-1 - ELECTROERCSI ON MACHI NING OF A CAVITY IN A WORKPI ECE The present C;:’//)
~ i nventi.on relates generally to el ectroerosion and, - nore partlcularI% '

" method of and apparatus for electroerosively nachlnlng a 3D 5
(three-dinensional) cavity in a workpiece by using a tool electrode

(preferably slender, e.g. a wire or rod el ectrode) of which the nmachining
surface at its free end is generally independent in shape of that of the
desi~ed cavity. The term "el ectroerosion” ant-10 "el ectroerosive
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25 prepared in &rﬁé@r end qerrgenaah&wonnabpemantmmc@hajﬂe f egiiatode’s or

tools suffer ‘durin er.Qsi,on_pr.ocess n thﬁ zing
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conventional sinking-t tion makes it icult_to kee
machi-ning gap free® PH@C&eBPW§aBPSﬁ§cHFﬁBdaCHPﬁ§ %&ﬁFEﬁ¢Qﬁ ?ﬁcﬁﬁﬁﬁ%

whi ch 35 tend t @fcahee atRGbnBi BF bBUstabslivéyelectrical discharges
effected therebetween, which actions may partially

15 include actions of an electrolytic or electrochemical
material removal nature. -

It has been generally accepted that the
electroerosion technique, when applied to the
machining of a 3D cavity in a workpiece, commonly

20 requires a tool electrode having a machining surface

which is three-dimensionally shaped to conform to the

shape of the desired cavity in the workpiece.
Purthermore, a multiplicity of such electrodes of
identical or similar.configuration.and size must be

25 prepared in order to compensate for the wear which
the electrodes or tools suffer during the erosion
process or in the interest of minimizing the
machining time to achieve the end of a desired

"

machined precision and surface finish. Preparation

30 of such precision-formed and multiple electrodes is

. ' - obviously time-consuming and laborious. Furthermore,
the conventional sinking-type operation makes it
difficult to keep the machining gap free from the
debris of machined chips and other products which

35 tend to cause machining instability.



N\ The present invention seeks to provide (a) an inproved nethod’ of
gctroerosi yely,machining a 3D cavity in a workpiece; (b) an

octroerosi on net hod of machining a 3D cavity whereby the desired cavity 5
an be formed in a workpiece with a sinple electrode; (c) an el ectroerosion
met Hod which is capable of yielding a desired 3D cavity in a workpiece with
an increased efficiency; (d) an inproved apparatus. for el ectroerosively
machining a 3D cavity in a 10 wor kpi ece; "f€) an el ectroerosion a parafug
whereby a desired 3D cavity The peebentredinventioonripeleset o phoal de

el ectrode; and (f) _an e p di ng
a desired 3D caV|t§ ﬁ%§$§ge§ E8%h8@ ?g gig&ﬁg?égg%QVé?¥F@#€§é§§&%£?,éﬁ
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vibration to said t0Qle5ldRG0" \?h%%haxn&ag%bsat bapatyyihl yctuate said
machi ni ng surface contour an
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wor kpi ece across t Ive
which 1s capable of yielding a desired 3D cavity in a

workpiece with an increased efficiency.
19 According to the present invention there is

provided, in accordance'w1th a first aspect thereof,
.-a method of machining a cavity in a workpiece by
electroerosion with a tool electrode having at its
free end portion a machining surface contour of which
20 ‘the shape is generally independeht.of the shape of
' the desired cavity, which method comprises the steps
of: -
' axiaily juxtaposing said tool electrode |
- with the workpiece to position said-machining surface
25 contour in spaced juxtaposition therewith, across a
machining gap flooded with a machining liquid;
imparting a high -frequency vibration to
sald tool electrode whereby to vibrationally
fluctuate said machining surface contour and thereby
30 dynamically enlarge the effective machining area
" thereof by a small amount determined by the amplitude
of said high-frequency vibration; |
applying a succession of electrical pulses
between said vibrating tool electrode and the
35 " workpiece across the machining gap to effect



-3- successive’localized electrical -discharges junping between the <§§%2}~,
wor kpi ece and, sai d machi ni ng surface contour brought proximal thereto :
the vibrational fluctuatioens, thereby el ectroerosively renoving 5

material fromthe workpi ece adjacent said vibrationally fluctuating
machi ni ng surface contour providing the said enlarged effective nmachining
area; and effecting a nulti-axial relative 10 di spl acenent of said
vkwpatlng tool electrode and sai d workpi ece ﬁlong t hree coordi nate axes
whi'ch include a pair of coordinate axes defining a plane substantially
orthogonal to the Isogiesadiveallogrildzefl ediedttrbohl ef becharigemniump iogr di nat e

axis 15 = substantigihyerdioqnhkeesah eseaemazsm,g pg Fikbaneously

mai nt ai ni ng t he avera I nin const ant,

_ thereby three- di rr&%gﬂt%m [oF ORRgB ki @F‘ﬁ&lgéﬂ-dt%m Pe hlt-ew@a@tatwwt by

said electrical di suh¥t@esi\Wns!) &ae@lew ele\étbbé‘i‘b@ﬂﬁéiy FomS¥ 1hag | Ng
. machi ni ng surf ce (of0) tour t&}rforrrhﬁ ' s Lred c hf wor kpi ece.
y

:Speci fically, eTddc AFQRe © WBE P4RHEsE 3%?¥Etp%%%

" copper - contalnlng atibna tsionz1dy ﬁﬂas$uamlngpmech1unggtsmrfscévemntmmgsten

JOr 25 graphite. @B%fitd%l «%lhgctsggqe 85@&8&%@?&&?%“ &Ecl?{)nir?? %‘Et A

“shoul d preferably anet e
where rough machi niad i s satlsfactory, and 1 to 3 mm where nedi um machi ni ng

is desired. The range of O. @&f@@tgn@nhl&uigl_axpggfpélgglﬁg achi eve fine
finishing ory&ﬂere t hi U|re I ectrode. ma

al ternati vel 4%#§%quﬁpﬁf 1 88 VTHEaﬁﬁEﬁlﬁ?ﬂg ¢ ﬁ%?ﬁ°%%fﬁﬂe of any

type comonly usedsamdﬂwbnhmﬁw@@teanag shekengobypen&bd 8bes wiptlectrica

di scharge naCh'n'”%huﬁ.%%t'cialgu%f coordlnate axes defining a plane
substantially orthogonal to the longitudinal axis of
said tool electrode and a coordinate axis

15  substantially orthogonal to said plane, while

| simultaneously mainteining the average width of said
machining gép sﬁbstantially constant, thereby three-
dimensionally machining said_workpfece at least in
part by said eiectrical_dischapges with said

20 -vibrationally fluetuatihg.méchining surface contour

| to form the desired.cavity in the workpiece.

" Specifically, the tool electrode may be
composed of copper; a copper-containing alloy such as
brass or copper;tungsteﬁ, silver-tungsten or

25 graphite. The tool eleetrode is preferably a wire or
rod which should preferably be of a diameter of 0.05
to 1 mm, but may be of 3 to.5 mm where rough
machlnlng is satlsfacto:y, and_j to 3 mm where medium
machining is desired. ' The range of 0.05 to 1 mm is

30 preferred to achieve flne flnlshlng or where this is

- a requlrement The tool electrode may alternatively
be in the form of a tube.

| The machlnlng llquld may be of any type
commonly used in the conventional sinking-type EDM

35 (electrical discharge machlnlng) practice, but



-A\ preferably there is used here water or a distilled water having a
<§%&Iflc resistivity rangi ng between 1x103 and 5x[err] ohm cm, The
ration may be inparted to the tool 5 electrode in its axial .
| ongi tudi nal direction and may al so, as a variant form be applled
transversely to the axis thereof. The frequency of vibration is generally
in a range between 1 to 100 kHz and preferably between 10 to 50 kHz and may
al so range 10 bet ween 100 kHz to 100 MHz-4-The anplitude of the vibrataa

is generally in tfﬁ?fé¥8¥éﬂT¥‘%ﬁ@}ell%”%siq %b?%oﬁﬁtéPdorpéeﬁ§5%?iie@et“Be”
1 and 10 mi crons referabl sal nmultj-axial, relative displacenent of

~said vibrating tool¥a¥ %‘bt speeifd c re\ﬁ&lslﬁﬂl"é&‘! rangingcpggvween
increnental |y, withsios emmtaad dil'ﬁploacenent of the order of 1 micron. In

accordance wth a second aquﬁ} q; qﬁg;eﬁﬁpt |nv%5%}%nda@°agggrgg8§ for
ectro n

machining a cavity in a workpiece b r osi onpri ses
a tool electrdde wiakectneskehiim n¢85@ﬁﬂadeocoﬂpagntuﬂlmhﬂcﬁlrhetshapends

general |y i ndependeggdy of1ddle ééﬂaaoeraqflatdtef%erﬂ red aaphiikd %hﬁgvsksewode

i's arranged to be Juxtaposed W .t h e workpi ede so as to E Sltlon said
machi ni ng surface d%ﬁ\?ﬂﬁ'%ﬁ%ﬁ;ﬁﬁ%%ﬁ?9§5 TﬁeufF§EB§PFVoﬁft éPEaFiANaifoss a
machi ni ng gap fIooqgéhénﬁmﬂylﬂh(axrgﬁganﬁbﬂmebh 4 rechiooi BYzl egdi d; neans

for inmparting a hi C V|brat| 0 Ld toal. Iec reby to
vibrationally fl uc?gfa?%e qa;l?elcy |erﬁnhé(61Jr°f z?z)glkg& agdc% ourggnag,p%gr eby

dynani cal |y e ar gebeteeasi {120 |k&z ththﬂ rl@zar edhehempdfi thgeaofnghe anount
determ ned by thei%ﬂ%féﬁﬁkfﬁg %ﬁﬂsaj z{QﬂﬁﬁQ%Mg %%%hb@ﬂ 1pgﬁ@r59upply

nmeans el ectrically connectab ectraode sai d rkpi ece
for 35 appl yi ng ®exang @nd :ptHrs%Fael‘t?é’(]\Meé’r?té”eﬁe@ Vi B’Ing'tl ngicrons

Preferably, said multi-axial relative
displacement of said vibrating tool electrode and the

15 workpiece is effected incremen‘lﬁally,' with increments
of displacement of the order of 1 micron.

| In accordance with a second aspect of the
present invention &n apparatus for machining a cavity
_ in a workpiece by electroerosion comprises:

20 . a tool electrode with a machining surface
contour of which the shape is generally independent
of the shape of the desired cavity, which electrode
is arranged to be juxtaposed with the workpiece so as

_ tq_position said machining surface contour in spaced

25 jﬁxtaposition therewith across a machining gap
flooded (when in operation) with a machining liquid;
| means for imparting a high-frequency
vibration to .said. tool electrode whereby to

_ vibrationally fluctuate said machining surface

'50 . contour and thereby dynamically enlarge the effective
machining area thereof by a small ‘amount determined
by the amplitude of said high-frequency vibration;

power supply means electrically connectable
. to said tool electrode and said workpiece for
35 '_ applying electrical pulses between said v1brat1hg



-5- tool electrode and said workpiece across the machining gap to effeégeé//)
successive localized el ectrical discharges through said gap between said
workplece and ‘sai d machi-ni ng surface contour brought 5 proxi mal thereto
by the vibrational fluctuations, thereby el ectroerosively renoving material
from t he workpi ece adj acent sai d vibrationally fluctuating machi ning

surface contour providing the said enlarged effective machining area; and

10 feed neans for effecting aSmulti-axial relative

S-8pl acenent of sajghy meccﬁézf‘o;dg %gﬁ %‘&qu%‘o@t:‘ﬁ%@' 66808k OPfle

t hr ee-coordi nate axes coordinaté axes defining a
pl ane substantlalI@thkﬂkﬁﬁnﬁﬂPtﬁ9tﬁﬁiqqﬁn@VFGGSﬁaWeaipgabiZQ@ sai d tool

el ectrode and a cw.r.@btnettcmamsseﬂabge%ntﬂhelohgh%htiaggagl béeweéhds@i@ne
whi | e sinmul taneous!y .maj nt aini Qﬁ e w dt sai |n|ng gap
substantial |y conéqééﬁ FEEQ%EH1 Pén &4y 2PRUEPT PPH RBR&TRi ng

| surface contcﬁlr_ 2(prox1xna]svktr.a:retﬂvréw~d:thraaewabarlaahbytamvﬂubheasuoﬁape of said
e it b e TR Al I3 il TR TREBR 24 ALTO, L

average gap w dth su tia cons ant here rsgp éra provided 25
wear detecting neam@rhwﬁenﬁ|ad3a§§nﬁm§aud wab@nélnaeﬁiM|ﬁgumtaatbmgthe t ool

+'el ectrode machi ni nga S B6E SAYY AL PRI %gatlagarah%ataaémtegga means

an out put signal %£ dent on the anount of wear, sald auxilrary f
means being respon Bre maqhinifga”résipéRdating way to effect
addi ti onal feed of sal d t.ool Fed e atgane fothe ffeartiagt actnumg:tneamalrray

el eetrode, which orert VE SREAeddhy He o Una 3ooTPRRERr b8, R0 PRLg .
The change in the wotkpidce along three-coordinate axes whlch include a
pair of coordinate axes defining a plane :
substantially orthogonal to the longltudinal axis of
15 said tool electrode and a coordinate axis
| substantially orthogonal to said plane, while
simultaneously maintaining the average width of said
machining gap substantially constant, whereby said
vibrationally fluctuating machining surface contour

20 ‘is swept three~dimensionally over the surface of said
workpiece in which the desired cav1ty is to be
formed.

