tank 16a and bring #1434 nto contact 30 with an
| on- exchange 1t in.a cartradge 21 to make the water nore distilled or
| ess conducti'gn%ﬁﬂnvﬁbﬁgpg§ni F® water to be returned to the tank 16a. _
The sensor 10p?r'at eQ WBhh Ntdlperitire ([doNtrbl Cuf @2 havitgfi_%ah? uFey | -
be held substgntially at a preset 35 resistivity or conductivity, or if
a preset ranseﬁsﬁesiashhdi heatexdgoobér elemehe (raicishoim)cts alsbnassociat-
wat er tenperaffure control unit 22 having a tenperature sensor 23 -and

heat er / cool erjjefenth theotank¥a, to; saiptain  shecvater 4p fhe ntankléa spbs-

16[err] t ‘7 L h Jjthe r.in the nk rr] subs- 5 tantially at

an opti rru?n5 %‘S}Q _e?\easéﬁp?%ﬁqﬁb‘"_t ﬁéém%ggﬁhchi ning fluid at an el evatgd

delivery presgure agaigupblyifig AMeluhater HRchIATAE ARAY at! dn'@AYvataai N a
gnperature. Arise in the fluid tenperature '

riseinits t
delivery pressure against the conduit resistance generally

H‘

results in a rise in its temperature. A rise 1n*£§32%ghperature
_ alsd is caused by the action ot.spark discharges in the machin-
10 jling gap. A rise in the temperature of the water'nachining fluid
causes an increase in its conductivity and at the same time

a drop in its vtsepsity. A drop in the water temperature on
the'contrary cauaes_aﬁ-inergasefin its viscosity which in turn
results in a greater resistanci of the water to flow through

15 || the machining gap. All these tendencies are taken 1nto'ac§ou¢nt
» algo in conjunction with glectrode and workpiece materials,
purposes of machining and machining conditions selected, to
establish an 9ptiuﬁn temperature setting an¢ the desired tem~
perature settiﬁa and the desired temperature control is executed.
20 A high rating pressure d;llvery pump 24 of plunger |
or any pihcr type may be used to draw the purified water rrom'
the fankil@g'dtrectly or, as shaun._v1¢ a rinc_filter'zs by
means dk an auxiliarj’pump 26 and directs the water to the
t;uid conduit communicating ﬁith the plug 5. The fluid conduig
25 |l includes a check valve 27 and optionally a high hrcséure flutd
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al so is caused by the action of spark djscharges in the machin- 10 I ng
gap. A rlse in the tenperature of the water machining flui'd causes an

gccotunt , also in conjunction with el ectrode and workpi ece
ur poses of machining and #8%f%hi ni ng condi tions selected to

ichlambe? 28y e aeitef mveuml returnalU appaftiond ofi the ivwatele
| uid conduit communicating with the plug 5. The fluid condui
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Hst abl 1 sh and r te a desired supply pressure of the

trtdﬂrnaugaflangﬁguoanhe Jheoflald csupply indncbﬁduatn:y#menlﬁg gap
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iressure is read at @,gauge 31. The fluid s and condui t
L5 $hom ussisnas Sootiuns fediverk afcShrcaeninnd pigssoresshas
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the tool electrode 1. It is appprent that the method of the
invention can etfectively be'carrieﬁfout with the fluid supply '

and conduit system orerzc.aa with the.arrangement of FIG. 1.

EXAMPLE i

A tubular copph?-eiectrodé-of an.éuter diameter of
0.3 mm, an inner diameter of 0.12 mn-and'a_lengeh of 150 mm
is used with an arrangement as generally shown in FIGS. 1 to
3 to drill a hole through a stainless (SUS-304 of Japanese
Industrial Standard) ubrkpieca of a thickness of 2 mm. Tgepower
supply used is a'transistor-type EDM generator having a capaci-
tor of 0;1 microfarad connected across the machining gap and
adjusted to provide machining pulses with a pulse duration .
(t on) ot 6 microseconds. a pulse interval (toff) ot 2 micro=-
seconds. a no-load voltage (Vo) of 100 volts. a peak current

(Ip) of 10 amperes and a mean current (Im) of 2 amperes. The

r
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ity which in turn results in a greater resistance of the water to

'~_drso in the water tenperature on the contrary causes an indrease in |ts
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?nvenfion can effectively be carried out with the fluid supply and cond

* system of |
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and a len
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ef of ara
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of 100 vol
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‘G 3"with the arrangenent of FIG 1. EXAWPLE | A tubular co
f an outer dianeter of 15 0.3 mm an inner dianeter of 0.1
h of 150 mmis used with an arrangenent as generally shown i
3=to drill a hole through a stainless (SUS-304 of Japanese
St andar d) wor kpi ece of a. tqbckness of 2 mm. The power supply
ran5|stor type EDNIgenerat “havi ng a capacl - 20

£2G18S5s ) ALFRE D188 ' tD ocnd spécreied resistivitie
oulses h a pulse duration ([err] of a8dni cr oseconds
wls.(mo‘] chitrcmfariti i teaperstural of zme(mm»@ﬂpaget(w e
s, a peak current (Ip) of 10 anperes and a nean %urrent (Im
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to curve A :vgraph of FIG 4 also carries curve g:mﬁth
pgsectnmmndle theig sqaise (GRFespEBRding Jtq. cusve; fe
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machining fluid pletted along second and thzrd orginates both
here again in logarithaic scale.

From the graphs it can be seen tha&(givon machining

conditions, the removal rate is given as a function of the
water fluid pressure. Curve A indicates that the_romoval ratq
sﬁarpxy rises in the vicinity where the péeélure exceeds 10
kg/cm?, reaches a maximum value (=28 mm/min) when the pressure
is about 60 kglcaz. and then levels down when the pressure
exceeds 70 to 80 kg/en?, eventually ituratins at a constant
level. While a prociso reason why the Ievcl-down occurs has
not yet been qscortatnca. it can be assumed that this is due to
the energy density of machining discharges being insufficient to
meet with the increased flow quantity or rate of the flutd.

When the onirzy density is increased Sy changing any one or more
of hachining pulse parameters:ton, toff and'Ib ahdlor changing

or eliminating the capacttancé of the capaéitor to increase the

tor of O.]
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'mater fluid pressure. Curve A indicates that the renoval rate 15 sharply
ises in the vicinity where the pressure exceeds 10 kg/{err] reaches a

xi mum val ue (=28 nmm m n) when the pressure is about 60 kg/[err], and phen..

el s down when the pressure exceeds 70 to 80 kg/[err] eventually
turating at a constant level. Wile a precise.rason why the |evel -down
ccurs has 20 not yet been ascertal ned, L g_can be assuned that this is
due to the enegy density of machining di schar

mnth_the_lncrewﬁﬁahﬁlfy& t{iN)Oritais f£uﬁ&et££? eV%sglaﬂeo ner gy

density is increased by changing any - one or nore-o0 chi nPng pul' se

par anet er s: [err]sa{&*éi1@ﬂd6fptﬁ8dféﬁoﬁéfnﬁéﬂg $A3£s0boRbrdbNghENG Lhe
capaci tance of the capacitor to Increase t i mean current (Im, it

is found that tfﬁaghékE?bé&sﬁﬁéuéﬁdéoﬂn@fithméfﬂBMﬁ|pbééﬁbié'iéﬁelomﬁrds
t he hi gher pressure si and its maxi mum possi ble |evel is increased. 5
EXAVPLE || Exanpi® iné¢sedsédowed except that the water machining fluid has
a tenperature of 60 [err] and nachining pul ses have -a pul se duration