For maintaining the average gap width
substantially constant there is preferably provided
25 wear detecting means which is responsive to the
machining wear of the tool electrode machining
surface contour and supplies to an auxiliary feed
_ means an output signal dependent on-the amount of
" - said wear, said auxiliary feed means being responsive
' 30 in a wear compensating way to effect addltlonal feed
- of said tool electrode.
The wear-detecting means may respond to a
change in the mode of the vibration imparted to the
- tool electrode, which change represents the wear of
35 the tool electrode. The change in the mode of



vgk ation can'be sensed as a change in the frequency,  anplitudé and/or

Yef gy of the vibration inparted to the tool electrode. The reflection of

t ultrasonic vibration transmtted via the machining liquid to the 5

wor kpi ece may al so be used, and a change in the echo period may then be
used to indicate the wear of the tool electr6de. Wear of.the tool electrode
can al so be sensed h nltorl theﬁc%%ra %en

OI’
ul trasoni ¢ wave gené‘r Jtaé ct ebr?ag I-Ng | SC%haﬁég ng ?ran m ?‘%%r(%lc’(/i a v
the machining |i qwampmlémdeofa oTt evlergyeotr dte Uahratsgnbemmn‘seﬁ by

moni toring the ratiyg iy ddie J1WiGodel. Mgl %@qe%&ehaweﬁhéoum?aabm@r of
~ i nput machining 15 pul ses applied tq the ch |n|{’11(£&:t:1]n'B a_given or
e

unit time. A pluralWibFadion frensmi tdedc vigddaceBeR 1%91% toothe
hol der may  be gised Witk Siledee thayn sl SR G2z wzedQf and authangecihodhe cbengi ng

(ATC) 20 arrangenent wh is r r t |l yven
used tool electrcxk?ﬁﬁﬁﬁ? s%h ngh%%ns %ﬁ %ﬁei&gEPQFgggggfw%ggc%?Ig&?ed
into the magazi ne ambla eleetalwdist.rode is nounted in the machine head to

replace it. 25 Weh 1A GHOIRN &R oM b'ie%tfr%teheénf S%HfﬁeOf the
i nvention, neans for dressing the tool el ectrode |s provi ded so as_to

conpensat e for the SfFed R Swmidhonizg the charssterigtiencfatnfinhg or

~ operation. Theo dre&ﬂﬂgaémrwm Ig&iewéﬁ:ea dyeshiengacheaingdeisohabge the
 formof a wire or {Iselectlvel bro boghuxt 03|§|on with the worn
machi ni ng surface oﬁ'n R S8 & mlag gnal , and an

- el ectroerosi on power supply fWﬁanﬂﬂﬁgﬁhﬁlﬁyOﬂh@l@@¢K0§becanodésandethe

dressing el ectrode ydigfed oy m%'iuto:qrn%s%'hfég rBQ3bt benthhehghYeFOogr ess said
machi ning . machlnlng discharges to the number of 1nput machining

15 pulses applied to the machining gap per a given or

© ° unit time. | :
A piurality of different electrodes each
barfied by a tool holder may be used and stored in a
magazine of an automatic tool changing (ATC)

20 arrangement’ which is operated in such a manner that a
given used tool electrode upon ascertainment of the
wear thereof is collected into the magazine and a new
electrode is mounted in the machine head to replace
it. _ _

25 . In accordance with a further feature of the
invention, means for dressing the tool electrode is
pr0V1ded so as to compensate for the wear thereof

' durlng the course of given machining operation. The
dressing means may include a dressing electrode in -

30 the-fbfm of a wire or Band.selectively brought into
juxtaposition with the worn machining surface of the
tool electrode in response to a signal, and an
electroerosion power supply for energizing the tool:
electrode and the dressing electrode when in a

35 dfesSing_position whereby to dress said machining



-

surface by.an el ectroerosion process. The dressing el
may be .di sposed in a worktank in which the machining
carried out. 5° ~ The dressing-of the worn
al so be effected by positively machining the unworn p
el ectrode so that a flat machining face may be al ways
predeterm ned machining relation to the workpi ece 10
chined. These and ot her objects, features;pnd advan
nvention wi |l becone . nore readili parent froma re

description of cer BRFA2efbBY| #Rne

Y
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of the workpiece ig
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ortion of the tool
exposed in a
surface being
tages of the present
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Ejhe accorrpany: Ing dfe?%ﬂﬁ&dénar\héﬁéemiﬁlﬁ ndy i e adﬁs:ﬁlﬁ? 1in \d erktank
i agranmmatically illus el ect r ogrgsi on_nachi ni ng. system
i ncorporating a vi BP th%ﬁhggﬁ b%%%$d§ﬁ rﬁ%ﬁfqehﬁghf%ﬁﬁlefo

FIG 2 is a schenapiag. V|em1d|agrannatically |Ilustrat
according to ghe I nvention | %fggs Sk fied &l SFL
ifor providing™a co ensatlon morn el ectro
FIG 3is a schenagE

I ng anot her system

Af& SRR ddA

§°vP§mﬁ§fﬁ@F%W i E%m‘gflvﬂmmmrﬁgle hep MAWoER head

wth a nodified engogitiahi 68 anéaaa@mlecﬂﬁe 45 stratvay efiergm di agr am of

"the vibration signal hngart g to the tool. el ectrode:
arrangenent of FI graghd afs %9%0%%n%}7%YW|%§VQﬁ
illustrating a furphhedetabnilheénpachinhegi rekatiom to

according to the

Efat i cal |y
thte olorikpd eeleect r ode

is a tube;- Fhg 6 kfrRaschEaRh} cmgbgyﬁgaagrannatlcally 35 il lustrating
anot her vi bration-sensing arrangenent according to the invention to
" ascertain the wear of These and other ObJectS, features and

advantages of the present invention

w1ll"become more

readily apparent from a reéding of the following
description of certaih embodiments thereef reference
- 15 being made to the accompanying drawings in which:
- FIG. 1 1s a schematic view dlagrammatlcally
‘illustrating a 3D electroerosion machining system
1ncorporat1ng a2 vibration head, 1n accordance with .

the invention;

20 ' FIG. 2Iis'a schematic view diagrammatically
illustrating another system according to the
invention including a modified electrode vibration
head for providing a compensation feed of the worn

‘electrode;

25 o FIG. 3 is a schematic view diegrammatieally
illustrating a vibration head with a modlfled

energizatlon arrangement;

FIG. 4 is a waveform dlagram of the
‘vibration 31gnal ‘imparted to the tool electrode

30 according to the arrangement of FIG.

3

, ' PIG. 5 is a schematic view diagrammatically
illustrating a further embodiment of the invention in

whlch the electrode is a tube;

‘FIG. 6 is a schematic view dlagrammatlcally

35 illustrating another vibration-sensing arrangement



e tool electrode; FIG 7 is a schematic view diagranmatically

ustrating.another systemof the invention in which 5  the tool

ectrode is a continuous wire; FIGS. 8 and 9 are schematic views

I'llustrating paths along X and Z axes to be followed by the system of the

i nvention in which a flexible tool electrode relative to the workpiece in

3D 10 machi ni ng operations; FIG. 10 is %3schenatic Vi ew -
ii=" det ecting system accor di ng w8

diagrammatically illustrating a further wea
the invention in waiebréhegr66i théfimeénted orel e tas ceat t adirs dit@r gemrt @ fi nput

15 machi ni ng pu%ﬁes I n nugbe% i% monitored: FIG 11 is a schematic view
diagrammatical ly i ﬁs??a}iﬁ CanT4lfbmati ¢ tool changi.ng (ATC) arrangenent
adapted for practice of. thePp@esenisimvechémgtiomiew diagrammatdiogllyy s

a schematic view diagsa8ymtifgl dothbrsiydtddne fny thaveryadisenhioh the
I nvention in which the gap reSistance is nonitored to jnspect the nmachining
accuracy affobded the #BPkpPéeethode nd®t RS YHAYS ¥ii%v ng 25

- operation; FIG 13 is a scheppg¢Sc 8i&nd dd agransctem=tie vidwsstrating a

pictorial display systemwhich cap, be _ ' the g 10 12
according to the iﬁgi}}?%ﬁ;t%ﬁ paths 21388 X\A%‘?&?lﬁ%a&;&?ﬁgﬁcﬁﬁoﬁv&ew
partly in. sectionbgi theaspatenabfythel isvertion bm wririisehke®idkae

| nvent ] o § NCOr pOr 31030 oTRRR oG rUIERSVEYLE NEnd ORbrbe&ds oeisD FIG 15 i s

a schematic view part ] section diagrammatically illustrating a
nodi fication10 -omeghipRBgaPPERgEABRAR I Of FIG 14; - :

FIG. 10 is a schematic view
diagrammatically illustrating a further -wear-
defecfihg system according to the invention in which
the ratio of actual electrical discharges to input -

15 machining pulses in number is monitored:

| N FIG. 11 is a schematic view

diagrammatically illustrating an automatic tool
'changing (ATC) arrangement adapted for practice of.
the present invention;

20 | ' FIG. 12 is a schematic view

o 'diagrammatically illustrating a further embodiment of
the invention in whiéh the gap resistance is
:monitoréd tolinspect the machining accuracy afforded
the workpiece during the 3D cavity forming

25  operation;

PIG. 13 is a schematic view
diagrammatiéally illustrating a pictorial display
system which can be used with.the arrangement of FIG.
12 according to the invention; : '

30 - FIG. 14 is a schematic view partly in.
| section diagrammaticallyIillustrating an embodiment
of fhé invention incorporating-means for dressing the
tool electrode; . I
- '~ PIG. 15 is a schematic view partly in
35 section diagrammatically illustrating a modification



FI G 16 s a sthematic V|em1d|agrannat|cally illustrating the opera{Z;;;Zf

t he dressing arrangenents of FIGS. 14 and 15; 5 FI G s a
schemati c V|em1partly in section diagrammatically. |IIustrat|ng a further
nodi fication of the systemof FIG 14; FIG 18 is a schematic view
dlagrannatlcally illustrating a portlon of the system 10 of FIG 17,

FIG 19 is a schematic.view di agrammatically,illustrating the operatlon of
the systemof FIG 17, FIG 20 is a schemat T¢ vi ew 15 di agrammatical ly
|TTustrat|ng a nuneflcab aopangbméhiE) oByBI®m for effecting the 3D machi ning

feed and automatic dressing th | e e in. accordance with a
further feature of the inVen??on ?é|§§_a2§§§§§£€t§,&§%§ and (D) are
wavef or m 20 di agﬁ'asrammamscaalyngltughaatmg stise aope rAcimiafy the ses
whi ch appear in thgrgxsiam Q.frrgh néfte FbESFIES: 244 A Sehemati c vi ews

partly in section dlagrannat|§ ¥ | lustrating hOM/nachlnlng wear occurs
“on the machinPng surface of A+1fool 7288 2. %P'é%‘??’%h‘é Yiew e olgeridtion; FIG

.25 is .a schematic %bewldhagﬁagﬂammaahballyIﬂslmﬁmrimungwacmurﬂﬁdms of a

worn el ectrode tip £2 27.are s ic lews 30
-illustrating varloggﬁ gﬁﬁégiPSng ggﬁd éﬁ%sgfeﬁﬁé 1omed by the tool
‘el ectrode relative to the woFkpBiet8 La aDsnhemahiﬁng®Erat|ons Referring

first to FIG 1, aa&%g'raﬁhs%&eagiy il ded Wth an eWectr WA EhPiaEe 2

across..a. 35 machi-ni_ng oerosi ve
“machi ni ng mediQUm s@FpFiléd fifém a fluid source (not shown). The tool
electrode 1 is here of a sinplle. 19 is a schematic view

diagrammatically illustrating the operation of the
system of PIG. 17; o
_ PIG. 20 is a schematic view _

15 diagrammatically illustrating a numerical-control
(NC) system for effecting the 3D machining feed and
automatic dressing of the tool electrode in
accordance with a further feature of tte invention;

~ PIGS. 21(A), (B), (C) and (D) are waveform
20 diagrams illustrating signal pulses and machining
'pulses which appear in the system of'FIG; 20; _
FIGS. 22-24 are schematic views partly in
" section diagrammatically illustrating how machining
wear occurs on the machining surface of a tool

25 electrode in a 3D operation; -

PIG. 25 is a schematic view _
diagrammatically illustrating contour'lines of a worn
.electrode tip;-and---- )

FIGS. 26 and 27 are schematic views

30 illustrating various paths along X and Z axes to be
followed by the tool electrodezrelatiVe'to the
workpiece in 3D machining operations.

Referring first to FIG. 1, a tool electrode
1 is shown juxtaposed with a workpiece 2 across. a.
35 machining gap G flooded with an electroerosive



e,flguratlon whi ch i s independent of an intricate shape of the cavity 2a
w‘be smachined in the 5 wor kpi ece, thus for exanple a soli.d or tubular
d¥e or rod which may, as typical with a conventional sinking-type EDM or
el ectrode, be conposed of copper, brass, silver-tungsten,

copper -tungsten or graphite and which is preferably thin, say, of a 10

di aneter or thickness ranging normally betwegh 0.05 to 1 mmand in sone
cases up to 5 nm dependi ng upon- partlcular rade of machi ni ng desi red. v
Thus, for roughi ngnachhnékaesedbrm dsuppl bed ng RQp rﬁﬁ%lﬁ?‘ﬂé’%gﬂ@f actory.

For. medfum and finygBYAY. th@héaﬂgéﬁ Qieé‘@rode 11 tos almamapfsﬁqﬁ@ to 1 nm
are desirable, respectlvel .. The q$e any .canventi ona

EDM or ECDM I i qui dcﬁﬂfls‘érﬁ?‘é?’ér‘&m?hmh? efmgep%f“g] &% AN
rangi ng from 1x[er ghade of tneS&Gﬁtphmcmmmcmﬂmumlwmhen used in

ool Frsann5oncoRpERBERsBs) Pabo dr |G- Bhb oY 4601 r&t‘q“ﬁfe 4 ?ﬂer COAN
virgin blank or onerr@OQhWhaGhlmem,paévtbns¢?1|%1?@ a CQ%N?# '
worktabl e 3 driveng Q}ikﬁﬁgdty?éoﬁﬁm%r%@m S14Qt PO Q%décﬁiﬁ@é‘éd”f&fﬂ of the
wor kpiece 2 relative to ctrog | ong t hree | | #*
orthogonal axes; XCOPP§Hd Prasfe ﬁﬁ i3 ungsgﬁ ’GC%nggégu a@?ﬁﬁblng

nmotor or a DC WDtOgr&@hﬁmEednﬂAWh18ﬁ is pneferablky, timiwm, asay drofen in

esponse o, G, YS yidiogss oL eehogl EaRUTRE!felagotysolfdi o3 7 10

accordance w ranme n_an
pr edet er mi ned threGOdﬂnensaoﬁanncsnm9u¢aﬁgsp&Pht905b%mfcﬂ¢2ﬁ%ﬁﬂ4§/WEQQulve

35 di'spl acement gbelwgsRryihe ?@Qheebgchéeﬁfningn@eéh?ed W k] eger 2 and

(hus o e red e8RS D RO R o it o e
satisfactory. For medium and finishing the ranges of
15 1 40 3 nm and of 0.05 to 1 mm are desirable,
- respectlvely.

The machlnlng medium may be any
conventlonal EDM or ECDM liquid but is preferably .
_ water of a specific resistivity ranging from 1x107
20 to-5x10§ ohm-cm which, especially when used in the
' preéent process, has been found to allow machining to
proceed with stability and excellent results.
| The workpiece 2 which may be either a
v1rg1n blank or one rough-machined previously is
25 carried by a worktable 3 driven by feed motors 4, 5
and 6 to provide displacement of the workpiece 2
relative to the tool electrode 1 along three mutually -
.orthogonal axes, X, Y and Z. The motors 4, 5 and 6‘
o are'each a stepping motor or a DC motor equipped with
30 an.encoder,_and are driven in response to drive-
signals supplied from a numerical-control (NC) unit 7
in accordance with digital data preprogrammed therein
and dicfating a predetermined three-dimensional
. cbﬁtouring_path to be followed by relative
35 '; diéplacement between the tool electrode 1 and the



~ i o - N
A machi ni ng povwer supply 8 which may be a 5 conventional EDM generato _2g
is conmected to the tool electrode 1 and the workpiece 2 to apply a serigs

of ‘machi ni ng pul ses across the machining gap G to effect tine-spaced,

di screte el ectrical discharges between the tool ‘electrode 1 and the

wor kpi ece 2 through the 10 - machining nmediumto renove material fromthe
wor kpi ece 2. The nachining action may includ? partly an electrolytic or
ek&ptrochen1cal action. The tool electrode I'i5 carried by a hol der 9 which
here conpri ses anlﬂdnmymyua:ZHQWﬁawhus bodesibed tdesegmedeﬁ@lam@pagate and

el ng. ener gi zed- by SO Jted 4 SRCP S BRehS AR 1hke  ansducer 10 may

conpri se any convemmnkﬂﬂeqwléioelectrlc el emrent (e.g. quartz Rochel | e
salt, 20 bariumtitanate) , amenianentoges! qggraftssmag'afﬁy%@@m
r e

(e.g. nickel | um ni umi.ron gm% el ect net Vi bration
.suppl y system?, 10,copvend 1&@5§t§ SeREPRAPE ﬂﬁeCPBBFCB?@c??oH%el 9 t he -

-l ongi t udi nal di r ectdImsetatod f1ramuelme g@lirgrpabby 25%0 a?plyveansériaé@ &00 kHz
and with an anplit

crons, alt reater’ a t ud and
sfrequency may al so Chln'%g BYPPt TSP, ﬁ%grPﬁﬁﬂg lﬂ?gﬁapf t %§9
“vibration say, at & imedqpaeed,ofdisgredeselektricelt Aeéscbatges etetweken 1
while the latter thyge tcf(ﬁh eledtTRAR qn%.!nhyaﬁ\é’e%?k *_/Séetfetﬁ%ﬁ%?etl&)é the

wor kpiece 2 to advance ining towards a desired ourin
been found thd 't helamRERIN& Fedlag (o fe%Vﬁapﬁ-éﬂryaénﬁﬁ%e’élh‘and t he
renoval rate is mcmmqa@deoza vahee madh@aihg bcveohi ABF BscE®Ripabtly as