(-ron) of & mi crEXAMPEEIsITIa pulse interval ({err]) of 2 10 m cr oseconds

and a peak current (lp) of. 16 anperes, and a capacitor of a capacitance of
0.1 microfarad i s connectBxamplest iaefohtbwedngxgeptt bhallj hhe whdemean
current at 4 anperes. It is found that with a fluid pressure of 100 kg/cn®,
t he rennva||qﬂ5pach1n1ng fluid has a temperature of 60 °C and
| ‘machining pulses have a pulse duration (qon) of 6
microseconds,'aipulse'interval_Gvbff).of 2
10 microseconds and é peak current (Ip) of 16 amperes,
and a capacitor of a capacitance of 0.1 microfarad is
connected across_the machining gap ﬁO'adjust the
mean current ét 4 amperes. - It is found thét with a
fluid pressure of 100 kg/cmz, the removal rate
15 - reaches 40 mm/min. o o
In both Example I and II, holes formed
through the'workpiéCe'have-a diameter of 0.35 mm with
an qvercut of 0.025 mm, a.surface roughness of 5
iicrons Rmax. The relative electrode wear or the
20 electrode wear divided by the workpiece stock removal
is proportional to the mean machining current and |
ranges between 100 and 120 %.
It has been found that gases in an amount of
330 to 350 cm’ are generated in the machining
25 process per 1 gram of stock removal of the workpiece,

the'amount being found to be dependent only upon the

ges being insufficient to negly

o



15 * reaches 40 nmnin. In both Exanple | ‘and 11, holes forned t hrough th

wor kpi ece have & diameter of 0.35 mmw th an overcut of 0.025 mm a surfac

roughness of 5 m'crons Rmax. The relative el ectrode wear or the 20

el ectrode wear divided by the workpi ece stock renoval is proportional to

t he mean machi ning current and ranges between 100 and 120 % It has been

found that gases in an anount of 330 to 350 ehB-are generated in the

maghi ning 25 - pr 1 st gk | o0f pLege, the

aﬁ%ﬂnt bei ng foundoﬁﬁé%%?g%%eﬁgéﬁ§i%ﬁ?yigﬁoﬁéﬁﬂEM? °?1?§9§§%ﬁ§§i%§§f|uid

and independent of €pekpiede ma¥enbakpi apd mieetrirslamacBiséng cal .

machi ning conditi ongenditibAs. beed hasnHebn PEuAEVEH BECAGFah®agEBREY tENE

wat er machining fluid |€ aQ anmount mh'cg_S lli aa'Least'twnce t he vol une

of the gases producB8BPPYY thecwatgrz@achinips, fiuddadnopnspBORNEHBISR. | n

the machining ®f a pseatecledept bwioedtheetrelunat b® bhkegaseni phodugeaqt er

| ength to di aneter [ D) t] ctrede, it has_been_foupd 10

advant ageous to Iin§ thgééo#gaﬁbgncgf gébrijgg?Poﬂ%iﬁ%gﬁgaféﬁPyﬁlfhe

wor kpi ece in the hol e bei ng #achheedabbéning of aegdsaterpéapéhato

short-circuiting begyeaasbie begh fbee! bRdGi2Ada" BeeUREEPICAGAN sone hand
e 0 e wat er

and al so to inpede passage
- diameter %L/D) ratio electrode, it has been found
10 advantageous to limit the formation of a projection

integral with the workpiece in the hole béing
machined because it tends to cause a short-circuiting
between the tool electrode and the workpiece on one
hand and also to impede the passage of the water

15 machining fluid through the gap on the other hand.
Therefore, preferably the tool electrode should be
dimensioned as to its inner diameter and the
machining conditions as to, for example, the
conductivity of the water machining fluid and

20 parameters of the machining'current pulses, should be
set so as to limit the formation of the projection to
a smallest possible extent

EXAMPLE III |
Example I is followed except that an -
25 ultrasonic vibration of a frequency of 28 kHz and an

output power of 20 watts is imparted to the tool
~ electrode, and the machining results are shown by
curve B in the graph of FIG. 4.
It is seen that by imparting an ultrasonic
30 vibration axially to the tool electrode, the removal
rate is increased to two or several times greater
than without the vibration.

(3
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hand. Therefore,

| copper elect:odes'and the same electrtcél pulse conditions as

15 machi ning fluid through the gap én t he ot her
er ny the tool electrode should be dinensioned as to its.inner
d aqﬁg and the machining conditions as to, for exanple, the conductjivity
of\ t wWHt er machining fluid and 20 paraneters of the machini hg cyrrent
pul , ghould be set so as to limt the formation of the projectionfto a
snal | est jpossi bl e extent. EXAVPLE |11 Example | is followed except that an
25 ul jr asonic vibration of a frequency of 28 kHz-and an out put .povler of
20 wattsjlis inparted to the tool m(qgrode and the machining results are
shown byjjcurve B in the graph of FIG 4. is seen that by inparting an
uItrason c 30 t ;ﬁg egdr noval} rate
is increfsed to t%eb *%%e{s‘ggrgﬁf hﬁgﬁ g\n{t ?m{’ﬁﬁi\ﬁbratl pn.
FIG S sfous \ﬁt’ﬂﬂbﬁié’%ﬁiﬁ%ﬂ%r@tthéltm d18Rerbi&y %.uhi-wﬁgweae
vibratiofg to the tool electrode. The arrangenent includes.a pipe 42 for
coaxi al | y| frexizideisng pipe t4a20fourcesdximliydredeiniaghthe tpblercetiqtirate pf an
~arm 43 ded thereto. An 5 ultrasonic horn 44 haﬁ}a tip 45 held ip
tangent i 4. HONARE thel end PlatR afoApatTe 43 welded Beneter cAn ooI
el ectred or ngagengnt
W th t% %%ﬁ‘t%@?w ar eggﬁg%él nb‘gl %gia(ﬁp %g%%@i*l egﬁ enpodi - prent
of FIG QPand ' isgnéScoftdet’ WEth Othe leloh@atéd kool 6P6éckrode. The
exemplary forms of the portionlot the horn 1n engagement with
the tool electrode are shown in FIGS. 6A and 6B. In the embodi-
ment of FIG. 6A, the tip 45 is formed on its forward surface
10 jiwith an elongated V-slot 45a to slidably receive the electrode
1 therein. In the embodiment of FIG. 6B, the tip 45' is formed
with a V-slot ring "'45'_a__w1'th which tlie tool electrode_l is
brought into engagement transversely to the'axis'of the horn
44, K | | |
15 "In the arrangement of FIG. S, the tool holder element
42 is advantageously afforded a protéctton from damage by the
ultrasonic vibration. Furfhar. the tool electrode can be rotat-
ed during a course of machining without the necessity to rotate
the vibratoé assembly.
20 EXAMPLE IV

Workpieces of various ngteéials are méchined using L

used in Example I, applying a fluid pressure of 50 kg/cme'to a

Q)



iO with an e

ongat ed V-slot._45a to slidably receive-the el ectrode 1

“therein. Int
ring- 45 [err]
-transversely
FIG 5,

“be rotat- ed

t e’ vi brat or -
vari ous mater
el ectrical pu
pressure of 5
and inparting

the tf
from damage bjf the ultrasonic vibration.

(27

je enbodi nent of FIG 6B, the tip 45 is forned with a V-slot
with which the tool electrode 1 is brought into engagenent

o the axis of the horn 44. 15 I n-the arrangenent of
ol hol der el enent 42 is advant ageously afforded a protection
Fuwgber, the tool electrode can

quring a course of machining without the necessity to rotate

{vateb! sackihing fluid as used in Exgample™f \WRuFimpa MAngPkraRsOf
al s are machi ned usifhg copper el ectrodes and the sane _
[lyereelyi t6 Khe alegtvadel am ultzapbnic vitmationowitif lalitgde-

i wat er machi‘ning fluid as used in Exanple |

t#‘%&gr %réﬁﬁenm AURPUL, REvER of (30, watte. | Themashining

!

a fre-. quenc} \ kiKe a‘i&gﬂ PeRd Wr 0 watts. The machining
results are s n‘%&ﬁzgg In-Ta e"gg*gw BEEing)r kpi ece | Or kpi ece
El ectrode  Rgmoval Rel ative - Remarks material t hickness
di anmet er Srf{te el ectrode (nmMm (m) (i m n)
wear (% SCN It - L2 _ 0.3 - 16 Bs 9
0.3 ol 40 SK-5 JABLE 1 0.3 15
Workpiece | Workpiece | Electrode | Removal Relative | Remarks
saterial thickness | diameter rats electrode
' (om) - (mm) (mm/min) wear (%)
scn 2 0.3 - - 168
Bs 9 0.3 20 0
SK-3 6 0.3 18
Miwe . s 0.3 10
7/ .
SKD-11 20 0.3 1? 120
SKD-11 - 30 0.5 8 120 - Jwithout
' capacitor
SKD=-81 14 0.3 12 120
sus “ 0.3 20 80
SKD=61 9 0.8 19 " 120 without
' capacitor
sus 2 0.19 15 ©
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dependi ng upon
the tool electr
the rate of flo
current density,
50 kHz and 100
1.6 MHz with 5
than the freque
generated by 15
Besi des, a congi
utilized. In el
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ode is corjposed of copper- zinc alloys

WC 6 0.3 210 SKD- 11 30 0.3

17 120 SKD- 1l 30 0.5 . 120

W t hemt\ capacitgr—SKD- 61 - 14 -0.3--- - 12~ - 120 SUS
e ) 0. 1 20 80 SKD- 61 9 0.5

19( af)./ 120 wi t hout capacitor SUS 2 . 0.19

151 . 0- The trasonic vibration at a frequency in the range between 2

to has bgg¢n found to provide simlar results. Further when the

tungsten or nol ybdenum and

the sizes of outer and iMmM®er dianmeters and the | ength of
e, leng $i8ia0R0RY o Hibqashey 4l engo! der
of the 3§?eﬁiﬁac in?e?ng Sﬁd and thghnean_nachining

range detween( 2 Utsl hRHz chds dgeAnLound) tohproviwee siatveen 10
or a frequency in the range between 1 and 10 MHz, say,
resultas sFurthes when, the eleetrede s compoged oG CoOPPERSU| t

b4 RS, Hobbneh, SF i B b T T 2
S Oy, O G 1 1A e il e kg b
of the tool electirode, lengths of the electrode above

and below the hpldgr.-the;bati of t1ow of the water machin-
ing fluid and thé'meag micﬁiﬁing'cubreni'density. it
has been found that a fréquency in the range between

50 kHz and 100 kHz or a frequency in the range between

1 &hd 10 MHz, say, 1.6 MHz with 5 watts are satisfactory
and may yteld even a hetlter'result'than the fréducncy

of 25 kiz with 10 watts. - |

The ultrasonic vibration may be generated by

mein; of an eleqtrostriétive or'magnetostiictive elgment.
Besides, a combination qr aﬁ eleétric field and a magnetic
field may be utilized. In electrical digcharge-machinihg.
an electric current is passed through the ciectrode'inteé-
mittently at a high frequency, say, 100 KHz and the alter-
nating electric field arisiﬁﬁ from this intermittent
current bassagq'can be used in conJunctioﬂ with a unidirec-
tional or alternating magnetic field which may externally
be applied orthogonally_tQ the tool electrode to produce

an ultrasonic vibration of the tool elecgrode.

There is thus provided an {mproved EDM method
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i s passed through the €l ectrode inter- nittently at a
100 KHz and the alter- 20. nating electric field

nal or alternating magnetic field which may externally
lly to the tool electrode to produce an ultrasonic
| el ectrode. 25 There is thus provided an
-21- and apparatus which permts a hole of a
1 mmor less and a depthzna dianeter ratio as large as

d eff tl I th
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an ultrasonic vibrating element 104 and a high pressure

water machining i‘luid from a source 353 is introduced

“through a plug 105 into'the electrode 101 and supplied

to the machining gap G while machining pulses are applied
from an EDM power'cupply.iis between.the tool elecrode

101 and'the workpiece.es previously described. The vibrat-
ing element 104 is energized by a oigh-frequency power

supply 150 to produce an ultrasonic vibration signal
.r-

‘which is amplitied by the ﬁaiﬁ“ios and t“ereby transmitted

to the tool electrode 1 to cause it to vibrate at a fre-
quency in the range between 1 and 1000 kHz._ The high-fre-
quency vibration of the electrode 101 serves to promote

the removal of machining products from the region of

the mach-iriing, gap G whné promptly extinguishing an arc
discharge or'short-circuiting as it occurs between the tool
electrode 101 and the workpiece 111, thus permitting
machining discharges to be repetitively produced through
the gap G with_an enhanced stability. The amplitude of the
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el ectrode 101 and the wprkpiece 111, thus permtting
rges to be repetitively produced through 25 the gap G
stability. The anplitude of the .-22- vibration ranges
ficrons. In the systemof FIG 7,
ol tage detector, shown by a _resistor 151 connected across
p G to monitor 5 ‘the comdRrion of the nachining gap G
evelogs at the resistor resenting the nean nachin-
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supply 150. When the threshold crrcuit 152 indicates
1532 connea tag: across cthe methining igap163 tamondtorhe power

supply 15 15055:

t her eby reducin
101. Wen the t
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s to reduce its. output power s lied to the el enent 104
eegﬂﬁﬁij‘lﬂj@ko h%l%%&?%rﬂ? -Irot Uty & $2888Lct r ode

e . o
ing voltage across the gap G and 1; fed to a threshold
circuit 152, e.g. aISchmitt trigger or a combination

of Schmitt-t:iager_e:rcuita, wﬁich has a single or a
plurality of #hreshbld levels pfesgt therein and an output
fed to a control eircuit 153 for eqntrollihg the output
powaé of the high-trequengy.powar supply 1580. When the
threshold circuit 152 indicates an increased gap mean
voltage._thc control eircuit 153 abts on the power suppiy
150 56 as éo reduce 1ts*oﬂtput pouer.supﬁiied to the
lelement 104 thereby reducing thefamplitude of a vibration
imparted to the electrode 101. When the threshold circuit
152 indicates a reduced gap mean voltage, the control -
Lircuit 183 acts on the power sﬁpply 150 80 as to increase
1ts output power supplied to the element 104 therebj

increasing the ampiitudb of vidbration imparted to the

lectrode 101. An optimized mode of vibration of the
lectrode 101 1n'response io the gap voltage representing
hanges in the gap condition is thus achieved. When

e gap vbltage drops below a preselected value reflecting

t he power supply cirClygt }

1
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t-he anplpft ude of vibration is increased to a higher val ue,
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trode 101 in response to the gap voltage representing .
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ected value reflecting ~ -23- an excessive
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tate reanaI of the accuﬁﬁrated machi ning S products.
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exceeds 20 volts vi bration has an anplitude

rmkcmmnseesed depth and 'in a reduced time.

EXAMPLE V
A WC-4%Co workpiece is drilled with a tubular
copper electrode of 0.5 mm diameter and using a water
nacﬁining.quid of a specific resistivity of 105 ohm=-cm
at a room fempeEature. A h;gh-frequency vibration at
a frequency of 28 kHz is appiied to the e}ectrode and
machining pulses,have a pulse duration (Tbn) of 1 micro-
second, a pulse intervel (Foff) of 3 microseconds, a
peak current (Ip) of 20 amperes and a mean current (Imn)
of 4.5 amperes. The mode of vibration is controlled
in response to the machining gap condition in such a
manner that when the gap voltage exceeds 20 volts, the
vibration has an amplitude reduced to 10 to 20 microns
and when the gap vou:age dz-ops below 20 volts, the vibra-
tion haa an amplitude inereped to 30 to S0 microns.
'} The relationship between the maehining depth and the

machining time is represented by curve A in the graph




- -arid when the gap voltage drops below 20 volts, the vibra- tion has an
/Pl i tude increased to 30 to 50 microns. The rel ationship between the

hi ni ng depth and the machining tine is represented by curve Ain the
Y aph -24- Aof FIG 9. Curve B in the sane graph shows the
corresponding relationship found in the-case where the anplitude of
vibration is held at a constant value in e range between 10 and 20 —
mcrons. It is 5 seen that the gap voltage-responsive .anplitude contryle

permts machi ning Nt ique A Lhow t ' i qu%ﬁg rate with
i ncrease in nac%iﬁ?ﬁg& épth an r%%%#%§§§§§¥%gﬁ%§%uéﬂéﬁh %ﬁéﬁ of the
machi ni ng depth, snond i F3 o 1Sy W r dpdi fied

out put si gnal ofcogr%eesiﬁoﬁgi-lglrge&l?e]'ncy opovve ‘éiﬁosip y l\fg\éﬁ{%régésﬁgervgll Zi ng

‘el ectrical - mechgRieC anph iAW GF AR BRI G% nENQ JWnalcHRdHes a series
of time- spaced trainS of pulses in which the pul ses are 15 produced at -

a high frequencyalsdy in?&ndiz e detwrdd od ed 20 nirsFemd ed B Bs| oW
frequency, say, 100 Hz to 10 kHz, to provide intermttently occurring
trains. Acgordi agley tthathahe P twoltsgd-sddommidid isaghVitudd i on signal to
vibrate the tool 20 © electrode 101 intermttently. " This form of .
vi bration has beemtrainpermits avhodrireignd uso teombinue ard Ex@essi ve heat i ng
at the holder or interfacial

substantial drop in removal rate with increase in

mgchining depth and increases the practicéi limit of
the machining depth.