~that obtained when t i brati cause t he di scharge
stricken area of thépto elegﬂﬁbdggieﬁ§c§ﬁgﬁhé§éF grafﬁaﬂ “that of the

wor kpi ece, the el ectrode 1 t &hgs toolwedecinafeal fiescarried by a holder
: 9 which here comprises an ultrasonic vibration horn
15 designed to propagate and amplify an ultrasonic
~ vibration produced by a transducer 10, the latter
being energized by a high-frequency power supply 11.
The transducer 10 may comprise any conventional
piezoelectric element (e.g. quartz, Rochelle salt,
20 barium titanate), any conventional magnetostrictive
" element (e.g. nickel, aluminium-iron alloy) or an
electromagnet, and the vibration supply system 9,10,
11 is adapted to vibrate the tool electrode 1 in the
longitudinal direction at a frequency generally
25 between 1 and 500 kHz and with an amplitude 1 to 50
microns, although a greater amplitude and frequency
may also be used. By virtue of imparting a high-
. frequency vibration say, at a frequency of 10 to 50
. S kHz, to the tool electrode. ! while the latter three-
- 30 dimensionally sweeps over the surface of the
workpiece 2 to advance machining towards 'a desired
contouring end, it has been found that the machining
stability is markedly enhanced and the removal rate
is increased to a value three to five times as great
35  as that obtained when there is no vibration.



tg portion. It has been found that the wear can be 5 effectively
det.gdcted by nonitoring a change in the node of vibration of the tool

ctrode 1, or a vibrational response of the workpiece 2. For exanple, the
change in the tinme of arrival [err] of an echo resulting froma vibration
signal transmtted 10 fromthe electrode tip and incident on the
wor kpi ece and reflected back to the el ectrodé2+s generally proportional to,
the change in the el ectrode b%g%ge%heaa SbREr %@rélzrf‘ék%?'é Y& ofetid ¥
where [err] is a constant. etectin ﬁ ange [err] or
el ectrode 15 - me&podaﬁlbéta§éérﬂaFﬁeBuchnsPﬁelaFrﬁhﬁénﬁhﬁts%%“hh

vi bration sensor 12:01 tpa%%rdwml )éllabwbdemceeﬁasswgwaaﬂeaesyoat12es a
preset threshold or nce seé& gg §V|ce 12b agg ? gonparator

di scri ninator 12c. t?@ POTFRQN et &bt BFS1 D5 Raf OBEL o LP2T HEAT | HRA T C %%H%F
arrival t which is eftfgeariod 1yt dieltecdiedcbynmoatidporifg ai changerisetikeet ed
reference val ue th%r\?%foof"%rb%%%‘i%g ¢ Eﬁeatgbieglgbﬁ%ﬁ@d? '85‘%“ or gap

size to. When a d&WV 4t i%n , a_sl S |ssue by 25
the discrim nator N@hnatiqnahﬂnﬂ&99@8ﬁooé @BﬁtW@Fk@FP§9|? 13F@Esoci at ed
with a stepping nMoilamifie, ide \Changel Qlﬁ gheatimnequENaYricay, Aﬁfoﬁoaﬁo 500
MHz is used to vibrate theué_qH1 el ectr e, wear o% 05 to

0.1 nmis ascertai rsttNTSF Qﬁ1§§§m @ 3&&?8§I8P ﬁégﬂﬁg SremsehiEetanner .
The sensor 120my afrm rwmomi@dbu'odec}tamgandnlnhedenbr ati bhef wvegkpieys and
then the detector lgg i dd el 1B Al 89WERTRAECHECERRe PATIY N

setting unit 12b has a pre eterm ned reference g cor respondi ng
to the frequency i RFOHARFiMmad to the. chgegeodn &heceleatrpas L8RBERER no

wear and the machi ngd}g i @ Dass @Ibmwslwmt&mmgerfém disser tohsaant. 12c

's then adapted tOﬁ)rOdvel1:deec‘!:ainsgI gcr%xe change At, the change At or electrode

15 wear can be ascertained.

In the arrangement shown, a vibration
‘sensor 12 is accordingly provided comprising a
'detector'12§, a preset threshold or reference setting
~ device 12b and a comparator or discriminator 12c.
20 - The detector 12a may detect the time of echo arrival
t which is compared at the discriminator 12¢ with a
preSelected'reference valne therefor corresponding to
a given electrode length or gap size {,. When a -
. deviation is found to develop, a signal is issued by
25 = the discriminator 12c and is applied to a control
cirecuit 13 associated with a stepping motor 14. When
vibration of a frequency, say, of 10 to 500 MHz is
- .used to vibrate the tool eleetrode'1, an electrode
wear of 0.05 to 0.1 mm is ascertained with a high
30 degree of accuracy in thls manner.

- The sensor 12 may also respond to a change
in the vibration frequency, and then the detector 12a
is constituted by a frequency detector and the
setting unit 12b has a predetermlned reference

35 - settlng correspondlng to the frequency incoming when



representing a‘frequency shift and is thus capable of 5 simlarly <i%%;)
detecting the,electrode wear. It is found that with an input frequency
rangi ng between 10 and 50:-kHz, the el ectrode wear of an anopunt.as nentioned
above gives rise to a frequency shift or increase of 4 to 5 kHz. 10

. The fool electrode 1 is supported by the holder 9 through a chuck 15 in

which it is carried by guide rollers 16 and feed rollers 17 operatively
cQnrnected to the nDtor 14. Thus, the controL1gchuit 13 operates, in

reésponse to a si gnal t 5 GLigmn 2 atjpg.a. wear of
t he tool electrode §3§¥1§§$%ﬁﬁ;aﬁo &F £x ﬁ% %8 gggp%?g tg? pul ses
and the notor 14 i rmammﬂrg\m tChdrefse @t rocﬂtllemm Si)alcongl | oRhehe t ool

el ectrode | to be adjlhéékﬁf‘nﬁgw Wﬁ%'sectth%% @d@.?%red()fto FBWRQté'ngnal

di spl acenent's thro in the chuc eby conpenSati ng
~for the wear. The iTRPESRSAT kﬁgcﬂ Vet shd §eﬁndp#§f§FH§I9aPéplﬁ Qfal |

.value, say, 1 91CFC§ﬁmiléﬁE¥ &ﬁtéﬁﬂﬁd@ﬂﬁukaﬁl%@&@bﬂg @aarbe we- estﬁbhnahed

“with a hi gh degree % ccu,é\lgélc%/ﬂl 4 XAVPLE A ferr.ous W% kg

t hr ee- di mensi onal | y hfh t*PQH] LRSI 2R 108 B T RCR ingnd as

_described using a cBppsiz i the cerleraju'o&ieeoxterard@fv\,{amclampgnm bsamedtaonad

frequency of 25 kizygoge ugi itk hee HA1d W ldRll ehalesTRENIALRGase of
een Tound

conditions. It has e wear ensation fe I's required
once for every 104-41@&%&1%§91nnses under a wear condition to yield a

surface roughpgss of 5 [err] mwadtmeelré&t:emrw [ier rs]uquiosrezbar 8§ mubses
under a 35 | ow coqgltlon to tq ame, .oug hness; QNEL 4 b3
for every 5x[err] 3&@%% % §: aa 03Wd| ﬁ t8 ﬁ?éfa 90 y
[err], and once forgwyéeyrﬁklmﬁs diéscéfmd g%eqmllsnésletmdér? aperatiwalycondi ti on
: connected to the motor 14. Thus, the control circuit
13 operates, in response to a signal of the
15 discriminator 12¢c indicating a wear of the tool
- electrode, to furnish the motor 14 with a drive pulse
or pulses and the motor 14 in turn drives the feed
rollers. 17 to allow the tool electrode 1 to be
advanced by'a preselected number of incremental
20 . displacements through the guide way in the chuck 15,
thereby compensating for the wear. The increment of
displacement is set, preferably, at a small value,
say, 1 micron so that an optimum gap spacing can be
o re—-established with a high degree of accuracy.
25 EXAMPLE |
A ferrous workpiece is three-dimensionally
machined with an arrangement as shown .in FIG. 1 and
as described usihg a copper wire or rod electrode
. ' which is vibrated at a frequency of 28 kHz and using
30  various electrical machining eonditions. It has been
~ found that the wear compensation feed is required
once for every 104 discharge pulses under a wear
condition to yield a Surface roughness of 5 pRmax,
_ and once for every 100 discharge pulses under a
35 low-wear condition to yield the same roughness; once



B

to yield the sane roughness; and once for eVery 5  5X102 di scharge pul ses
under ‘a wear condition to yield 20 [err], and once for every 5x104
Oﬁﬁ har ge pul ses under a | ow wear condition to yield the sane ‘roughness. In
i'$ manner, the el ectrode wear 10 conpensation is achieved with a high
degf'ee of accuracy constantly to allow the single tool electrode 1 of a
simple configuration to consistently perform 3D machining to yield a
desired 3D cavity or pattern with a high degtée of accuracy. 15. ()
In order to sense g.¢hangey Bxibé H@Q@hﬁf‘gh"?ﬁ@éé@r‘un&@ﬁ #npdd f ude may be
detected as well. Then a plezoelec&rl? eggnent K a;%ached to the
transducer 10 or tGOMdEIog #§ Faride'Q BREAXy 28R RRESEPRHEYHH change in
t he vi brati onal 205xjoéwnhsbhdegw1phlaeéuan@eecaslom—weéi|¢¢n¢dtﬁwmativeIy,
a change in the engr an gou e nsducer may
be detected by u5|§69%20r e%gkp%gge 8§g§g§e %ggeé%%%t¥é£ d&éﬁ%
paraneter is detecHh&d 0“addmghpreranydses EB§@Ct&bW©aan@0@¢t¢ﬂQE Q@ a

signal to detern ngilaqgl. Zweghﬁwkthaha|bﬁ€b|rb¥ e%@?§e§¥1®@r ééﬁ@%g@ear
conpensation feed fo_be achteved w th precision, The, tool ectr -1 need

‘not be of round. o@uéﬁﬁ@upéﬁeErés%°§€¥?ﬁ6nc°991ﬁﬁ9nb30oYl%}%e? i ¥t 30
cross section such ramghgédise or triangular. Then the chucking unit 15 nmay
i ncl ude an adapt er de3|gned g I, ot h crosszsectioned el ectrode:
and to be displaceably carried 3§1Fh@aﬁaﬁaé %gﬁ ?Eciﬁoéﬁdwi%rthrough t he
openi ng of tH® hor copentad iveais38chievednpéhbaai bhghedegree adfernatively
effected through a, rgiy pacYed t%%ﬁaﬁg%°(Q?&°§h9“@)sgﬁ§%9a5581ng the horn 9

ccu
and the transducer 10 I'n“t he enbo
electrode 1 of a simple configuration to consistently

perform 3D machining to yield a desired 3D cavity or
. pattern with a high degree of accuraéy.
15 _ In order to sense a change in the mode of
| vibration, the amplitude may be detected as well.
Then a piezoelectric element may be attached to the
transducer 10 or the horn 9 to derive a signal
) corresponding to a change in the vibrational
20  amplitude with a due precision. - Still alternatively,
~ a change in the energy transmitted from the source 11
- to the transducer may be detected by using, for
_example, an ammeter. - Irrespective of which parameter
is detected, a sharp change is detectable and used as
25 a signal to determine tool wear with reliability,
thereby permitting wear compensation feed to be
-achieved with precision. '
_ The tool electrode 1 need not be of round.
or circular cross section; it may be pf'other simple
30 cross section such as square or triangular.-'Then the
chucking unit 15 may include an adapter designed to
hold such other cross-sectioned electrode and to be
. displaceably carried by the guide rollers 16 and 17
_through the opening of the horn 9. - The wear
35 .. compensation feed is alternatively effected through a



parts or el ement s baS|caIIy the same as those shown 5

FIG 1 ar _
deS|gnated by the sane reference nunerals, the tool el ectrode 1 is flggéé?"

in

supported at a‘coupling 115 by the ultrasonic horn 9 which in turn depends -

di spl aceabty froma machi ne. head 18. In this arrangenent,

the head 18 is

di spl aceabl e 10 vertically on a |l ead screw 106a by a Z-axis notor 106 to

move the tool electrode 1 along the Z-axis or inits

axial direction, while-

the worktable 3 is displaced along the X- arnib-Y-axes by the feed notors 4

and 5, respectiVe|*atPQnQDMSa&h§n$9r§ﬂbﬁﬁ? fol ot &éégéJﬁéé

a predetermned re ve contou novenent 1s pr

hJPARE 3@ that

tween “t he

wor ki ng portion of thRetrapsdueesttdde 1 and the morkplece to machi ne a
desired 3D cavity or patternrnnthbeehaéamenﬂ@f rmn A NG RAWRh SWeply 8 is

connected 20 ° on On hand

&g tooI iitr Vi a t%;
115 and on the ot hBP‘r PhenBPRD %C.Ea%l% ¥ Warﬁealﬂse
el ectroerosi vé pul 4esFibro$sarbedentgnated gppti® semhurdferesicstor 19 is

to
5, gt
connected to the s& siangou@%nggoi159brotb®n%ﬂa$w%1qrarge9 gitgiedl iimto a

“train of pul ses whose ReREHEsCHikslaEeanLyi oRGE é%é&}ﬁ.r&ame\ém tage. THhe

* connect ed acr oss tgﬁmgggkg _Eh€a£$%ieél¥%£$ Ld 1€ PAves;

sense the gap volt requency

frequency signal is_ then

to t C, u
di spl acement al ong é‘&éhaaf'aflﬁémip‘% %hﬁnﬁeiga g

ar‘v‘dﬁar

chucki ng unit

S5 SPS¥de

at the rate of
as a

function of tide gapevaicagdy Eheahmeadgsenwo‘r%mgby he Z-eotiselmdtorod®6l is .
e et T bode WBYECkpdotbBT o Ry cBedRe 1 L14RE ORI AZL DN NG 27
has its |ower end fidsmediedt Aigardéonel vBide the |eerkiablmtdvdén which the
wire or the like tQ@qlsp2keelr @d8ng tReINLJEAA Y-axes by the feed motors

4 and 5, respectively, to move the workpiece 2 in an

15 X-Y plane so that a predetermined relative contouring
" movement is produced between the working portion of
the tool electrode 1 and the workpiece to machine a

desired 3D cavity or pattern in the

latter.

_ The machining power supply 8 is connected
20 on one hand to the tool electrode 1 via the chucklng
 unit 115 and on the other to the workpiece 2 via the
worktable 3 to provide electroerosive pulses across
the machining gap G. A shunt resistor 19 is
connected across the gap G in parallel with the power

25 supply 8 to sense the gap voltage.