10 ' . FIG. 8 shows the waveform of a modified
output signal of the highffrequency'pOWér.supply 150
for energizing electrical-mechanical transducer
element 104. The signa1.qomprisés-a éeries of time-
‘spaced trains of pulses in which the pulses are

| 15 produced at a high frequency, éay, 28 kHz and are
‘periocdically interrupted at a low frequency, say, 100
Hz to 10 kHz, to provide intermitfently_occurring
trains. Accordingly the horn 103 transmits the
modified vibration signal to vibrate the tool

20 electrode 101 intermittently. This form of vibration

" has been found to be advéntageoﬁs to avoid an
eicéssive heating at the holdéf or interfacial
portién (chuck) 102 and .its cqnéequgnfiél damage.

| In the.arrangement of FIG..10, a single

25 power supply 154 is used both to provide machining
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portion (chuck) 102 and its consequential damage. In the arrangenent é;—ié
FIG. 10, a single 25, power supply 154 is used both to provide machining
-25- pul ses between the tool electrode 101 and the workpiece 111 and to

- energi ze the el ectromechani cal transducer 104 for vibrating the el ectrode
101. In this enbodinent as well, the horn 103 as the 5 vi bration
anplifier is shown supporting |ongitudinally-2%e tool electrode 101 and
havi-ng them coupl ed at a hol der 102. The power supply 154 here conprises a
DE=$ource 155 and apylmes setwedn nthe reosl sé bectisdieviade dfd theri nci pal

el ectrodes are connected in series wwth the DC source 155 across | oad
termnal s 154a and workpideeh! bt eanh tocehergize ke telecbromechanical

el ectrode 101 and the workpi ece. 111, and on the other_connected to the
transducer 104 vi a wangduesnl i fogy wikeating the mikectreds Oti|tEn
network. The contral,kK electrodes of the switch 156 are fed b{gan AND gat e

158 having a first %
fed by a4 | ow frequency. oscjl |l ator 160. The, oscillator 159
X si grireiion SRPLELIGR 18 Sholn RYPRREGEIE 100 kiz and 10

second i nput

provi des outp
MHz and an on-tine
provi des out put si

havi ng an
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hifireneed inent 3¢l bgubhre yhoRRi 10388 189 and a
FHERENY 406 Lot ol eettedd 18P ABE Raiee 1RBR ang
coupled at a holder 102. o

~ The ﬁower supply 154 here comprises a DC
sourée 155 and a power switching transistor 156 whose
principal electrodés are connected in éeriés with the
DC source 155 across load terminals 1542 and 154b

which are on one hand connected to the tool electrode

- 101 and the workpiece 111, and on the other connected

to the transducer 104 via an RC coupling 157 which
constitutes a filter network. The control electrodes
of the switch 156 are fed by an AND gate 158 having a
first input fed by a high-frequency oscillator 159

~and a second input fed by a low-frequency oscillator

160. . The oscillator 159 provides output signal
pulses of a frequency between 100 kHz and 10 MHz and

an on-time «von and an off-time ~1off while the

: oscillator.160 provides output signal pulses of a

frequency between 10 kHz_and.1OO kHz and having an
onétimé Ton:and an off-time Toff. The logical-
product coupling of the‘outputs of the two
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on-time Ton and an off-time Toff. The logical - 25 product coupling of

{ utputs of the two -26- oscillators 159 and 160 by the gate 158
uces signal pulses in a succession of tine-spaced trains as shown in

FIG 11 at the input to the transistor 156 and hence across the output

terminals 154a and 5 154b of the power supply 154. A succession of

trains (Ton, Toff) of pulses ([err]) are -9g_one hand applied across the __
tool electrode 101 and the workpiece 111 to produce the correspondi ng R
trains of machi eBrglpatoss A1600endt A601by thgagatef '6&iarofiuces he wat er

machi ning flui dgyidgh ﬁl%%%vihﬁﬁ Qh%%%%%%o%so&e%ﬁﬁém§$d¥é@”ﬁ¥£¥métO

renove materi al fronlt%e wor k ece 11 the other hdand the sanme trains -
of signal pul se&SafBoNBpAnedlFi-a ﬂh@tfthﬁeﬂn99$ t® dhe&r Firzasi®d ot ansducer
104 to bring 15156 hha h@@beehﬁeb%@d%hkobuw@hﬁ %%ﬁdﬂﬂﬁﬂﬁtﬂﬁﬂg addoration

wth a dur t|on f Vi ion Ton and tion of interruption or an
S4bcpdeSh Ryt

I nterval tmee e PONGFa g, " EXAMPLE VI 20 A
WC- 4%Co vvor kpi ece is naclii awbcmislsfiomndfr r‘lam}mssr(ﬂ!ogenéroaﬁﬂ)y asmqyuis'efs FI G
10 and using a I pet. el Clyf |IIed
water as the ma ﬁ?#l %O?I(}gi grrc?f °g‘ eC| gglgt m cm The

hi gh-frequency electrode 101 and the workpiece 111 to produce the
corresponding trains of'machining pulses across the

10 gap G flooded with the water machinlng fluid under an

~ elevated pressure as described prev1ously to remove
material from the workpiece 111. On the other hand
the same trains of signal pulses are applied via the
filter 157 to energize the transducer 104 to bring

1% the tool electrode 101 into an intermittent vibration
with a duration of vibration Ton and a duration of
interruption or an interval between successive
vibrations Toff.

EXAMPLE VI :

20 " A WC-4%Co workpiece is machined with an
arrangement generally shown in FIG. 10 and using a
tubular copper electrode 0.5 mm diameter and a
distilled water as the machining fluid of a specific
resistivity of 10° ohm-cm. The high-frequency

25  oscillator 159 has an output frequency of 200 kHz
while the low-frequency oscillator 160 has an output
frequency of 28 kHz. When the machining pulses have
a mean machining current of 4.5 amperes, a hole of
6 mm depth is machined in the workpiece in a period

30 of five minutes. _

The arrangement of FIG. 12 includes a
setting unit 161 for selectively chang1ng the output
power of
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oscil | ator. 16Q.has -an out put frequency of 28 kHz. Wen~t o)
s have a mean nachining current of 4.5 anperes, a hole of &
hined in the workpiece in a period 30 of five mnutes. .

of FIG 12 includes a setting unit 161 for selectively

Ut put power of -27- the high-frequency power supply 150

t he transducer 104, theﬂ%@M sel ectively changing the

bration inparted to the ol electrode 101, say in three
1therindgbeSreqiency powen supplynisS® for gnerg)zing the S50 _
ctive changes in the anpli- tude of vibration have been found
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O mcroseconds and an-off-time [err] = 10 m croseconds. A

epnd 3% 20athi SR miorons. viSalecithve t¢hanges intthe ambbt+r ode atf

28 kHz | i ous_anpl i tydes. The hol e has cut
I Endn G P ERHAR Rave. Bem Hpund 6, he A8 ERSYS MeBPOiE wnon

to particular maéhlntng purposes, for example, when differ-

)

ent overcuts are desired.

EXAMPLE V1l

A fbr:ous wnrkpiegc is nachined using a copper
electrode and a water machining fluid of a specific resis-
tivity of ;Os_ohm-cn;; Machining pulses have an on-time
ton=10 microseconds and.an off-time Toff =10 microseconds,
A hole of 10 mm depth 1s.aach1ned while.Gibrating the
tool electrode at a frequency of 28 kHz and with v%rious
amplitude#. The hole has an overcut of 32 microns when
no vibration is inparted. dn overcut of 45 microns when
the vibratidn has an amp;iiude of 5 microns, én overcut
of 82 microns when ‘the yibrﬁtion amplitude i{s 20 microns
and an overcut of 170 microns when the amplitude is 50
microns. |

It 1s seen that with no change in electrical
.machining settihgs. a .déﬁiréd'overcut is obtainable simply

by adjpsting the amplitude of vibration imparted to the
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e vibration has an anplitude of ‘5 mi.crons, an overcut of 82 mcrons when

vibration anplitude is 20 microns 20  and an.overcat of° 170 mcrons
de is 50 mcrons. It is seen that with no change in .
ning settings, a desired overcut |s obtainable sinply by

litude of vibration inparted to the- -28- 161 t ool
etting unit 161 may be formed with a plurality of setting.,
an be selectively set in accordance with a particular T
The setting can al so be @8-t ched fromone position to 5

gb;en course. of machi ni ng oper at®bn where the hol e shoul d
r 203 eleqirodeicr cZbe tafting walt 68 H‘Y /e Soppaswith of the

d._t t.h ljtud br at
3,535t ol B BRHEDGE PR L8O S5, OB o, wiaBrv 21O
el nta@emucem bt S RO EPBG L da gy 103 1S
a head 162 to displace the tool electrode 101 vertically
pa‘lhed settingcannadso e swiltphed efrbinl orie fpasiitionotopl ate 163

in parallel with the displacement of the head 162 and has-
hANeEher during a,given |°§’“f6§[ ef machiping ogperatign[err| and

herECEhY Shdted Qho&ie Reve 3Wppded HerBlSE did tnk81 PG 162'
"tion of its depth. - _ .

An embodimentfot the invention'shown in FIG. 13 is
des;ﬁned to change the amp;itﬁde ofivibrgtion imparted to
the tool electrode 101 as a function of the depth of a hole
being machined in thé'ﬁ§rkpiéee. In this embodiment
the horn 103.15 sh@wn.cifrted by a head 162 to displace
the tool electrode 101 vertically in its longintudinal
directioh into the workpiece 1i1..'A'detector plate 163
13 disposed in parallel with the displacement of the

'head 162 and has a plurality of photoelectric ransducers

. F164a. 164b. 164c and 1644 adapted to receive 11ghc from

a lamp 165 attached to the head 162. As the head 162
'moves downwardly. the photoelectric transducet( 164a,

164b. 164e and 1644 are actuated 1n sequence in response .
to light from the lamp 165 to furnish electric stgnals.
Each40125tr1e31 slgnal is applied to an amplifier/coupling
network 166. A eontrol signal represeneing the position
of the head 162 thus develops at the output of the network
166 and is applied to a vtbration settlng unit 167 connect-
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if the head 162 thus devel ops at the output of.the network 25
166 and is apf

104
ﬁ‘ e@NBetwéen i thed nlgR-TFequantyt powersupplyg160 sndrthe onal

t he photoel ectric transducers 164[err], 20 164 err
64[ err]-are-actuated i n sequence in response to light fr
o furnish electric signals. Each such electrical signa

anplifier/coupling network 166. A control signal representing

o

is

lied to a vibration setting unit 167 connect - -29- ed
gh-frequency power supply-28@ and the el ectronechani cal
and switches the setting in the unit 167 fromthe position

” 141848 5 0. £k ﬁ?aﬁoéfe and a water machining fluid

l1s set.

EXAMPLE VITI A WC-Co workpiece is
eleoppemechlnﬂnuidGranlduﬂ!!hﬁpﬁlQhét!!iﬂﬁhslathai!ﬁtﬁﬁaﬂh|nlng

ific -resistivity have a

4n the wnit A& é”ﬂHdL% dﬂ‘é"&q}mt 3? “"ﬂ) ngSEEg" r oseconds

Byl Y BRI st Pl et

on has "an m'crons up to
b S m and the anplltude S smntched to 50 m crons when the
s exceeded, the-hole is capable |15 of reaching a depth of

]l of 5 minutes. The. g!g![;g;!i;ﬁpmer supply 115 in the
FIG 14 is capable of hav el ectrical Pulse condi tions

bl i sh a pAuVerGa ok Mﬁﬂpn\‘ & 2 §PRBEFr om

of a specific resistivity ot 10s ohm=-cm. Machining pulses

have a pulee duration of 1 nieroeeeond and a pulse interval

of 3 ltcreeeeenge while an ultreeente,vthration is imparted

to the tool electrode sinking into the workpiece. When

the vibretion hee an ‘amplitude er 10 microns up to a

depth of 3 to S mm end the empxitude(switched to 50 microns

when the depth of S ma is- exceeded. the hole is capable

of reachinz a depth of s-iﬁih.- in a period of 5 minutes.
The machining power supply 115 in. the embodiment

of FIG. 14 is capable of having eleetrieel pulee conditions

vertagh: to eeteblieh'e plutelitj of grades of machining

ranging fﬁoﬁ finishing to reughing_end is epereble_in'

conjunction with a vibrational amplitude setting unit

161 so that the vieretien_inberted to the tool electrode

has a greater amplitude uhen a roughiting condition is

set and has a lower amplitude when a finishing condition
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ed to the tool electrode has a greater anplitude when a

roug g condi t{pr—i-s-set—and has a | ower anplitude when-a finishing .
condidWon is set In the arrangenent of FIG 15, the vibrator assenb- |y
conpy+ses two vijpbrator units. The high-frequency vibrator 104 energized by
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Y~ power -supply 150 is received in a housing 168 which s

[ he top of the horn-103.- A second housing 169 is ‘hf
oported on the first housiv¥=168 and carries a | owfre-

170, e.g. an el ectronmagnetic vibrator, energized by a

her suppll,‘n]ﬂie aThangementr of Ejmsnd)ﬁ.vtbeadhraﬁe assebecs a

Fequency 1 in the range between 50 and 500 Hz while the

MaFSPPEwﬂ)r%utf&’%F% Bpitson The highefRRavepeyn the
d

"eE8eE e B rUABRE oG B F Frf ERELRESy Jbel BERIT0°
qmlslﬁacew&r 3hi @hotinga168 wHiicncdsagbtddnedetyp to 100
hi gh frequency vibration may be changed in a pl.ural- ity of

\Mte sopref tife heochi m:ng apesecondrhowsingyle: iselresuwaf
articular nmachin-_.ing purgmie as descri bed before, '

be supPepted qn  the *Vtt H'e“g ’(%t‘"&Sf%‘F"’H’G‘ l?)"é@é'pt
duynbylsz;£¥oﬂli9o. ©.g. an electromsgnetic vibrator,

energized by a 1owbtrequeney power supply 171. The low-fre-
queney vibrator 170 produeee a vibretion of a frequency

in the range between 50 end 500 Hz while the high-rrequency
'vibrator,lo4 produces a vlbration of a frequency in the
range between 1 and SO0 kHz. The vibrations are amplified

- and superlnbesed upon one another through the horn 103

and applied to the tool electrode 101. The low frequency
vibration may have a tixed emplitude up tc 100 microns

and the high frequency vibration may be changed in a plural-
ity of steps during a given coﬁree of machining operation
or may be selectively set according to a particular machin-
ing purpose as describgted before. -

The arrangement of FIG. 16 is basically the same
es(ot FIG. 15 except that a feed drive unit 172 for the
-tool eleetrode 101 is shown as supporting the housing -
169, and the eleetromechanieal transducer 104 for vibrating
the toel electrode 101 is energiz%d by the machining

power supply 115 via an inductor QF!(L) with which a

s R el




tool electrode 101 i s shown as supporting the housing 169, and the -
el ectronechani cal transducer 104 for vibrating the tool electrode 101 i
gnergi zed by the-machining 173 25 ~power supply 115 via an inductor .

173(L) with which a -31- high-frequency oscillator 174 is coupled. The
transducer 104 has a capacitance C and, together with the inductor ‘173, !

forms an LC resonant circuit i'n series wth fBe_high-frequency oscillator
CQH§tituted 5 . by the.nmachining power supply 115. The auxiliary.

osti | lator 174 has nﬂﬁpur?eauéﬁeﬁusaew1m§ta§ta#heiéncbﬁgléavgemﬁét“Be“ 10 -
and 200 kHz. When machi ni hg pul ses are passed between the tool electrode