- A V-P

(voltage to

frequency) converter 20 is connected to the sensing
resistor 19 to convert the voltage signal into a
_train of .pulses whose frequency. is proportional to .-

- : _ the gap voltage. The frequency signal 'is then
30  applied to the NC unit 7 so that the rate of
' displacement along each of the X-, Y- and Z-axes is
controlled as a function of the gap voltage.
The horn 9 supporting the tool electrode 1

is shown received in a chamber defined by a
35 frustoconical housing 21 attached at its upper end to

P



out to establish.the machining relationship with the 5 ~ workpiece 2 while
"bekng vibrated by reason of a vibration signal inparted thereto via the

rn 9 fromthe transducer 10 energi zed by the power supply 11. The horn 9
¢} here displaceably carried on a |l ead screw 23 driven by a notor 114 which
/ agai n 10 preferably a stepping notor Ofga DC not or equi pped with an
encoder. Thus, the control circuit 13 is responsive to tool wear sensed by
he vi bration sensdhelRachbingr heef f#Be nBherhouaingt Al aha i vesslgwrll . Thewsr

motor 114 is dr'Ve%nﬁ@f@ﬁ%%dtQ%tﬂogﬁlael§ollstQra¥b§i8¥saﬂﬁaﬂéﬁwé@@ tool
electrode 1 and to conEensate for

%P iL megr i sg hat _a presel ect ed
| ength thereof rem#d&hptdLeWids Pro ikpetPPbael gt BRifehnks 28u1dpg
machi ni ng rel ati ongitp tw telettaml\s«nr khiee@acRin2fg relatlonshlp wihth the

ul trasoni ¢ arrangenen F Cc : S sgpcer 210a
attached to tﬁg a%ﬁaﬁgylﬁg hor éhg-agéngrgggg%tgd g& ¥eé%8%o§%r supply
211a of a | ow frequdimrptdompetianed dnpecsed thanstiaceia2ie herachetrem the

first transducer a%@%rans%%regl aedemérgl%eeoey BRYChoREPPEYp Rl of a
hi gh- frequency outg 2 The out put of thé first_source, 2lla is connected to

the input of the s ‘§3hﬁké32PfBesélﬁﬁéP°Fﬁ lzceahniedupRea 2hagd provi des
successive trains @‘cﬁyvglzaf rdeqwemcyoypul sesowi th4t WRidhH is &gaims occurring

at the frequ y of 1la, n8a - kHz,
and the pulsggfocc qﬁdj Wﬁi %%%ﬁ 3%%§?t§% %igﬁ-M?Fgéu%Q%iggggrce
211b, say, at 10 tmiﬁmoamencﬂﬁea refhms, the epnéreleecirodttatfathed at

the end of the 35 ¢ é%HﬂéﬂQ@ % R0l %e@QQQEhﬁédVb9r§55091§f99§6§ of a
-17- waveform as shown in F'gbhé to

e ectl the tool wear with
preci sion while entf&RETg 8ﬁPﬁ? gFaHP%PFy 2 V1eh"S §Pfve

31gnal The motor 114 is driven to move the horn 9

15 to axially advance the tool electrode 1 and to

| ‘compensate for the tool wear 1 so that a preselected
length thereof remains projected from the electrode
guide means 22 in a machining relationship with the
workplece 2.

20 The ultrasonic arrangement shown in FIG 3
o ‘includes a first transducer 210a attached to the
amplifying horn 9 and energized by a first power
supply 211a of a low-frequency output and a second
transducer 210b attached to the first transducer and
25 enefgized by a second power suppiy 211b of a high-
ffequency'eutput.- The output of the first source
211a is connected to the input of the second source
211§ ee that the second source 211b provides _
suecéssive trains of high-frequency pulses with the
30 trains occurring at the frequency of the low-

B frequency source 211a, say, at 10 to 50 kHz, and the
pulses occurring at the frequency of the high-
frequency source 211b, say, at 10 to 100 MHz. As a
result, the wire electrode attached at the end of the

35 | amplifying horn 9 acquires vibration signals of a



. b o
The resonant frequency of the vibration is 5 expressed as follows: KEééfL
where [err] is the nunber of nodes, [err] is the Jength of 10 wre ~
el ectrode, [err] is the tension of wire electrode’'1, [err] is the weight of
wire electrode per unit length and [err] is gravity. Since [err] and [err]
are: constant and assumng that n is constant, it is seen that the vibration
frequency F changes in inverse proportion 15 to the tool length [err],
and the tool wear in terns of change in lemgttr[err] is obtained by sensing

the vibration frequgnefofmass sBomeDENBEE et 1Y erfdliBe eI oANor _
enbodi nent of the |Bvent|£n i n_wh gﬂ t he ool ﬁbgfﬁrOd ‘is.a tube 301 with

L _ {
an 20 internal B8PetPRFoNGRAT whi Bl BT 92LF o0 A AEIFEEd from a
supply (not shown)machiabngnstabPUity. forced to flow into the nachining gap

G The machining liquid is phefle L S ter whi i s .dei oni_zed
fromraw water so as to haveﬁggZgggy%rgtsiéﬁi}fﬁgfao%i% q;&rber é;rlng‘I 93 from
5%x103 ohm cm 2and p3pressed &frbeho¥de ni nute machining gap G between the
> tube end and the workpiece 2. The horn 9 here acts to inpart an ultrasonic
vibration of a frequency in fhe pan say, 1 to 100 MHz generated 30 by
the transducer 10 to the nmachi i Bg ¥T:Gui d. Thus, the ultrasonic vibration
" propagates at a velocity of 1500 m sec through the machining liquid, 2 to 3

ti mes higher than g e, et | C..body heg t. elegtra 301
By sensing a changgeli_lléggtEeigcﬁgEB@bgﬁeé)?o%&%?g'an% 0 #ehra‘:“r vlleﬁlrgg’h 8%9
paramet er as!Bescrwbed, electrgde; hp ivabheftenmion| ek twigwe ed@rtirodgetiect ed

with a high precisiong $he LEbEhel of! #Ehé OtEe3Pdod S FYOWN RPN g% KS 4pROT t ed
by guide rollers 3I7_dr|ven_?% a gptor 314 to advance t he electr%Qe 301 in
5 conpensati on 8otSt BEAHLEECt - RPRCRr KPRb A BTe constant an

assuming that n is constant, it is seen that the
'vibration'frequency F changes in inverse proportion
15  to the tool length 4, and the tool wear in terms of
- - change in length al is obtained by sensing the
vibration frequency F and is compensated for.
PIG. 5 shows an embodiment of the invention
~ in which the tool electrode is a tube 301 with an
20 internal bore through which a machining liquid
| introduced from a supply (not shown) via an inlet 24
is forced to flow into the machining gap G. The
machining liquid is preferably distilled water which
is deionized from raw water so as to have a |

25 resistivity ranging, preferably, from 5x107 ohm-cm,
. and is forced through the minute machining gap G
between the tube end and the workpiece 2. The horn 9
| here acts to impart an ultrasonic vibration of a
ﬁreQuency in the range, 'say, 1 to 100 MHz generated
30 by the transducer 10 to the machining liquid. Thus,
o the ultrasonic vibration propagates at a velocity of
1500 m/sec through the machining liquid, 2 to 3 times
higher than through the metallic body of the tubular
electrode 301. By sensing a‘ change in the echo
35 period or any other vibration parameter as described,



_ tth arrangenent the machining gap G may al so ‘be nade use of ‘as a

1€p ce of ultrasonic vibration inparted to the tool electrode 301. The
uction of intermttent electrical discharges at 10 t he machi ni ng gap

provi des a cyclic production of discharge pressure and hence generation of

a mechani cal oscillation which is propagat ed, £ hrough the el ectrode 301 and

can be sensed by a transducer (not shown in 1 1s FIGURE) disposed in

contact with 15 thbewehecbfoﬂeoBoelecmrhnexﬁOtrnseﬁemnqtnﬁawmﬁh-a In thew”

enbodirent of 'F1G .. Bectogl Hearmhs deberh el o SATITRL O he

transducer 10 inpa Prasoni ¢ ration to t ectrode 1
and a i crophone ZBOMabﬁ)Ese‘dppﬂI‘tﬁ@ by guide C?NJe‘ilr%fmt?'uéirrﬁa‘ﬁqﬂ M gap. A

conparator 26 is Uﬁ%@o&°?¢@”§6rSd%Qﬁcé“@hélQD@&ﬁr@@@SE@1anthese two neans
to thereby indicate the nt,of . FIG_ 7, the tool

ool
el ectrode is & conCPRREDE2HHPE %@E ggﬁp&?@ﬁgP?gn? eSErode We3T 57 and gui ded
t hrough guide rollers 417. Thetgmsderrahgemenﬁ17tneemdchyenn@ygepdbtor 414

to feed the continuous Iec ro i 401 | t 1

the end portion th@P@oP ngggggég? g%'%%egfﬁgg ?oﬁps ggag&ggyear gTG
10 is shown as |ncMwmrmglan emearmedetas§bﬁbt9°1v?%?@f?ﬂ@eH@%H anthe

t hr ee- di mensi onal el hﬁ%@%nf%?dlﬂmbEm§§%SH%'éié&t?ﬂ@aﬁamﬁsﬁﬁaﬂg§§rabed

previously, partic y-in connection w i onal

i ncl udes an di%ct r Jhe WEghiddngc 8RRy PV Ee§y§t8¥?}e§pgﬁgg %nt% rate of
production of - H9soMReipenipte sduzehangenendbegensrahionnpfises a first

Thput machi ni ng puPRREahEaTs peg s 1etion, iRgeE' 83 brBUnERERESRRRC N0 1O
machi ning gap G the electrode 301 and can be sensed by a transducer
' (not shown in this FIGURE) disposed in contact with
15 -the electrode 30t to detect the electrode wear.
’ In the embodiment of PIG. 6, the tool wear
is detected by a eqmbination'of'the-transducer Hj

imparting the ultrasonic vibratiop to -the tool
electrode 1 and a midrdphone 25 disposed in the
20 vicinity. of the machining gap. A comparator 26 is
" used to compape the two signals sensed by these two
means to thereby indicate the tool wear.
In the embodiment of PIG. 7, the tool
_ electrode'is-a continuous wire 401 supplied from a
25 reei'27 and guided through guide rollers 417. The
' 'guide rollers 417 are driven by a motor 414 to feed
 the continuous electrode wire 401 in compensation for
the wear of the end portion thereof. '
An embodiment of the invention shown in
30 FIG. 10 is shown as 1nc1ud1ng an electrode assembly,
| _v1brating head and three-dimensional machining feed
unit essentially the same as described previously,
particularly in connection with FIG. 2, and
_ addltlonally includes an electrode—wear detecting
35 o system responsive to the rate of production of



-

between the tool electrode 1 and the workpiece 2. A second signal puliéé;gk
Is connected,with the gap resistor 19 to provide a series of second si "
pul ses correspondi ng to actual rmachining di scharge 10 pul ses produced

t hrough the machining gap G -The outputs of the first and second signal

pul sers 30 and 31 are fed into the first inputs of AND gates 32 and 33,
respecti-vely, which have their Trespective secqnd inputs fed with timng
signals furnished froma tiner 15 . circui't 34. The outputs of the AND
gates 32 and 33 ar BapBEnipBod pPER2EERBuUnt ers 35 and 36, respectively, which
are adapted to furni sh out purhéi gyaten syowpr Deerisd \f instvigitgmalofpud seeupl i ng
37, the output sigpals._bel fed intp a divider, 38. The |latter 20 :
supplies its oUtpu?atBrBYbﬁgﬂﬁi?ﬁ?ﬁﬁ%ﬁssgivéﬁﬁﬁﬁ %ﬂﬁﬁ#ﬁlﬁﬁlﬁﬁ?put of the

di vi der 38 exceedscarrispehdingvhd ubnputseach ireing pulsresy ifhes imhedut put
signal which ks appkhgd+tQ t L I Uy 8, sGant Ciorcui t 40
when act uat edsprov?ggg gﬁgeggﬁgﬂléslgﬁ%ﬁg%é J%% smes ngl:lgl# %sa/paere applied to

drive an eIectrodebeﬁﬂaﬁncﬁhﬁegsa}i%%eﬁﬁf%#ejﬁxﬁQﬁ;ﬁﬂQﬂHQﬁkﬂﬁfﬁGegcriBed. I'n
a machi ni ng oper at eBondhgigRal FhEséf O3le s Wil dia A th Whiee galp a
thickness of 0.1 tg 1.n¥b of g r od or.éube of a dlqgeter f 2 10,10 nm 30
and which is carri E85B§ PRe’ fobP REANLAY 7 STRILY 11 iTAIMT &35 he z- axi s
by means of the nopulsésStcopreéspondingotedactusl meendhiming rddlsathiagigehi p with
t he workpi ec as . e, b ' RY; ee e

wor kpi ece 2 ﬁr?zan §?$g§?aﬁgggac%ﬁe?¥é%€ Jgge %A%:ﬂ&n%_’kaaﬁg ({'he%fegxi S
notor 5. As previ 8uépyts ofobhe Bieet berd sweond milgnesl frvlsers #ot Gnd 4, 5
and 106 are furni sBgdakeofeihenbom™ehs CRLr§PMEPIESIof NEsehdarosdaina of |

suppl { ed i nto the 33+ TPRBPGALERLTnevlieahi FHE BH 16 MIRH HGGEEe on of
' © inputs fed with timing signals furnished from a timer
15 cireuit 34. The outputs of the AND gates 32 and 33
' are fed into-préset'counters 35 and_36, respectively,
- which are adapted.td furnish output. signals )
synchronously by virtue of a coupling 37, the output
- signals being fed into a divider 38. The latter
20 supplies its output to a discriminator 39 which, when
' the output of the divider 38 exceeds a threshold
value preset therein, provides'an output signal which
is applied to a control circuit. 40. The control
circuit 40 when actuated provides a feed pulse or
25 pulses which is/are applied to drive an electrode-
wear compensation motor 114 as previously described.
In a machining operation, the tool
electrode 1 which may-be a wire of a thickness of 0.1
to 1 mm, or a rod or tube of a diameter of 2 to 10 mm

> 30 and which is carried by the tool head 18 is fed

vertically along the Z-axis by means of the motor 106
- to be positioned in a madhining'relatidnship with the
workpiece 2 as shown. Then the worktable 3 is driven
to feed the workpiece 2 in an X-Y plane by the X-axis
35 ‘motor 4 and thé Y-axis motor 5. As previously



el ectrode 1 and the workpiece 2. As a result, electrical discharges
Yproduced between the tip or lateral surface proximte 10 the tip of
he t ool el ectrode 1 and the workpiece 2 to successively renove nateri al
fromthe latter. As previously indicated, thﬁ machining fluid is preferably
distilled water of a specific resistivity r@a %Tng in the order of [err] to
[err] 15 ohm cmiesttribed, bdehvaopetis¢datomni the thetows ef, Macndiitp f | uie
of that type, a surtfac e d S , § o) _ Al i th
kerosine results. ?%%s?ughgEﬁggn?ggﬁa%égdHﬁﬁétgég% ?%éﬁ#?%éﬁfniﬁ%ég%dM
condition. For exuapphedafpt pfadpaizedopethnpoyements cprgpyrefammed

m crosecond, a pul $@e@kfinti Min[ 8bN] REENDHiBgNT T D ECONSISpFITe @ Pt S eseak
current |Ip of 20 anperes O%aiﬁrface-rouﬁhness m crons, Rmax,is

.€S, ; f 3.10 4
obt ai nabl e wi h t h&S&iLBr EnPAGhERG ﬁ.gﬁﬂegn%gbi% % SUCSHRPLUYL A e each
a pul se 25 not oelectzibelmbehiadngppelisest aranfercbsiesd fiwm vEheul ses
may be applied to p oL .at.a fLxed Yy b erably at a
frequency controllggggg §g§§lggéaEPuE%?i%Eégfeiﬁggggggsléﬁgig@$'hat t he
rate of feed al ongvweakipisees2mayAsapyrasudts unterbnaieslthisgarges Afer as
d?ECf{Ped Pfev'OUS?%gdﬁeegﬂﬂe§hefﬁafﬁéPtmg‘age%§£59Q1 §u§&é¢b' F oAy
vi bration is inpar Q- ool .electro y,neans, of an ulirasonic
oscillation d% ang nﬁl§,°%biﬁ8 ff°iseBF8§F86§I§ %ﬁ@mﬁhe WAEKRERES ff ng 35
stability is thus nerkedcgseliveigedemandeanatapial from2ihe lat®ems hi gh as
three-tines as great as thatAQi%@QU&oﬁkigtEBH§c¥EQﬁat%RQ hsScRPLphpable. The

ar fromits ti f1on’ i

tool electrode 1 tends to we p_portion serving as a nmachini ng
face, and the wear f3uid iis paﬁie@abér|Qiﬁﬁﬁlgeébvetqrt%faat$w¢ﬁ&ﬁi@|ectrode
— resistivity ranging in the order of 103 o 10?
15 ohm~cm. It has been noted that with the water
machining fluid of that type, a surface finish
markedly superior to that obtainable with kerosine
results."Thus; an Rmax is halved under an identical

ekt ri cal machining pul ses are- furni shed fromthe power supply 8 to the
A @
G%ﬁ;

pulse condition. For_example,'with a pulse on-time
20 - von of 1 microsecohd, a pulse off-time A0ff of 3
microseconds and a pulse peak current Ip of 20
'_amperes,”a'surface roughness of 3 t0 4 microns Rmax
is obtainable with the water machining fluid.
The motors 4, 5 and 106 are each a pulse
25 motor or a DC motor equipped.with an encoder. Drive
‘pulses may be applied to each pulse motor at a fixed
frequency but preferably at a frequency controlled to
vary as a function of.the'gap_state.so that the rate -
of feed along each axis may vary as a function of the
30 latter as described previously.
During the macﬁining_operation, a high-
frequendy'vibratidn is imparted to the tool electrode
1 by means of an ultrasonic oscillation arrangement
9, 10'and 11 as preViously.shown._ The machining
35  stability is thus markedly enhahced and a removal



which is.positioned in a machining relationship with a wi de workpi ece Aﬁ-
machi.nabl e surface.” The tool -wear sensing and conpensati on system oper ates
as follows. The tiner 34 provides 10 periodically atimng signal which -
is appli-ed to the AND gates 32 and 33 to enable them During the enabling
peri od, the signal pulses fromthe input pulser 30 are passed through the
gate 32 and applied to the counter 35 for coupj(i{ng thereby. Meanwhile, 15

t héssi gnal pul ses repagsenti RY.HaR.discharge pul ses issued fromthe pul ser
31 are passed through,the ga?ggBBQEnéﬁﬁﬁﬁTgéﬁg%oﬁﬁrﬁfiﬁﬁnﬂSchﬁifmﬂthout

counting thereby. WhE8hSERECHE  ¥ibratihorriSSotuiriab1p, a nunber of input or
source pul ses preset therein, The2foo1 &LV n ,out put, signal.
2 ST T A 5 e dromndtge

Meanwhi | e, when the §f§o$g founter 36 counts
pul ses preset therein,~it" prov} R EHNSARPE mEchialinglifave ,l WAdOWHBU s -

.signals are fed?to th® Pavtilewl2s] it d e des t si gnal
; Ten i St A ogiies

.tepresenting the 25 yhid@ti® 1 fference of these two CO

‘the el ectrode 1 wears, fhe ééa%ésslgealcq gdeénoét Weshinjag gellastieashagewitand
‘the workpiece 2 is W W kg carmatiinadp 1d sehanges occur with

- progressively increasing diffimy thge ;wgé;.%%ﬁ%es a 3Q ~ decrease in the

nunber of dischar’geq_,ﬁﬁa%1 i ve tq a substantialry i %88 RoRBersatienurce
pul ses furnished fro e SRR ﬁ@yf@lé@WSuniﬂheimmmeﬁbaﬁgﬂygﬁiays t he
1

signal pul ser ¥ pr Arded izaldyuacd indnpes | hadl pylses which are
-counted by the CountalDd FtedP 32 Eﬁe 3?§?dé? §§ ? g%hcg%8§?% ?%et%UY$®ts
of -22- counters 35.3nd 36°and 3 87i §8senaplei hemgnabunhng hthe
proportional to the 8Ol 1RgaPeridn the saghalepceess Prédresdol gyl ue,

iyttt u b
15 the signal pulses representing gap diééharge puis:;
-issuedlfrom the pulser 31 are Passed thrbugh the gate
33 and applied to the counter 36 for.cdﬁnting
thereby. When the first counter 35 counts up a
number of input’or.source pulses preset therein, it
20 provides an output signal. Meanwhile, When the’
second counter 36 counts up a number of gap discharge
‘Pulses preset therein, it Provides an oﬁfput signal
These two output signals are fed to the divider 38 .
which then providgs an output signal representing the
ratio or difference of these two counter outpufs.

As the electrode 1 wears, the.gap Spacing G
~ between the tool electrode 1 and the workpiece 2 is
-widéned'so that'machining discharges occur with

progressively increasing difficulty. This'causes a
?O decrease ig the number of discharges relative to a
substantially_fixed number of Source pulses furnished
from thelpower supply 8 per unif_time. Consequently
t?e signal pglser 31 provides a reduced number of '
signal pulses'whiéhlare counted by the counter 36.
35 'The-divider 38 then'compares the outpufé'of |

WD

25



applied to the conpensation feed nDtor 114. The counters 35 and 36

4 hen sel f-cleared and become ready for a next counting cycle. At this

Y the gates 32 and 33 continue to be enabled by 10 the timng

sig fromthe tinmer circuit 34 and the input pulses and the gap di scharge
pul ses. are allowed to pass to reach the coua@gLs 35 and 36, respectively,
for counting thereby. The d|V|der %%3 tinues . to EFOVI e the rftlo sj gnal
to permt the 15 CUBHETH 33 PEONEARE RgF§toBePiBBRL o¥hEERe t Ry,
motor 114 to Contlrﬂﬂrp¥Qer$nﬁnanenotthembounwbhe cowhensaéhéeonateed for

the tool electrode 1, the c t-gf wear
conpensation feed ﬁfﬁﬁﬁa &gﬁ%f%%iﬁ1 tlo%gg ﬁqsailﬁlﬁggggc rge pul ses
to source pul ses vmﬁurnﬁshaa:wea&@maIMWanhhecﬁaaWQSrWbescabbvglthercult

threshol d.val ug, thg dipidi gma,l %%ﬂrﬁsﬂ%ctaua&e%t 9u§§asetﬁélste{»he
nmot or 114. The gates 32 an are disable tion of Lhe timng

ex
signal from 25 teRing dRrlded ho the F@m@P8€E%P°He%§F n3PtBEI Lb4-from t he

- pul sers ‘30 and 31. 1ﬂéicdﬂnﬁ§KBM$SaahmrB%ehr@W&QdMHEB&fQElébeeﬂnuﬁmt|on in

;} etc and/or with dif

whi ch an autonmatic tooI ch%ﬁgﬁ nit 41 1S Ao uRi 1 conprlses
3’42‘U

d he a
a tool storage 30 oPﬁPS%IQ% FSEI MAICﬁh
renovabl y nount ed asmga,alﬂtq/ g;fteta)cﬁZ @lr@cﬁﬁo@@namnu@ ta, b@benabled bwi th

different el rwe%k?&“ﬁinﬁ%é“éx%ﬂ"@% B ttqmrequeqmuamaaqugaa taguare

erence. sl zes, each unit avil ultrasonic

vi brator assenbly SiRRRE @IS r?g:}‘d( Hde 33@2§15§Ih€3‘15|eo@&1§83yaIeaPrEIlSHﬁﬁt ed
to be carried by thg tgis hradddernshy e:\umamlrss g6sanidbdd., The magazi ne 42

e ot P A L g WIS AT L s Vel
gripis contlnues to provide the ratio signal %o permit the
- 15 - control circuit 39 to continuingly operate to cause
the motor 114 to continuingly be driven to perform
the compensatlon feed for the tool electrode 1.
' . As the gap spacing is reduced as a result
“of wear compensation feed by the motor 114, the ratio
20 of gap discharge pulses to_Source.pulses will be
' increased. When the ratio rises above the threshold
value, the discriminator 39 is deactuated to cease
-driving the motor 114. The gates 32 and 33 are
disabled upon exPlratlon of the timing s1gnal from
25 the timer circuit 34 to block the 31gnal pulses from
o "the pulsers 30 and 31.

' FIG. 11 shows a fﬁrther embodiment of the
1nvent10n in which an automatlc tool changer unit 41
is provided. The unit 41 comprlses a tool storage

30 'magazine 42 in the form of a disk on which are.
~‘removably mounted a plurality of tool electrode units
1a, 1b, 1c ... with different electrode
configurations which may be round, triangular, square
ete and/or with difference sizes, each.unit having an
'35 ultrasonic vibrator aséembly 9,10fsupp0rting the



al-so provided and responds to a signal fromthe controller 43 to col(giéa
fromthe machi ne head 18 a used electrode unit, say, la and to transfer it:
to 't he magazi ne 42, and then to renove a next progranned 10 el ectrode
unit, -say,- Ib fromthe latter for nmounting on the nmachine head 18 to permt
a subsequent machining step to be perfornmed thereby on the workpiece 2. A
further arrangenent shomn in FIG 12 15 opkes use of a tool vibration

assenbly to inspect ch |ng a f kpi ece, or to, during
and subsequent to, %W”ﬁ Frlcﬁpg gﬁpﬁ?ﬁgtﬁp ?af?fﬁﬁé) O &4 ousl y
descri bed, a tool eﬂo&ﬂtrtm@d 1a asserevebusiyppesteibead. a ﬁwpﬁagvgzﬂrﬂéi by an .

20 ultrasoni ¢ hopn g WtRdq b 2USRURSE 10 2 bagher HOSEIRe !

t ransducer bei ng energl ze requenc a vari a% e
output to permit traecmqull;@@ @ﬂc&esswaﬂyohntnpswem teol hehanging

el ectrode to e varjqyilty o, usme%oihenaagmng bhm 204 w1§l?céc' ngdl p0id he
machi ne head 18 mhl his dis ceahl e vertlcall al on -axls by the

*motor 106, while t ReSRmiCYHis 93 2ng, rePRG LR Ro?kﬁ?% 2 ZfY%md t2%1 aced in
an X-Y pl ane by thedm:twlie&- 43d 9. cohlectafrbnethd nRokinanaheadmcts i Ng

'._drsplacenent Is effect or a 1 odi nent s

‘al ready descri bed dﬁﬁ%ﬁ °&F88%yﬁﬁgg §?§fuc§|§%g g$ ?ﬁaﬁﬁﬁégr}fn%
controller 7. In tHihe @m@awg@meﬁﬂﬁ andomhenrtngrpDQE¢ suppry Boogratapehdent
of the machi N9 PYRICtHRRY il t35say | %CE?BEC%EQ iQt%@P F@F%&hﬂ‘&,&%p

bet ween the tool -24- el ectrode 1°4nd e -Wor glece via a, sensin
resistor 51 of mhléﬁlﬁﬁﬁbéﬁc@épﬁlﬁﬁﬁg dPeYRORRERL Eg2t BUBS LR ¥ ni nat or
circuit 52. A pict aldetimiingpls®epS3o Hecpopgeraddophonebpaon tlwet he out put

of the 5 dISCHIQOéﬂble CIEEUIt 52 and on the other to an
A further arrangement shown in PFIG. 12
15 makes use of a tool vibration assembly to inspect the
machining accuracy of a workpiece prior to, during
and subsequent to, a given electricél machining
operation. As previously described, a tool electrode
1 is securely- supported at a coupling 115 by an
20 ultrasonic horn 9 having a transducer 10 attached
| thereto, the transducer being energized by 2 high-
frequency supply 11 of a variable output to permit
the amplitude of a vibration imparted to the tool
electrode to be variably adjusted. The horn 9 is
25 secured to the machine head 18 which is displaceable
vertically along the Z-axis by'the motor 106, while
the worktable 3 carrying the workpiece 2 is displaced
in an X-Y plane by the motors 4 and 5. Thus, a
three—dimensiohal'machinihg displacement is effected
30 by motors 4, 5 and 106 as in'the embodiﬁents already
‘ described under preprogrammed 1nstructlons of the
numerical controller 7. _
' ~ In this arrangement,'a monitoring power
supply 50 independent of the machining power supply 8
35 is connected to the machining gap between the tool



out@ﬁ@)of t he .numeri cal control ler 7. Assurme that a given three-di nensi ona
machiini ng operatlon has been performed on the workpiece 2. The t ool

- electrode 1 is then vibrated 10 at a frequency in a range, say 2 to 3
kHz:-or 10 to 50 kHz and with an anplitude in a range, say 0.1 to 1 mcron
or 5to 10 mcrons by actuating the vibration assenbly 9, 10 and 11, and
the tool electrode 1 is caused to nove overzghe machi ned contour 2a of the

15 wor kpi ece 2 éDéGﬁrd&ﬁEnSé;mdhater' wamkpipsreatd nola fe a‘eeminmt ors 4, 5 e

and 106, al ong the S h e QMEFE JﬂﬁéyﬁHg“
oper ati on under t h&® %% ?§l€$ ?%%8%%nerlccgg EE1er o
frequency and the acrpal duaermlna‘eor ooireubt A2 on ﬁQ(PlCtQiTJ@-lhéil(FR;@ﬂst ant

at val ues dependi ngzupgn ukar | f i
desired. The vi bradrnist cBnH@EtE8 UbA! oiE 9L Ofo PEIEE T Gl PTo NfeeCt T O

| ectrode hen j uXt aposed with the
wor kpi ece 2 afrossd asﬁfhﬂ%§a§9§r§§§°ﬁbb g%a%?%gPQWﬁ Q#hﬁﬁnﬁq(ﬁﬂﬂ ly be
Ll||id 25| hrﬂth FHQ ﬁucbﬁntﬁe ﬁhueﬂ1caiheoﬁﬂ@¢13eﬁclrode 1 thus makes and
reaks a lig contact wit C V fixed
frequency and anplitude of vb%ggﬁooﬁgéﬁhg %#%c@f?%ﬁ reS|s aﬁggigan be
detected as a funcmaohiofinghepeeatiah had bheemepgoformed fart¥h@ position of
the tool electrode brigigheVe, tOTBQetﬁﬁkﬁ@&?ﬂé&@fﬁ% 28herd Nei YR O

approach or contact varies proportion to t verage rOX|n1 and,is
closely refl.d& ed B eh&TeRBERFY AR ?eEF%E%nc%aﬁD Y%%g %

The di scrhm nat or kghcunEdGZtmanhamglmﬂede in2b- r@uigérprsaj HDe‘shir.ﬁdl IeveI S
correspondl ng to a qgesire ggptépzﬁl chg gpg& Q ge_plgg @1
oVvIi dn

degrees of machini fig PECP§| I're crim na ed o puts
whi ch are applied Bssehblﬁ 9, bpcaodléﬂ das¢|ﬁyeuho@15electrode 1 is

caused to move over the machined contour 2a of the
15 workpiece 2 three-dimensionally, by operating the
" feed motors 4, 5 and 106, along the same path as has
been followed during the machining operation under
the command sighals of the numerical controller 7.
The frequency and the ampiitude of the tool vibration
20 are held constant at values depending upon a
particular degree of precisien of inepection
desired. The vibrating tool electrode 1 will then be
juxtaposed with the workpiece 2 across a minute
average gap spacing which may optionally be filled
- 25 with the machining fluid. The tool electrode 1 thus
makes and breaks a light contact with the workpiece
surface 2a and, given a fixed frequency and amplitude
of Qibration, the electrical resistance can be
detected as a function of the neutral and hence
30 effective position of the tool electrode 1 relative
to the'workpiece surface 2a. The time of approach or
contact varies proportionally to the average
- proximity and is closely reflected in the electrical
resistance monitored. _
35 ... . The discriminator. circuit 52Imey have one