101 and the workpi eteahsducehel 09vkassapphpadibantbeCLend) togekhew With
constituted by the transducer. 104 and.the inductor 173 is brought into

resonance with the tizehindugtdrstfa; gterms dheLlr eqgonaytotivbaitstinl | at or
174 and the resonating current is passed through the transducer 104 to
produce an intensiffediesg withi bhat hdghwfirehuesncyr asetililesdrvicanstié thded
103 to the tool electrode 101, In accordance with a further enbodi ment of
the method of Zhe iBVehleonachinipgoposescenppdyi $1hel dThadanxiliragoni c.
vibration in light contact wth_20. the workpiece. |In the arrangenent of
FIG 17, the-eIectrBﬁﬁéﬁ&ﬁF@&l1?ﬂah%ﬁuéérOEGE“Fe@@PQBQnPﬁ gddustable in

the rénge between 10 and 200 kHz. When machining
pulsés are passed between the tool electrode 101 and
the workpiece from the power suﬁply 115, the LC
10 circuit constituted by the transducer 104 and the
inductor 173 is brought intb resbnance-with the
machining.dischqrges at the frequency of the
oscillator 174 and the resonating cufrent is passed.
through the transducer 104 to produce an intensified
15 vibratioﬁ which is transmitted via the horn 103 to
the tool electrode 101. |
In accordance with a further embodiment of
the method of the invention, the tool electrode is
held under ultrasonic vibration in 1ight-contéct with
20 the,workpieqe. In thefafrangement of PIG. 17, the
electromechanical transducer 104 received in the
‘housing 168 producesaan ultrasonic vibration in the
frequency fange of 5 to 100 kHz which is transmitted -
via the horn 103 to the tool electrode 101 as in the
25 previous arrangements. In this syétem, the electrode
drive unit 175 includes a motor 176 and a piston 177

driven by the motor 176 and resiliently supported by



\Ng 168 produces. an ultrasoni ¢ vibration in the frequency range of 5
0! kHz which is transmtted via the horn 103 to the tool electrode 101
s\ jthe 25 previous arrangenments. In this system the el ectrode drive 4
A75 includes a notor 176 and a piston 177 driven by the notor 176 and
iently supported by -32- a spring 178 on a fixed plate 179 in the
housing 168 to urge the el ectrode 101 agaifyst the workpiece 111. Wen the
transducer 104 is energlzed by the power bply 150, a contact vibration it

workpr ece 311 R SRTAEAAE bl H‘f}.éfﬁél%u%&fﬁ’% ?ﬂ% $Bidhe. {‘@%
b h -
miagﬂet hg fn?gr%ﬁa %%?;eﬂe(f)f téh %r@e%ﬁl nto t %i&é |n| ng

gap while machi fipyh RiHe eS8 uESS D4 rﬁ"éﬁ&é’?ﬂ@& E;Hpﬂ‘lé/ ﬂéﬁ’e?et ween the
tool electrode 101 and the workpiece 111. BecauSe of a contact vibration of

the tool electreApiGl 18IH 16 tedrihd® i Ltiod hits N"BGkd r%mm@&st may have

a reduced 15 | oad vol tage, say, 5 volts and at nost 15 to 20 volts, and
accordingl $. a r etheerd pof ot ofoshestectrade t10dldgatnst the range of 30

to 60 volts since no greater or dielectric breakdown voltage as in the
conventional EDMorkpiese (1100. t A S6tem inadhimi®d fluidgls redppl Tdd
mar kedl y reduced open-circuit voltage
under an elevated pressure by the pump 126 from the
source 116 through the plug 105 and through the
internal bore of the tool electrode into the
10 machining gap while machining pulses are passed from
the power supply 115 betweén the tool.electrode 101
and the workpieqe'111. Because of a contact
vibration of the tool eléctrode 101 against the
workpiece, the machining pulses may have a reduced
15 load voltage, say, 5 volts and at most 15 to 20
volts, and accordingly-a reduced no-load or open-
circuit voltage in the rangé éf 30 to 60 volts since
no greater or dielectfic breakdown voltage as in the
conventional EDM proceSS'(1OO to0 500 volts) is
20 reqpired. The markedly reduced open-circuit voltage
has been found to yield highly desirable EDM
machining reéults, a reduced surface roughness and an
increased machining accuracy- FPurthermore, no fine
gap dimensional control is required and the impeding

25 of machining discharge by machining chips is

substéntially reduced in'the present system.
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to yield highly desirable EDM machining results, a reduceg
ess and an increased nmachi ni ng accuracy. Furthernore, no f
| =contiol is required and the inpeding 25 of machining - .
chining chips is substantially reduced in the present '
EXAMPLE | X A WC- Co wor kpi @88=i s machi ned using a copper
.5 mmdianeter in an arrangenent as generally shown in FIG
wat er nmachi ni ng fl:ui d BXAMPLE IX specific resistivity of 10
The ultra- sonic vibration to the el ectrode has a frequency
an out put AoM@xCofwarkpiece hshimachingd using s ReppePe an
oltage of 35 volts and a nean machin- ing current of 4
s electiradentof (b & mm diametdr pdonan Arcangenent ks vgeneratly
ly 8 mimn and the relative el ectrode wear is approximtely
1shown A Fify &6 iand usingia @tmg@cmﬁmgsiﬁﬁph@mﬁ a
rk for energizing the 15 _el egtroneahani cal trapsducer 104.
ménspsicific nesistiviel@EQ 1% 19) ohmeehnectRe WithRan

) of the transducer C circuit

SRS, WHFIREAN o o Shertiode Won S FEeGuraRY ot "28 Ckhis
© and %n "Bieple Poudr [F 20 Yartd SE18 HAGRTHERE Blakes

héve an open circuit voltage of_35-volté and a mean machin-

ing curéent of 4 amperes. It is found that the rate

of penetration into the workpiece is approximately 8

mm/min and the relative electrode wégr is approximately

3%. o

FIGS. 18, 19 and 20 show various circuit arrange-
ments including a'résonant network fbr eqergizing the
electromechanical transducer 104. In'the.arrangemenﬁ

of FIG. 18, an inductance ;z; (L) is connected with.g
capacitance (C) of the transducer 104 to form a series
LC circuit in series with ‘the power supply 115 and the
machining gap.'.The arrénggment of FIG. 19 is identical
to that_shown in FIG. 16. In the arrangement of FIG.

- 20, the_ power supply 115 includes a cépacitor 180 which
is chargéd by é'Dc source directly or a pulée source
(not shown) aﬁd discharged through the machining gap
bétween the tool electrode 101 and the workpiece 111.

. In the diécharge circuit of the capacitor, the capacitance




20, .Dke power supply 115 includes ‘a capacitor 180 which is charged by a DC
soyrce\directly or a pul se source (not shown) and di scharged through the
‘mat 'Qijng gap between the tool electrode 101 and the workpiece 111. 25  Ina
Wi gcharge circuit of the capacitor, the capacitance . -34- (C) of the
‘transtducer 104 and the inductance-173 constitutes an LC circuit. A _

hi gh-frequency auxiliary-oscillator 174 is coupled with the inductance 173_.
and has an output frequency adjusted'5 =3#m the range of 10 to 200 kkt.ﬁ;}
As machi ning pul ses are generated, as a result of periodic discharging of

t he capacitor 1&@? p8t fibentrrasdveere1O4t pode thel indactisa@cgo sl ece 111,

the LC circuit 104, 173 . is brought .intq resgnance with.the nachining

di schar ges at tﬁQnEGitutFPeaﬂeﬁgycéFcpﬁé'so@r@é&?ﬁ?ﬁ%@¥Qﬂ9¥ r esonant

toi d thr h th d ,104 -t d i nt ified
Tibraci on wh chengtLigRdpeeid 16ERT 1a%, a8 coup Ba MR 3he ol cctrode 101
I h of th t f FILL.GS. 18t 0, ti f the
mchini ng poer LREIETRBER by 2 PEFedR, SuHRRT 8 SaReAIae ALHRAR ati on of
the tool egeCtrgget%glrangé'%§'1GL%5N§OO ng. As machining pulses

are generated, as a result of periodic dischérging of

the capacitor 180, between the tool electrode 101 and
the workpiecé 111, the LC.circuit 104, 173 is brought
into resonance with the maéhining-discharges at the

10 frequency of the source 174 and the resonant current
is passed through the transducer 104 to produce an
intensified vib;ation which is fransmitted via the
horn 103 to the tool electrode 101} In each of the
arrangementé of FIGS. 18 to 20, a portion of the

15 machining power is effectively utilized to prodﬁce

the desired vibration of the tool electrode 101.



-

1. A method of electrical discharge machining a small and deep ho
having a dianeter of 1 mMmor |less and a depth to dianmeter ratio of at
5into or 5 t hrough a wor kpi ece, the nmethod conprising—the-steps of.!
- juxtaposing a thin and el ongated tubul ar el ectrode|j kpi ece
across a machi ni ng gap; supplying a water machi ni nmnullmmmﬁnlhe
tubul ar el ectrode into the nmachining gap at -Zgaresstir e¢ of. | east 20
_kg/cnR; applying a series of electrical nmachining pul ses between the
tubul ar el ectrode &IAIMSe workpi ece to cause tine-spaced electrical
di scharges through the machining gap thereby renoving material fromthe.
wor kpi ece; and advdnci ng thd fethod willedrecdirdxtalodd scharnge lmaghiinidigal
direction relatively into the workpi ece. 2. The net hod defined in
Cd ai m1 wherei n saisgaddeandr deiep Aollechavidg lag/ddemeter of 1 mihe mdtdssd
defined in Caim2 wherein said 20 pressure is at |east 40 kg/cn2. 4.
The nethod definedand &ndentdcdd ddamedien wadric ik &ty heasty Seighinian

fluid is of a_specific resistivity of at |east [err] ohmcm 5. . The -
met hod defined in 2V OMEc&diveTkaiigion,.odhe mghhad copnrd sdeg the shienfet er

ratio is at least 1Q,. . -36- 6. A nmethod as defined in any preceding
claim further conﬁ_rsﬂﬁgqﬁHQQ;ﬂﬁaﬁﬁtnﬁﬂ1ﬁﬂinéiﬂ¥5ﬂﬁ?dr¥étula‘

electrode with the workpiece across a machining gap;

suppljing a water machining fluid through the tubular
elgctrode'into the machining'gap at a'presshre of at
10 least 20'kg/cm2; applying a series of electrical
| machining pulsés.betwéen the tubular electrode and
the wqupiece.fq cause time-spaced electrical
dischargés thropgh'the machining gap thereby.removing
material from the workpiece; and advancing the
15 | tubular electrode in its longitqdinal direction_
relafiﬁeiy into the.workpieée.
2. The method defined in Claiﬁ 1.wherein said
pfessure is at least-25.kg/cm2.
3. The method defined in Claim 2 wﬁerein said
20 pressure is at least 40 kg/cmz. | |
4, - The method defined in'any preceding claim
yherein said water machining fluid is of a specific
resistivity of at least 104 ohm-cm.
5. The meﬁhod defined in éﬁy preceding claim

25 ‘Wherein said depth to diameter ratio is at least 10.



gt \vity of said water machining flujd substantially constant

A hh as defined in any preceding claim further conpr/SLng“rhé’ETEb of

mai Yt a¥ni ng the tenperature of said water nachining ul d su e“‘\y
constant. 8. A nmethod as defined in any pr ecedl ‘@g“
further conprising the step of increasing said pressu tser *
machining fluid as a function of the depth of the hole*belng machi ned in
t he workpi ece. 9. A nmet hod as defi nedbin any preceding claim 15
further conprising the step of maintaining the water nmachining fluid
supplied to the fmchini ngAgagthadamsafdsfinedhilohany areceding wled my

vol une as great. as the anmount of gases produced i n. the machi ni ng gap. 10.

A nethod as defi EﬁthﬂraHQmBFéﬁéBBnﬁhelﬁlﬁPZGf najpdedning gngj ecti on

t I th th d hi hI furth
Lgnggrglngnthe 553%9%%935%¥r8ilp HE nggtpﬂcggc g B@gﬁgt gEEatg; t han
1/5 where | |s tgsgggggglgi%&n§9H§agggn Is the helght of said

proj ection. deflned |n any precedi ng claim

-37- furthe co rising t mﬁkﬁedoée'ﬁg lh |ne ﬂ¥%§lai“gh%h%hlon to

said tubul a el e¢irode. 1
sai d further comprising the step of maintaining the

er’ei n

temperature of said water machin1ng fluid

substantlally constant.

8. A method as defimed in any precedlng claim,
10 further compr181ng the step of 1ncreasing said

pressure of the water machining £luid as a function

of the depth of the hole being machined in the

wvorkpiece.
9. '. ;A method as defimed in any preceding claim,
15 further cdmprising the step of maintaining the water

machining fluid supplied to the machining gap in an
amount which is at least twice by Qolume as great as
the amount of gases produced in the machining gap.
10. _A method as defined'in any preceding claim

20 wherein a projectien integral'wifh the workpiece is
formed in the machined hoie, furthef compriSing the
etep of controlling the ratio L}/{,to be not greater
than 1/5 where L is the depth of the hole and ' is
the height of said projection.

25 11. A methed as defiﬁed in'any pfeceding claim,



met hod defined in Caim12 wherein said frequency is not greater than 30
kKkz. 14. The: met hod defined in Caim 11 wherein SEnTrTﬁffiﬁﬁﬂu4;____
vibration is of a frequency between 50 to 10 - 100 k

met hod defined in C aim 14 wherein said ultrasonic vi b :ﬂ!{]u& iF ’m
frequency between 100 kHz and 10 MHz. 16. A net hod +as« ny

ong_of the Clains 15 11 to 15, further cougrising the step of

supeti nposing a | owfrequency vibration upon said ultrasonic vibration
imparted to said tulyr3he? @OwpPdBing’ the stePhofmimpesrtdefg aed in Caim 16
wherein said 20 | ow-frequency vibration is of a frequency between 50 and
500 Hz while said uhitaseonic iviibatatdon $oofsasid rrmbudray distotreadd. and 500
kHz. 18. A net hod as defined in any one of the Clainms 11 to 17,
further conprising ti2e step @hechethiodgdeifdin?2d in Lihalim dde whieredind said

ul trasonic vibration as a function -38- of the depth of the hole being
machi ned. 19. Alrbatason s vidiiatdon nesapf end nefqueneyClas then o 18,
further conprising the step of changing the anplitude of said ultrasonic
vibration in r&spond® &dlz.

13. ~ The method defined in Claim 12 wherein said

ul'trasonic vibrationis of a frequency. | ess than 5 50 kHz. 13. T?f::;/
{8

frequency is not greater than 30 kHz.
- 14. The method defined in Claim 11 wherein said

ultrasonic vibration is of a frequency between 50 to
10 100 kHz. |

15. The method defined in Claim 14 wherein said

ultrasonic vibration is of a frequency between 100

xHz and 10 MHz. |

16. A method as defined in any one of the Claims
15 11 to 15, further comprising the step of

superiméosing a low-frequency vibration upon said

~ultrasonic vibration imparfed to said tubular

electrode.
17. The method defined in Claim 16 wherein said
20 'lowarequency vibration is of a frequency between 50

and 500 Hz while said ultrasonic vibration is of a
frequency between 1 and 500 kHz.

18. A method as defined in any one of the Claims
11 $0 17, further comprlsing the.step_of changing the

25 -aﬁplitude of said ultrasonip vibration as a function



a change in a gap electrical variable. d |n

one of the Cains 11 to 19, further conpr|5|ng t |caIIy
rupting the ultrasonic vibration inparted to sa ﬁugh m : .
A method as defined in Caim20, wherein th

'vibration is interrupted at a frequency between 100 Hz and 10 kHz, and t he
frequency of said ultrasonic vibration is not less than.the said frequency
at which said ultrasonic 15 vi bration-38-interrupted. 22. The {:;
nmet hod defined in Caim20 wherein the frequency of interruption of the i
ul trasoni c vi bref itre idepth ext etdve dioll® being amaiclsined ul trasoni c vibration
Is of a frequen I n excess of 100 kHz, being greater 20 . than said
frequency of |rm%;rtunicﬁlm§&h06 as defined hbu 2myione of thei Glatms2l or

22 wherein said machining pul ses are a succession of tine-spaced or
periodi cal ly interfupt@®d funther roppriaing sthel ptereef pehapgbngatheequency
25 substantially equal to the frequency of said -39- ultrasonic

vi bration and t@ﬂPﬁ/ By 214 mtbrasents 5¥bfﬁﬁlﬂﬁchﬂnFﬂﬁPﬁﬂP§e§°be|ng

substantially equ to the fr u erru n of said ultrasonic
V|brat|oniaé ang %ﬁgﬁ€?$ﬁ€% Yﬁrgﬁ§f%ne of the dains

20. A method as defined in any one of the Claims_

11 to 19, further comprising the step of periodicaliy
interrupting the ﬁltrasonic'vibration imparted to |
said tool electr ode.

10 21. A method as defined in Qlaim,20, wherein the
said_ﬁltrasoﬁic vibration is intérruptéd at a
frequency between 100 ﬁz-and 10 kHz, and the
frequency of said ultrasonic vibration is not less
than the said frequency at which said ultrasonic

15 - vibration is interrupted.