£l



The display unit 53 acquires position signals corresponding to the y
programmed three- dinensional (X Y,Z) nachining displacenent of the tool
el ectrode 1 relative to the workpiece 2 and, 10° * corresponding to eac
t hese positions, registers a discrimnated nmachining precision signal
received fromthe discrimnator circuit 52. FIG 13 shows a certain form of
the pictorial display unit 53 shown in FIG . A 15 recordi ng head 54
supports a recording pen 55 in engagenent wWth a record paper 56 which is
fiXed i n position,or heoheath beshalt dreveld Mo rmespomdsngutiock desdirspl aced -

i n exactly the sa ; r IS di spl d ke | to
' X y ggaﬁ"a%?ﬁbﬁg_eo%géc}& &1 B8 TOHe nkdce @ ;@)I%g@-%% o h_@%h}éﬁs

t he workpiece 2 2 Y-axes, _The head stqQres w

separate chanbers SHamaCNEM BRRCHTHAR dAgiTedenendopsrdddefks, say, red
(R, yellow (Y) angibéden{ i téddo SERM BIE A \e3fplaeaoaioatad

respectively therewt t al ves bein tuated selectively by 25

- output signals of Pﬁ%pﬁfﬁgfi%*§ﬁéa% Qﬂ*%dﬁf’SZ representing different
.degrefs_of nmachi ni ng preci siine dimpiaj(nni$«iﬁﬂanunmew-gbsi¢ﬁ9u{Lninafor
ascertains a gap r c _ f%&g? ga%g_ e val ve

(R is. opened to §?u%%+g$t(ﬁ%fg?ip&drg%iebnﬁe@?ﬁ}ggpen gt en a gap
resistance in the fiRgesberakelX ol,3b naghighimg idispieaementedf the val ve

(Y) is opened to sy§slyeldtyedéd oW #elkatOrd N PR SorkPieked 20apdr,esi st ance
is in the ra?ge bet ween 101._and ggo 0 ns,ft e valve,qg@ I S openeg to 35
supply the biHe i nROTBSPREADERESKC aER OF Gt1qfi POSLIIONS, o I5E4SI458r 256, a
curve 58 is drawn dysthimpeaté&d maek sy direr isi drhes iignaddireeedivedal

relative ”aChiningfpaﬁhtﬁgf&fggr%ﬁ¥h£€?4'éifﬁﬁféxgé.l'and t he wor kpi ece 2
ependi ng _

and may vary locally I.n colors, g upon the degrees of
preci sion of the machined coft®url3 shows a certain form of the

pictorial display unit 53 shown in FIG. 12. A
15 recording head 54 supports a recording pen 55 in
' engagemént with a record paper 56 which is fixed in
position, the head being carried by an arm 57 which
is displaced in exactly the same way as the tool
, electrode 1 is displaced relative to the‘workpiece 2
20 along X- and Y-axes. The head 54 stores within
| separate chambers 54a, 54b and 54c three different
colored inks, say, red (R), yellow (Y) and blue (B)
and has separate valves associated respectively
therewith, the valves being actuated selectively by
25 output signals of the discriminator circuit 52
representing different degrees of machining
precision. Thus, for example, ‘when the discriminator
‘ 'éécertains_a-gap regsistance in the range between 1
" and 50 ohms, the valve (R) is opened to supply the
. 30 red ink to the pen 55. VWhen a gap resistance in the
' rahge between 51 to 100 ohms is ascertained, the
valve (Y) is opened to supply the yellow ink to the
pen 55. VWhen a gap resistance is in the range
 between 101 and 300 ohms, the valve (B) is opened to
35 sﬁbply the blue ink to . the pen 55. Thus, on the



on the workpiece 2 fromposition to position. The portions of the curve

Jin blue represent the | owest degree of machining precision, the

on drawn is yellow represent the medi um degree of 10 machi ni ng

sion and portions drawn in red represent the highest degree of

Al ning precision. A highly accurate inspection of the machining
precision is thus obtained on the record papgs_ 56 and can. be used to _
perform a subsequent finishing of the 15 machi ned wor kpi ece 2. FIG 14w
shows anot her enbodecend pépe¢he5$ nventunve i TR |ididnpwredys e ReedSi ng the
tool electrode dur|BgrasPbYingOLE Send! s WAL ikl SR Hdxbiven Lhis
system a tool electrode’ 501 15 20 shown secured to a toqgl h quf 521 by
means of a chuck 5%8chiRing Pafhpetiesn Y?éit cHAdkr! §§%i %ixedly
mounted to a stem gbrrpEbese2hgnd wdP waryg il ocallly pimossles verdpearaling or

along the Z-axis. The tool electrode,501 . I he } r

coaxi al |y hol Pow aHBOPth?ag?éfe?i ?%rﬁ@%ggﬁﬁﬁao# Iqﬁiedh%ﬁqqe neg%]lch{tﬁr‘%ﬁgh
whi ch a machi ni ng bnqbhd, wprkbieadl § firdinsposibiomat@rpegitel gpecithe
resistivity previo s hipgdi gat 1 I B Sihe ds arddBrdesguy e froma
supply unit includ¥§g¥ébggn%338ﬂe b@g%gz@%ﬁﬁﬁ %ggﬁﬁﬁ?ng i qui d thus passes
interiorly throughlowgsto8rsreedef B2ehiRinghRTeeLP LM ecthORCBIPHNd is

del i Veredhunder an/d@laﬁi-iatingemaﬁugepwseﬂﬁeslseQﬁed‘uixm/d@gnfe]e @f eferably,
greater than 10 Kg/[etr] .and _nore desirabl e r [err] 35
into the nacﬂ#ningm%§b1£1P§rPﬁacbgﬁﬁﬁeﬁnahéo?é% e% d£g€§7g§an a wor kpi ece
502 which is secur eepresentetthenhdgheskt degree10f mpehimime PIRLIS AN d

col l ected in_the warktapk SEL 1,358t 1hEBHctPohhEf tHE CnsePDAYRENI T Via a
punp 560b. The mggk?%%E?gG%§Fg garf?edﬁoﬁ g 5 wor kt abl e 50 vggch(is
" di spl aceabl e by X- Rreeigagnyis thus obtaine on the record paper an

can be used to perform a subsequent finishing of the

15"  machined workpiece 2. _ _ :

FIG. 14 shows another embodiment of the
invention including means for dressing the tool
electrode during a given course of machining

- operation.. In this system, a tool electrode 501 is
20 = shown secured to a tool holder 521 by means of a
. chuck 515 and an O ring 515§, and the tool holder 521
ig fixedly mounted to a stem or machine head 518
which is displaceable vertically or along the Z-axis.
The tool electrode 501 and the tool holder 521 are
25 ° coaxially hollow and the'latter is formed with a
| fluid inlet 521a through which a machining liquid,
preferably a distilled water of a specific
resistivity previously ihdigated, is furnished under
a high-pressure from a subply unit including a pump
30 560a. The machining liqﬁid thus passes interiorly
through the tool holder 521 and the tool electrode
501 and is delivered under an elevated pressure in
excess of 5 Kg/cmz, preferably, greater than 10
: 'Kg/cmz and more desirably.gréater than 25 Kg/cmz,
35 into the machining gap G formed between the latter

roa
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axis motors (not shown in this FIGURE) to displace the workpi ece 502 in_égi;)
X-Y plane as previously described. An ultrasonic vibrator 562 is .here ™
at tached 10 'to a plate 518a of the stem 518 and is energized by a "
hi gh-frequency power supply 562a to generate an ul.trasonic vibration which
Is transmtted via the nmachining liquid to the region of 'the machi ni ng gap
G and via the tool holder 521 to the tool 15 el ectrode 501. An EDM power
sgpply i ncl udes a DC source 508a and a powerzewi tch 508b connected in
séries with the toal .el ectrode 501 d the rkpi ece 502. The switch 508b
i s energized by a &§nB Wﬁﬁ%?éﬁc%éagi ghécb\(l)\?s. _g??‘h’éeébs’%\‘?‘{?btﬁful% % he

out put of the DC somrkdéafi®85640 t fhe mashinisgi biqwid nechieted pid sidss are
appl i ed across the qaehi.nin ap .G, e o) C t he
wor kpi ece 502. The#egﬁg?tla%gdgsgr gésfgg{ﬂﬁﬁ?@ %él tlté%eir‘% Jf&; %\%}%‘fy %%na %&d at
564 and i ncl udes a8 a@nEpebéSbrod@hseuarktankypb@i hisfcarried emand a

“thickness of apout WQrktamnehsos waiaki akl ¥isstatsamlé sy Polak {Lalnd6lb and
.collected on to a takeup reel 64%, %he reel% 564&'8@€$f64c ei nount ed
on a bracket 564d. &¥#fe BPFCAS3ONOT §POFPLYB| TBES RECYREL 19 118 $64a

bet ween the supply thed voakeipcee8Dg Bfi4hnaldY5plané nas uphesy boudlry ent
conducting roller %%@%gq%%ing a brush 564f, brake rollers 5649 and 564h, a
reference el ectrode table g64i, uide rollers 564j, 564k and 5641, .a 35
capstan 564m and a pinch roIﬂ@rHSGIGSOHTheVibraQBr z26dsiamesmttached en

by.a motor (RE shawk plad%i iy d¢vaneestbe Hebtagh ecs raxer S64AMm abpno

- these el enents. A dressin ower ~supply gen rag desi gnat ed, at - 565
- includes a DC sour é&afa%aﬁ&n£Y5P°geﬁo PP %§§5§Bbg%¥ﬁﬁﬁﬁﬁeﬁpto t he

tool el ectrode 501ultrasonic vibration which is transmitted via the
' machining liquid to the region of the machining gap G
- and via the tool holder 521 to the tool

15  electrode 501. | -

' ~ An EDM pdﬁér supply_includeé a DC source
5082 and a power switch 508b connected in series with
the tool electrode 501 and the workpiece'502. The
switch 508b is energized by a signal pulser 563 via a

20 line 563a to pulse the output of the DC source 508§'
so0 .that a succession of machining pulseé_are applied
across the machining gap G between the tool electrode
501 and the workpiece 502. -

The electrode dfessing unit is generally

25  designated at 564 and includes a belt electrode 564a
of a width of 1 t0o 2 cm and a thickness bf about 0.1
mm which is axially fed from a supply reel 564b and
collected on to a takeup reel 564c, the reels 564b -

. o and 564c being mounted on a bracket 564d. The path

30 of travel of the belt electrode 564a between the

. Co supply and takeup reels 564b and 564g'in61udes a

current conducting roller 564e having a brush 564f,
brake rollers 564g and 564&, a reference electrode

~ table 5641, guide rollers 564j, 564k and 5641, a
35  capstan 564m and a pinch roller 5643; The
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_ (vfa tool holder 521) and ‘the brush 564{. The power switch 565b is

g\ zed by the signal

" arrangenent, a control unjt 5664&; rovi ded and 20 0 éTagid by a

nunerical control | #1¢RRAEHovth

a vol tage drop det etéetiemited reti S8 rimdaaésn ssAU eduiceh 564 amdhini ng

power supply
series with t

are connected betweewizhtookshaidrr Sl and tihe domaho56difi-t 568 ander

bet ween the resi sto§wg€&p ?g%tige SRR Z0le Iy 3RO,

arrangenent, the signal
pul ser 563' for eneRglin®

~energi zing the swi t5§5855theréley cCaudptingid Hiveceddiodl ©F ian drespange to

the nunerica

Lne e ol gontt gL TR0 805l 0L U 408 oA 551G

“pulser of FIG 14 is d|vide§ %& into a first
56T i PRI RIP AAFBRYS Aorihey BCs SOUSES f or

and acts on the threeltdheshtobal5ia hemparitionest @djacend singnal
pul sers 563" and S6gno gl 1 Agr N D { F SEMEIGYe ROMESs I Rk pofdd SOt hat

t hese i ndividual functions m@& ea;% shg)erformad,

15

20

25

30

35

WS a modlf¥ed arrangemen
imparting a vibration to the tool electrode 501.
Here, the tool holder 521' is composed of a
magnetostrictive substance and has an energizing coil
562! wound thereon, the.coil being energized by a

'high—fréquency power supply 562'a. In this

arrangement, a control unit 566 is provided and

operated by a_numerical controller.(not shown in this
 FIGURE), and is also responsive to a voltage drop
detected at a resistor 566a in series with the

machining power supply 508a, and to a voltage drop
detected at a resistor 566b in series with the
dressing power supply 565a. Amplifiers 566c and 5664
are connected between the resistor 566a and the
control unit 566 and between the resistor 566b and
the control unit 566, respectively. In this
arréngement, the signal pulser of FIG. 14 is divided
into a first pulser 563' for energizing the switch
508b and a second pulser: 563" for energizing the
switch 565b. |

The control unit 566 operates in response
to the numerical controller and monitors through the
amplifier 566¢c and 5664 the machining current and the

pul ser 563 via a line 563b to pul se the output of

(G source 565a, thereby supplying a succession of a dressing 10

ént pul ses between the tool electrode 501 and the * belt el ectrode
84a/when positioned adjacent one another for el ectroerosive dressing

purposes. FIG 15 shows a nodified arrangener

the tool electrode 501. 15 Here, the tool holder 521' is conposed of a s

magnet ostrictive sutapsiiare Hin Has diveneny & m9tes ((nos2shagaidtoher eon,

the coil being energyzethpyadydd d-fHE BERC Yo IR0 AR BIBI4Y, 888n@. theskhi s

for inparting a vibration to

Hing AWGRESUPIY 188N8F&d¥esponsive to

rggx%ﬂegahil\é@ryss Nyt Qi s

an"o tinun1%f%%%iency.
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stabiljze the machining condition as described previously-and nmay at

sane tine serve to mnimze, and to inprove the uniformty 10 of ,

wear of the tool electrode 501. Nevertheless the wear of the tool
electrode 1 and its irregularity to a certai.n extent is not avoidable. To
performthe dressing function, thé unit 564 is thus required. As shown in
FLEG 16, the reference table 564i is then 1529"di3placed bel ow t he t ool

e:-\ei:t roge Sgl whi | ‘ﬂﬁteha%iﬁ@l‘i:h&lifeﬁﬁ4ﬁfbis§edtﬁ.’slémﬂ-Oaﬁld(iQxb"tyh&ﬂl sm@cmrtézfﬂ- bel t
el ectrode 564a so that the latter. npves ikn.contact with the upper surface
of the reference tgﬁpfngéQPgiTﬁchﬁpégg QBéVSi%Pf%%sii{hffﬁﬁﬁﬁ) t he pul ser
563" 20  is oper gudsers 565¢r natleb93f'uandohhanili gh+f réguemegerpewdt ch 565b
and the tool electr O0%gl S eg | ifﬁhé%?é

posi tion 501" and ﬁ%& . héﬁging ghgﬁegg%égg}%ggvgg?%% SO t eﬁgfﬁég“%e
machi ni ng fac® 501Penfieemeds akha8noRtimBBeBTREPHEDSY . irregularly is

~el ectroerosively dressed int@gna hhigh-guefacacpOidbration apsifdEdo the
arrangenment shown i,n RIG, 17, the _tool hol orngd with a fluid

der , 621§ _
supply plug- 621a dfPkE&ISSHTOHG dfe vt It8lﬁﬁﬁgbaéz%0 ¢ PEHE B8 manner
“previously shown, iconddritiiondalsy daskodbzdnpaklyoezlgnandonasy ntlthargbnes

di spl aceabl e verti gal t ew th. Lve c l?@io i ne.
+ The t ool electrodeqéﬂ%yﬁgﬂﬁ% ﬁhégﬁ%gé?%hé g&?aﬁ@eﬁ%ﬁ?ng u U$%§f§31 y be
of an outer di%net@f,ofthg. yegm % thet §ood ahectrodgsOhs ¥everthnlesmus

arrangement an el eqife0qR 3 RFSithd Yol @Qéc%?o&@oﬂﬂaﬂhSP@§eﬂrfégﬁiE%ity.
wor kt ank 561 and has a struycture gen rallx %s sho&m #n Flﬁi 18. . The unit
664 conprises a dr &&siPn§edteddy fFEeBBa4s5n0t pYOLARPES m BP BETIRRR nthflis

wire or belt whichdmedsithg function, the unit 564 is thus required. As
shown in FIG. 16, the reference table 564; is then
15 displaced below the tool electrode 501 while the
capstan 564m is driven to axially displace the belt
electrode 564a so that the latter moves in contact
with the upper surface of the reference table 564i.
The pulser 563 via the line 563b or the pulser 563"
20 is operated to alternately turn on and off the power
iswitch 565b and the tool electrode 501 is displaced
from the position 501' to the position 501" and held
there for a predetermined period so that the
machining face 501a' thereof which has been worn
25 irregularly is electroerosively dressed into a flat
surface 501a". |
_ In a modified arrangement shown in FIG. 17,
~ the tool holder 621 formed with a fluid supply plug.
. . 6212 and supporting the tool electrode 601 in the ‘
30 manner previously shown, is carried by a horizontally
extending arm 618 and is displaceable vertically
therewith relative to a column 618a of the machine.
The tool electrode 601 as in the previous arrangement
is tubular and may be of an outer diameter of 0.5 mm
35 "to 10 mm. o ' '

The hi gh-fr.equency vibration appliied to the tool electrode is used to |
G
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froma supply reel 664b and col |l ected into a receptacl e 664c ‘upon cutting
W pi eces 664a' by neans of a cutter 6640 after traveling over guide
ers 664, 664k and 6641, a capstan 664m and a 10 pinch roller 664n.
he path of travel of the dressing electrode 664a there is provided a
el imnary dressing chip 664q between the guide rollers 664k and 6641. A
spring brake 664r is attached to a bracket portion 664s of the prelimnary,
15 dressing chip 664q to apply a braking‘?%Tce on to the reel 664b whiweh
is carried by a pair of suppastihokher sré&ofioudngdr fhdgemdiesen ad Wil €
securely arranged i;n_the _casin v, _Th Sihg 664y is en-t ed to
all ow 20 I nst al figlegﬁlﬁﬁduflégmggﬁ of ?ﬁ%‘%?e% %%%d/a e %{)ﬁ' e"f%rﬁﬁ%dﬂ‘of t he
wire or belt el ect bédeag84hasver sthucjurdegehenahly, asnshders it IF.acket
664s secured at anygppepnkegh9R EBR' BRfiuridbs Br i © S t
prelimnary dressi r]g ch?g%gm@rmu%t gdﬁfﬁé%—eﬁngi_?%l Q?‘%lr rredlléa}%onéﬁgf S
upper surfacedwithi® §BedéogRoséeas 6PNEEBBRARE N1 TACOT PRLBrVINEIR i3 k8% ode
664a and the braCka‘rOQGQ.Ssh@pl}i\erBQV\B&Fﬂ_Eh&:‘l cdBlest@r B @l Hng part of
its upper surface with %n &nsg 2th% coaT%$g 664w _t o groteq%%gf, ai nst
el ectrical di schar J&CS8V2CLE BOAG UPPRCUFEENG, T1BEP  PEFRTT o2 66%R i s |
drawn from the supplegnseelf &64httgui 864ooacterottavel{mg rdvamndsitdk, passed
t hrough t he gui de 0 e Kk 6 gyl T legr 6641,
passed 35 betmeg%ﬁg%gscgégaénggggn?%%dgéﬁé’p#ngﬁg?g¥€e$ég§4%#& £-31 -
and event ual '§ cut Pdpchheodderi A§4ani t IB6tbe| REbh ppBCERBABBUL IS are
Cﬁl I gct ed Imo thggz%%%ﬁh%g|gz.e664gdeT564ge€he§54gs'§r69i@édibé.y supported by
the rollers 600t 130dna23"a30d6 Rg900ED 8B43U5TH & the suide

rollers 664k and 6641l. A spring brake 664r is

attached to a bracket portion 664§ of the preliminary
15 dressing chip 664g to apply a braking force on to the

reel 664b which is carried by a pair of support

rollers 664t and 664u. These elements are securely

arranged in the casing 664v.
The casing 664v is open-topped to allow

20 installaion and removal of the reel 664b and
stretéhing of the wire or belt electrode 664a over
the guide elements, and has the bracket'664§ secured
at an upper region thereof. The bracket 664s having
the preliminary dressing chip 664g mounted thereon is

25 formed along its upper surface with a guide groove
for accepting the wire or belt electrode 664a and the
bracket 664s 'is, as shown in FIG. 19, covered along
part of its upper-surfacé with-an insulating coating
664w to protect it against electrical diScharge

30 erosion. . -

The wire or belt électrode'664g is drawn
from the supply reel 664b, guided over rollers 664j
and 664k, passed through the guide groove on the
‘bracket 664s, guided over theé roller 6641, passed

35 between the capstan 664m and the pinch roller 664n
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braki ng torque.through the spring brake 664r. Accordingly, with the zfgég;%
664m driven by a motor (not shown), a tension gredater than a desired "
M nimmis kept always applied to the wire or belt. 10 el ectrode 664a.

The upper face of the chip 664q and the wire or bel t el ectrode 664a passing
t hrough the guide groove on the bracket 664s are arranged to be precisely
parallel with a horizontal reference 15 ugehi ni ng plane of the machine.
The el ectrode dressing unit 664 is operated as follows., The worktable 503.

i Sdi spl aced to posftd G aFiRedi¥p CoF48Ts§h8s CRELEBEEINEFER 42 ¢t B Del ow t he
tool el ectrode 601.ymuhddusaﬂd m@ﬁe&63rel&olmecteactuabedhe The punp 560a is
driven to allom/the q%%ggg %yld to be delivered to the region of the
chip 664q while the & é PS | aced downwardly to bring the too
el ectrode 601 froma p03|t|oﬂh@0reeﬂ0554ﬁreslwphatyb&yessppgrb©@lbyohh@Ol".
The chip 25 5 664¢-d1atd SEAAPANeC 68U’ AHAN 14T §350R0HNEa YGRS, FBCNI NI N

surface 60l1la. "Subsequently, downward novene 618 is halted

-and the worktabl e W’s“%ﬂr’qq}'@ﬁ‘et Fhrionieln thec89TLRE Pﬁﬁkeeﬁ ¢frode 601

while it is being chéadﬁﬁxugﬁf;nwﬂxmetm@sbhpema60664ﬁod89ven By POShd tON
601"' as shown in

‘'there is shown a fuh‘?’n S %)"sqe)tra?n}%h%re%r g‘t%%l é egltgﬁfalé\%ggrg%g’j‘llf%%r&%leg@r'ode
and controlling tkmaﬁfk&g&cahwamﬂ @mmlindcmpnmhg Wwéed eb B8t as to

conpensat e fOT the ¢ 6644 thIS system -32 as well, the power
suppl y genera.?y de5|gna at %bB nprises a sourcg 708a and a power
switch 708b connected in senmﬂﬁ\Mﬂﬂ?qlﬂécﬁoéﬁ dhecchdpcb6da and the

wor kpi ece 702. The wintd T AR iel ex@todel 66dabpabsingathrgagh Hhé sguidd8c
via a line 708d to ms%%tgh the bracket 664s are arranged to be
precisely parallel with a horizontal reference
15 machlnlng plane of the machine.

The electrode dressing unit 664 is operated
as follows. The worktable 503 is displaced to
position the chip 664g so as to come immediately
below the tool electrode 601 and the pulser 563" is

20° actuated. The pump 560a is driven to allow the
" machining liquid to be delivered to the region of the
~ chip 664q while the arm 618 is displaced downwardly
to bring the tool electrode 601 from a position 601’
to a preliminary dressing position 601". The chip
25 6649 then is capable of rough-dressing the worn
' machining surface 601a. Subsequently, the downward
movement of the arm 618 is halted and the worktable
503 is drlven to flnlsh-dress the tool electrode 601
"“while it is belng displaced from the position 601" to

i - 30 - a position 601"' as shown in FIG. 19 over the
dressing electrode 664a. '
- - ' In FIG. 20 there is shown a. further system

for detecting the wear of a tool electrode and
controlling the three-dimensional machining feed so
35 as to compensate for the tool wear. In this system



-

output of the source 708a, thereby applying a succession of nmachining

p s’ between the tool electrode 701 and the-workpi ece 702. The signal
r 708c acts also via a line 708e on a switch 10 719b which is
C cted in series with the DC source 708a and a resistor 719a. A gap

deTecting circuit 719c is responsive to the voltage drop across the
resistor 719a when each signal pulse is apptizd to the switch 719b to

connect the resistor the 15 _machihin T e ( g?
" shown in this FIGURE)WGEiPy R§ PRESHo ?RBPQ% g?%gp |£€ V%ﬁé%{&;{i%fbﬁ
di mensi onal | y al ongoaprXsesi 8, D§- agitscan@08z asnd %yP¢HﬁQN§WINPh RSP and 706

havi ng encoder s 70%%&@%& 30 ser2dd 4088 tREPESSLVEl Yot P dleror idel
previously. A clock 0

prov] d u atraj l,ock
pul ses which are pﬁbﬁeﬁpyk@P§FP|39?ed Bye. sﬂbﬁ%£ 2§¢bcb%t?%ﬂ é?fyﬁg
drive the X-ay s, ¥% ¥tighadngulsexri 080t oLs 504;n60$oamdt60ﬁulmeatmanner

well 25  known in the art To this e di s 771, 772
and 773 as wel | as°§ﬁ€Pﬁf§Fn§h80F8PF?§ 9@ érﬁ?%#n ?%gfixg7%4 775. and
776 are provided i mudeessdopeotf] macinnpungcpahﬁeﬁsbe‘e'veeﬁethﬁtb@@l704 705

and 706 as shown. % trode 701 and 3R eSwape 1@@55?02708§hés§ﬂ ali gh-
frequency signal

ses as shown In EIG 21( al on he |line

| owf requency si gn@‘ﬂrﬁﬁrs&)a&s aghewRER Ffllé 3'2}&5? gpg g°thd ?thdl?%e
these separat@ traimowhvhiidnsds kenhgcapgl u.adstemebewshht the 3BC soq08® and
e 7080 (FI G 21(RJ0R AR EE SEhid ot J2-t o Ao BiRo T vaF LR EFraPEd 1 he
i ssued al ong the |iT&crGsd relapotm?e-v&b%né?beoﬂ%ﬁ?gsuﬂ§@PaF6ﬁ©S§hg hejine 5
708e, the switch 7%1&51‘”‘?‘1@3 PheH Rl s¥ndNoRalse is applied to

the switch 719b to connect the resistor 71°a to the

.15 machlnlng gap G.

' The worktable (not shown in this FIGURE)
carrying the workpiece 702 is displaced three-
dimehsionally along an X-axis, Y-axis and Z-axis by
motors 704, 705 and 706 having encoders 704a, 705a,

20 . and T706a reépectively, as described previously. A

| "cloék pulser 770 is provided to furnish a train of
clock pulses which are properly distributed by a
numerical controller 707 to drive the X-axis, Y-axis
and Z-axis motors 704, 705 and 706 in a manner well

25  known in the art. To this end, distributory networks
771, 772 and 773 as well as amplifying polarity-
determining networks 774, 775 and 776 are provided in '
fhe‘respective input channels for the motors 704, 705

_ and 706 as shown. : '

30 _ The signal pulser 708¢c issues high-
frequency signal pulses as shown in FIG. 21(A) along
the line 7084 and low-frequency signal pulses as
shown in FIG. 21(B) along the line 708e, these
separate trains of pulses being applied to the switch

35 708b and the switch 719b respectively. Bach signal



" and is detected as

pul ses issuing along the line 708d to-apply a series of high- voltéégiZulses
across, the tool electrode 701 and the workpiece 702, the -pul ses resultlng’
in.electrical dlscharges at the gap whose vol tage and 10 current
maveforns are shown atAin FIGS. 21(C and 21(D), respectively. In the
presence-of a pul se issuing along the line 708e synchronously with a pul se
along the Iine 708d, both the switches 708b and 719b are turned-gn.and the

source 708a is shunted by 15 the resistorzzl9a. As a consequence, the -
gap pul se has a reduced vol tage and current na nltUEes as sh at B.in
FIGS. 21(C) and 21PBisenhpEnedralpngape bing ﬁ‘f’ng LA B Hﬁct‘ﬁaﬁieng

di scharge under a synant-ogaascwd,aﬁyomeV%te_r\slgnme\@rlsetshelsm@dstaamg s 20

unsati sfactory, ant'nc ea;eg éérrent devel ops through the machining gap G
i 8 ‘voltage drop at the sensing resistor 719a.

Referring to FIGS. 22 to 24 In ftheiabserceiof any anlse alung tihe tldale

el ectrode suf bers 3bsg, 4RE! oWYELATTOR EEM OBRIAL | AN di WHClhy! 8 o)

"electrode 7017in the i nder |'s used to machi ne groove 702a of
a depth D extendi n@urlﬁe?hésa}li%t poANEf the ing; 1084 1tq saERslé’n & FRT 9%

lateral gap spaci ntghughLbeladgangﬂlseé egé 6%k atmgtd&ne oftedrode &O1S i S
smal | er than the ga sgﬁ% ? g Zoégrt cal |rect|01£Ie ofr along t he
Z-axis, and nmateri Pé)ﬁ]th fb?e?:‘é F02 Ib?% ]dlg p]redom nantly
al ong-a sem -cyl i nglecérisalf dtechangdenl sb the agdpsdwsextaitagd emg a base
portion, of ube tOdhrient wBYEFLEAICFATshBh ey ANANCEIEN ! O (O ardavi ng

a - 34- nachlned ? ace erern resalt, an |rregular wear
701a with an incli RAdPdn HEGBREEIVEATt hell| bt rBDERSQURG ffe. 2 T se

configuration of thisguiaga’ aMehghtdeveines7oBensihen odusieotiffenis 5
advanced in the SIn%ﬁgedhigﬁél%Heoilggo?gsahebg%ﬁxéhe switches 708b and
' 719 are turned on and the source 708a is shunted by
15 the resistor'719§. As a'consequence, the gap pulse
has a reduced voltage and current magnitudes as shown
at B in FIGS. 21(C) and 21(D), which are incapable of
bringing about a machining discharge under a normal
- gap condition. When, however, the gap state is
20 _unsatisfactory, an increased current develops through
the machining gap G and is detected as an increased
voltage drop at the sensing resistor 719a.
Referring to FIGS. 22 to 24 it is
interesting to observe how the tool electrode suffers
25 wear during an EDM operation in which the tool
electrode 701 in the form of a cylinder is used to
machine a groove 702§'of a depth D extending in the
direction of an X axis. It is geen that the lateral

* ' gap spacing g in the advance direction along the X-
30 axis is smaller than the gap spacing G in the
, vertical direction or along the Z—axis, and material

removal from the workpiece 702 proceeds predominantly
aldng a semi-cylindrical surface, and also to a