22. The methed defiﬁed in Claim 20 wherein the

f:equency-of interruption of the ultrasonic vibration
is in excess ef 10 kHz, and said ultrasonic vibration
is of a frequency in'eicess of 100 kHz, being greater

20 than said frequency of interruption. o

235.  The method defined in Claim 20, 21 or 22

wherein said machining pulses are a succesSioﬁ of

time-spaeed or periodieally interfupfed trains of
pulses,_said'ﬁulses being of a frequency

25 substantially equal to the frequency of said



1 to 23 wherein said el ectrode is urged agai nst sai d workpiece in |ight
contacting relationship therewith while said ultrasonic vibration is

i;nparted to said.el eCtrode. 10 25. The et hod“lﬂ‘l ﬂ“‘ﬂ“ﬂ{“‘&ne o
the:Cltains 11 to 24 wherein said ultrasonic vibration i aid

el ongated el ectrode | ongitudinally thereof. . 26. The fret'hod défined in
any one of the Cains 15 11 to 24 wherein_gglLd ultrasonic vibration is
iaggrted to said elongated el ectrode transversely thereto. 27. An
apparatus for el ectultrdséhseheibratBehi 8hd0tRe SEPéquendy dgep hol e of a

di aneter of 1 nm 20 or less and a depth to dianeter ratio of at least 5

into or through a vwimtereeptiodheofipbhe anashiningi pulgesabebhg and el ongat ed
tubul ar el ectrode juxtaposable with said workpiece to forma machi ni ng gap
t her ebet ween; fl ui csubppyt imllpuequal teatlef Pre@aency soppiytegrapvabar
machi ning fluid through said -40- tubul ar el ectrode into said machining
gap at a pressure 0¢faﬁai@ahltzﬂsﬂnicn?ibeationic power supply neans for
applying a serjes of electrical machining pul ses between said el ectrode and
said 5 wor khi ece?4o produtlee mmethedsdefined tnecaryicae of sthargeims
t hrough said nachinipg gag t her eby
%0 23 wherein said electrode is urged against said
workpiece in light contacting relationship therewith
while said ultrasonic vibration is imparted to said
~ electrode.
10 25. The method defined in any one of the Claims
11 to 24 wherein said ultrasonic vibration is

.imparted to said elongated electrode longitudinally

thereof.
26. The method defined in any one of the Claims
15 11 to 24 wherein said ultrasonic vibration is

imparted to said elopgated electrode transversely
thereto.
27. - An apparatus for electrical discharge
maéhining a small and deep hole of a diameter of 1 mm
20 or less and a depth tb diémeter ratio of af least 5
_into'or through a workpiece, the apparatus
cpmprising: a thin and elongated tubular electrode
juxtaposable with said workpiece.to form a-machiﬁing
gap thérebetween;_fluid-supply and pumping means for

25 supplying a water machining fluid through said




-repoeyi ng material from said workpiece; .and drive neans for relatively
) Adci ng said tubul ar el ectrode and said workpiece to advance said 10

ted el ectrode longitudinally into said morkp'r{ nin H e IR
gtus defined in Caim27 wherein said fluid sl.umm l“)uw means
15

“intkubes an ion- exchange apparatus for maintaining*the resi%stifvity of
said water machining fluid in excess of [err] ohmcm 29. The ~

~

apparatus defined in daim28 wherein sard°r ui d supply and punpi ng MeanSwe
i ncl udes means for controlling.the tenmperature. qf .said water machining =~ - -
f1 uid substantiﬁpﬁy ar ﬁgﬁpgagggrﬁphgggfﬁg_maﬁﬁﬁﬁépgéﬁaﬁ-é% &he appar at us
defined in Caim : rei aihd f lLuigh suppl @ an i ng _nmeans includes a
punp for punpi naréng%aPé? aﬁ‘a&% itngq)f ?‘%qwﬁt-gqf%%ﬁcu&ﬂwae%nel ectrode

through fluid cgﬂgg}& Egggg,f%gda%ggéﬁgg‘a@g@gg%@ag@’éﬁggqﬁ¥$éf)said fluid

condui t neans ween sai and sai d tubular electrode. 31

An apparat us aspd@hisRedg uq@ésomt%etm%a%aierige&w& 3ha gy dder

conprising means for inparting an ultrasonic vibration to sald tubular 5-

~el ectrode. 532, workpff%eal%léa?'dd%c@efaj RGdeasicH BBy Bidnisai d vibrator
-neans is adapted to"inpart the : :

discharges through said machining gap thereby

- removing material from said workpiece; and drive
means fof relatively displacing said tubular
electrode and said workpiece to advan#e said

10 elongated electrode longitudinally into said
workpiece. o
28. The apparatus defined in Claim 27 wherein
said fluid supply and pumping means includes an ion-
exchange aﬁpératus for maintaining the resistivity of

15 said water machining fluid in excess of 10% ohm-cm.
29. The apparatus defined in Claim 28 wherein
said fluid supply and pumping means includéé means
for controlling the temperature of said water
machining fluid éubstantially at a predetermined

20 = value. ' '
30. -  The apparatus defined in Claim 29 wherein
said fluid sﬁfply and pumping means includes a pump
for pumping'said water machining fluid into said
tubular electrode through fluid conduit means, and an

25 accumulator coupled-to said fluid conduit means



>

Yl trasonic vibration to the el ongated.el eétrode | ongitu

33. The apparatus defined in Caim31 wherein s ' ﬂ“ﬂ ns o
adapted to inpart said ultrasonic vibration transverm "‘”" L @lHﬂmgat ed
of tihewmlbs =« i

el eetrode. 34. An apparatus as defined in any one ai s
~31'to 33, further conprising neans for sel ectively changing the anplitude

of said ultrasonic vibration. 35. - An apparatus for electrical
_dL§Charge machining a snall and deep hole, sgbstantially as 20

hetei nbefore described with reference to and as illustrated in any figure

or group-of associbetdeéngsatd ptmphendcsaipatubnadr abenyrodads. An

apparatus for electrical discharge machining a small and deep hol e,
substantially as 2B1. hereAnbappacatiuscasbdéfinednjnossyobnehefEXNRPLES

to I X -42- 37.. - A nethod of electrical discharge machining a snal
and deep hole, subSlabmsallytas3fer éunbbesr eonpsépingdmeprnr feference to
and as illustrated by any figure_or group of_assoqciated figures of the 5
acconpanyi ng dr awi hBBarsang an uhtragppdcoribragienc o &Pég

h&M§818dchi ni ng
a small. and dgep hgigétggQgEantially as hereinbefore ,
32, | The apparétus'defined in Claim 31 wherein
said Qibrator means is adapted to impart the
ultrasonic vibratibn to the elongated electrode
longitudinally thereof. |
10 33. The apparatus defined in.Claim 31 whereih
said vibration means is'adapted to impart said

ﬁltrasonic vibration tfansversely to said elongated

electrode.
34. An apparatus as defined in any one of the
15 Claims 31 to 33, further comprising means for

gselectively changing the amplitude of said ultrasonic
- vibration. '
55. An apparatus for electrical discharge
machining a small'and_deep hole, substantially as
20 ‘hereinbefore described with reference to and as
illuétrated in any figure or group of associated
figures of the accompanying dfawingé.'
36. An apparatué for electrical discharge
. machining a small and deep hole, substantially as
25' ‘hereinbefore described in any one of the EXAMPLES.I
to IX. |



"deseri\bed in any one of the EXAMPLES | to IX. 39 A morkplece haV|ng a ¢
nd deep hole 10~ nmachined therein by a nethod as any one

Tof\ t Claims 1 to 26, 37 and 38, or by means of an appg{ define n 4
ofe of the Claims 27 to 36. The text of the specifi Jm ﬂ%

reproduced by ‘photocopying the applicants original typescyipt WW”
~contain a few anmendments which are difficul to read. The orlglna

typescript containing these anendnments may be inspected on the prenises of\)
the Patent O'fige, A method of electrical discharge machining a

‘emall and deep hole, substantially as hereinbefore
' described with referencé'to'énd as illustrated by any
figure or group of associated figures of the
5 accompanying'drawings. |
- 38. . A method of electrical dischargé machining a
sméii and deep-héie, auhstaniially as hereinbefore |
déscribed in.any one of the EXAMPLES I to IX.
| 39. A workpiecé-having.a small and.deep hole
10 _Amachined therein by a method as defined in any one of

. "fffijthe Claims 1 to 26 37 and 38, or by means of an
'apparatus as defined in any one of the Claims 27

to 36.

&otctctﬁonpodﬁaﬁu halbonzop:odnud hvphotocomtho ocants original’
typescript. Itmmtﬂnutnmumamummttoaarm The original .
typescript cmtmmnumumhmmtdmmmumruut 0f2fice
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