. lesser extent along a base portion, of the tool

35  electrode 701 in the advance direction, leaving a



Is7also illustrated in FIG. 25 and becones conplex'mhen the direction of
i gqa vance is variously altered. Wien the tool electrode 701 is caused to
1 :

gdescend or nove in the downward direction (along the Z-axis) at a
p Qin a sequence of feed paths as shown in FIG 26 and then to nove
back so that an increased depth 702c is acthxgd; an irregul ar nmachi ned
I nclination 702d tends to devel op on the 15 surface 702c as shown in
FIG 24. It is al 9eckdnsdt parferer ¢02g ahareivrent® anresiel bf fakti ve gap o

spacing g between tiheeghab® Weabl F0132wanH hRalnbDifh&ion e dpd eyl ar
wear of the tool elgptrgde is_.al so gaused 8Q its § | indrical surface as
- well as on 20 i 98 &s€HEPAPOAES2ERoWN TG HER g$BB?Eh%na9 W cone by

conpensatorily feegieay twhdchodevellepsr gdenbyha toslaatectrodé ! £sit is being
advanced fromga poi ' 0. in EL 7k dapc it h .
152 POl ) ohE, SSRE T RBpEBL IRRCR ARy Ko acin,

pr edet er m ned “25 program-when a
detected by the detiscadsoriddussretad iheFifwoRh andtbeeofied bcompléw base

of the tool el ectrQqenShawngiiRebhPon28sMYsbgapeatsi ¥8!va ﬂfd or. worn.
It is also advisable to adopt one of the 30 weavi ng feed patterns as

shown in FIGS. 8 afd®¢red-n FIG 9, positions-A B, C, D and E and arrows
associ ated therewith illustr#henatheqgestecedbcpabls 701 besfohhoy@dto Wt h

reference baa@ to EIG.G% > %%n%rol %g s¥ste€1§9r ggvern'a stepping
motors 704 and 705°58§9RS oS5 HoYec dn hp 9RPERFEoPIER0EH PR nt THEE StEppi ng
~ notor 706 are nut ufdlHexisdpartage palinffoQghnasseeguende dfeféed npaths aper at ed
- . under a nunerical-%ggghohnp@qggagstgngfEﬁgh 20CABLEULLOM é@efhéﬂ XY
plane while 5 - being responsive tqo the detector 719c to effect the .
: : increased depth 702c¢ is achieved, an irregular
machined inclination 7024 tends to develop on the
15 surface 702c as shown in FIG. 24. It is also seen
' that there is a difference in the effective gap
spacing g between the state in PIG. 22 and that in
FIG. 23. An irregular wear of the tool electrode is
_ also caused on its cylindrical surface as well as on
20 its base pdrtion as shown. '
These problems are overcome by
compensatorily feeding'the tool electrode by a
distance d while it is being advanced from a point P'
to Q' in FIG. 27 in accordance with a predetermined
25 program when a change in the machining state is not
detected by the detector 719c so that the unworn
portion 701k on the base of the tool electrode shown
in FIG. 24 may be positively machined or worn.
It is also advisable to adopt one of the
30  weaving feed patterns as shown in PIGS. 8 and 9. In
' FI1G. 9, positions A, B, C, D and B and arrows
associated therewith illustrate a sequence of paths
to be followed.
With reference back to FIG. 20, a control
35 system for governing stepping motors 704 and 705 and



rate of contouring feed so that t.he gap spacing g may be properl 6
constgnt. On the other hand, the latter is operated to effect a ceR
not i on (of a'distance D) at a turning point and additionally to 10
effect smal’'l up- and down-feeds in a unidirectional or weaving

wear - conpensatory nmovement along a Z-axis. In this manner, the wear of tool
el ectrode 701 is highly equalized to establish the state shomn in FIG 22
as Will be appreciated fromthe schematic dr3yrams 15 of FIGS. 24 to 27

ang FIGS. 8 and 9. 5 coh%@blcb U@mlfor goverﬁ& thiedl SfegPAGTY b @ 7BV ty

in a workpiece by electr Ion Wt electrode having at its free
end portion a nach?ﬁﬁn&ug Ei esgparaggn?ggpogg h A8 i Shagds s

gener al | y. i ndependdwntrmefr tbeo9baaee®fuhherdesmmmﬁhimaa4qbntmhlipﬁﬂgnuh
wor kpi ece o posi ¢ F3n ExeftnEoRinbEH ERETEAde TR er Moy S YAt " 1
j uxt aposi ti on5 her &&ing aGSDQQSavﬁaﬁnlhhﬁgdgh@ct¢bdﬁk&bqutﬁﬁf&ﬂﬂﬂﬁhﬁ ng.

tliquid; inparting @gRegBef 5eﬁusasin§' bragi 98 fepa@amﬂe t@% %ﬂa&ﬁtr{]é)gn}é@ereby

to V|brat|onally fluctuate i i ning surface cont by “15
dynani cal |y enl ar g@€ REOBEF EtpﬁédnﬁEHFﬁ?ﬂﬁ ar®h therdbienyp %¥49m$he'annunt

= det er m ned b%/ tlhe {am&e}rUdel 6iaesatddhtaheffgﬁlﬂe%w?%&rﬁng)molﬁmi Yiomy ad
successi on of el ectri,ca ul.s n_said vibratin ect.osode an
the 20 wor kpi ec& 44F%E c?hganﬁghﬁn RE"4%8 ?%1%€T%%$ %éﬁ&ﬁ%; éﬁgl gballzed
el ectri cal dnﬁbhargéfepmnpmaglbepmeendt&ewnef&@dQCEnandnmﬁlreuﬂﬂnnak@
f t b I i ,
surface contour r%li.g%aga ﬁogggrg,ggésgﬂsg%{.fl a?ﬂl%l oﬂfgvé) éécg_;g;gllsp.ns

t hereby el ectroerosively vin plece
adj acent said In thls manner, the wear of tool electrode 70

highly equalized to establish the state shown in FIG.
22 as will be appreciated from the schematic diagrams
15 of PIGS. 24 to 27 and PIGS. 8 and 9.




-

vi bratianally fluctuating machi ni ng surface-contour providing the said

- enlarged effective machining area; and effecting a multi-axial relative 30
di sfjl acenent of said vibrating tool electrode and saia '

t hf g4 -coordi nate axes which include a pair of coordin Immslmmlmﬂm a

pl ane substantially orthogonal to the |ongitudinal axi% of dai @ teol*

el &ctYode and a coordinate axis 35 subst apfg.al I 'y orthogonal to said

pl ane, while -37-_simultaneously maintaini'ng the average width of sald,_,
machi ning gap subst@AI¥E |y constant, thereby three- dinensionally

machi ni ng said Wor kpiece wit m&@éﬂma by Rtigufld nd ladavattiyng nmachi ni ng

surface contour t.0 forn1t esired cavit th r KRi

The net hod deflned Yor %?%ﬁ?ﬁ %;%ﬁ#FgﬁfQF%QQfﬁﬁﬁq %8§§ ?@ g%%ﬁgéed of
copper, a copper alhwylnglaVeitsLﬁmﬂﬂE£n¢HPQthﬂnt&amakhining suTfeceet hod
defined in G f%e 24 é@%é& thd Ward add rga%mqga ﬁu@g@h@@&r

t hi ckness in g fined in Caim
2 wherein said tool® I‘é]%?r%%l’?]a%faﬂtﬁ d?ﬁ’erre%rcac"rﬁté’kn@%dpmﬁﬁhi 4 the range

[err]. 15 5. comprﬂgghgmmﬁgxbfkgsrum}| n Clam?2 mhereln sald t ool

el ectrode has a di aneter or thlckﬁﬁisﬁf mm 1N t he r, qf e ts

The nmet hod defined in any on€ adte %ﬁ%ﬁ;%?qg)ﬁ? %1 §a|§ ﬁ&@hlnlng
liquid is water 20 w1thaﬂhmgwewkmﬁ§né|tprpnﬂrmﬁqnt%amdwmaumlmamgesuxfeseto
Sx[err] ohmcip 7. co tour {f ﬁé@ﬁe i 1ﬂﬁpybrfgreegﬁcyh”%c@o%'smamere' n

said vi bration has requenc 1 to 100 kHz.
The met hod defi ned mﬁck}%}%$7€%hé?¥ﬁ?@ |Wﬁth 2 machining’ 11q“ld

imparting a hlgh—frequency vibration to

sald tool electrode whereby to vibrationally
fluctuate ‘said machining surface contour and thereby

15 dynamically enlarge the effective machining area
thereof by a small amount determined by the amplitude
of said high-frequency vibration;

applying a succession of electrical pulses

_ between said vibrating tool electrode and the

20 workpiece across the machining gap to effect
successive localized electrical discharges jumping
between the workpiece and said machining surface
contour brought proximal thereto by the vibrational
fluctuations, thereby electroerosively removing

25 . -material from the workpiece adjacent said
vibrationally fluctuating machining surface contour
providing the said enlarged effective machining
aréa; and ,

effecting a multi-axial relative

30 - displacement of said vibrating tool electrode and
said workpiéce along three coordinate axes which
include a pair of coordinate axes defining a plane
substantially orthogonal to the longitudinal axis of
said tool electrode and a coordinate axis

35 substantially orthogonal to said plane, while



frequency i.s in the range 10 to 50 kHz. O. The met hod defi ned |n(af¢;9
one of ‘the Cains,1 to 6 wherein said vibration has a frequ

~a frequency—in-the
range 100 kHz to 100 MHz. 30 10. The netho
Caim8 or laim9 wherein said vibration has an anp H mﬂﬂf ‘ ﬂmge 1
are

to 50 mcrons. 11. The met hod defined in Cla|n110
anplitude is in the range 1 to 10 mcrons. 3t The .net hod
defined in any preceding claim -38- wherei'n sald mul ti-axial relative

di $pl acement of sai@ivubian¢erslipaaini@inisue tded aviesagsr W3iddbe oifssefflect ed
incremental ly, “ﬂthmééﬁiﬁfﬁgt 9 sl SRl PcRMERt dﬂhéﬁﬂhtorQﬁ%r@%yltﬁkﬁéﬂn 5
13. A net hod &s def %in a reced|Q%.cla|n1 furth 3& rising
the steps of: detecttRg" %‘Pl?‘ mgm%%lhinbffgs% Nk RdeES M3dE SPdfg said
machi ni ng surface cwﬂbnwt1mnal&ymﬂ&nnﬁnamxngﬂmauﬂﬂnim@n@mmgasaldonmohrnung
wear and, inr spon§8 %Qrﬁaigesééggﬁ?d]éévl ﬁéz%aggg?e%% sai d tool

el ectrode, |nd pendentTy ‘of sai -aX|a I've |"acenent, so as
“to maintain the aveRage gap wke Hnekied aﬂrﬂiflalétdy Jdbr@taa-m laghezednveaid

progresses. 14. tooihél@@%F@@edfé'é@ﬁbéébdjd¥'E opheM1ereicd F@@bdalﬁoy,

machi ning wear is detfcted b sen5| chaqge in the node o
“vibration inparted BbL¥GFabHORF TR O (&APR ST oduce said signal . 15.
The nmethod defined Bn O ai m 1Theveethod sdaeﬁ.mélhrnge Jlaihe mbeeedh wielhdat i on

I's sensed as OChanggo%felecﬁpoégehiéQﬁqu %ﬁlq;%t%&%gloqn 18e.

The net hod. defi'ned I'n erel n sal Yange in F5de “of Vi brati on
is sensed as a chanjangs Phe5 ahpl 1 teme of sald V|brat|on 17. The

method defined in Chaim 14 whepgi fofR6d! derined MBNAA dih e 0said
vibration is sensed, as

toolaefggggode has a diameter or thickness p mm in
the range 1<4pg&J.

15 5. The method defined in Claim 2 wherein sald
tool electrode has a diameter or thickness P mm in
the range 3<pg5. :

6. . 'The method defined in any one of the

Claims 2 to 5 wheréin_said machining liquid is water
20 having a specific resistivity in the range 1x107 to
5x106 ohm-cm. .
7. The method defined in any preceding claim
wherein said vibration has a frequency in the range 1
to 100 kHz.
25 8. The method defined in Claim 7 wherein said
frequency is in the range 10 to 50 kHz.
9. The method defined in any one of the

Clalms T to 6 wherein said vibration has a frequency
in the range 100 kHz to 100 MHz. '

30 10: The method defined in Claim 7, Claim 8 or
Claim 9 wherein said vibration has an amplitude in

- the range 1 to 50 microns. '

1. The method defined in Claim 10 wherein said
amplitude is in the range 1 to 10 microns.

35 12. The method defined in any preceding claim,



>

t he energy of said vibraton. 18. : The met hod defined i'n ¢laim 13
rei-n said,machining wear is detected by sensing an'echo resulting from

reflection of said vibration by 30 sai d morkpiec n
signal . 19. The nethod defined in Claim1l3 mherel ‘aﬂ ﬂ“[ﬁu

wear is detected by sensing a sonic or ultrasonic wave resuctlng from
el ectrical discharges at said machining gap to produce said signal.

20. The nmethod defined in Caim 13 wi#$ein said - 39- nachlnlngud“

wear s detect ed byngaihoghod heialkoad rides (HeIolaskisly ol

di scharges to the nu I nput ma nin | ses_appli ed to sai d gap per
a given tine periogadd HFB&E@éngat8°§|@%§?gr§33 and P 'work P ﬁé?atus
fer {TBCQI ni _ntgha Caéffﬁctedalm?bﬁeﬁealby,eweehrmmmms ﬁampm sing; a H)ol
el ectrode wi a sur.facge shape is generally
i ndependent of the%s ﬁ&g %pepﬁe egﬁ? %fmﬁmﬁ el ectrode 10 i s
arranged to bé& juxtigposed mﬁﬁhmehhodnakpﬁeﬁens® 513 %@Yp@%¢¢¢¢#ﬂ&nﬂ¥ﬁlm,
machining surface G c%mﬁ@?%ﬁqg XL ABRELI BF: L 6L Yt LHE AAORE thg

machi ni ng gap fl oo |on% I nin quj d; means
for inparting a hi ye2rr e§usadd i9°1 e\PB EP@Qna%6n§a$%14d@? $ode
whereby to vibrati gpalfavef Ic%tt@@tretaapéoaaabl ai Qggﬁﬁlf AEPT €O Dl g awati d

t her eby dynam cal |l y enl. ar, t he ef ctlve nachlnlng Efdtg %Egi by a snall
amount ~ det er ni ned ﬁ?cpﬁél Ve?ﬁdén p &8 GERPERSE ﬁu Acy Vi fon; 20
power supply ieans diedilyi edviapciagneetidbiteoloedartrodel en@epe&@enhhﬁ sai d
wor kpi ece for appl Wfq%l?ﬂ'deﬁﬁlﬁ't‘ia'axﬂﬁﬁs?%lg%%%eaﬁﬁlgc&hgﬁ@t'Q@ 490t0

el ectrode and sai d WorKpi ece across the nachi nin ﬁi ct succes ive
| ocal i zed 25 eﬂ(ﬂﬁhﬂﬁﬁﬂn(ﬁh§cﬁdﬁéé§etﬁﬁ@ugﬁd§gl8“B§EaBB% gﬁ gapgtan
. as said wear progresses.
4. : The method defined in Claim 13 wherein said
15 machining wear is detected by sensing a change in the
mode of said vibration imparted to said tool
electrode to produce said signal.
t5. The method defined in Claim 14 wherein said -
change in the mode of vibration is sensed as a change
20 in the frequency of said vibration.
16. The method defined in Claim 14 wherein said
change in the mode of vibration is sensed as a change
" in the amplitude of said vibration.
17. The method defined in Claim 14 wherein said
25 - change in the mode of vibration is sensed as a change
in the energy of said vibraton.
18.. ' The method defined in claim 13 wherein said
machining wear is detected by sensing an echo
resulting from the reflection of said vibration by
30  said workpiece to produce said signal. '
19. The method defined in Claim 13 wherein said
machining wear is detected by sensing a sonic or
-ultrasohic wave resulting from electrical discharges
at said machining gap to produce said signal.
35 20. The method defined in Claim 13 wherein said

u



wor kpi ece and sai d machi ni ng surface contour br0UQC%rELQXLHEL-LDQLﬁLQ*by
the vibrational fluctuations, thereby el ectroerosively renmoving nmaterial
fromthe workpi éce adjacent said vibrationally fluct ﬂ“ “m"l ni ng
surface contour providing the said enlarged effect|v¥ﬂuuuml & and
feed means for effecting a nmulti-axial relative displacefent df aid tool

el ectrode and said workpi ece along three- coo%%%nate axes which include a 35

p ir of coordinate axes defining a plane ~40- substantially orthogonal
"he | ongi tudi nal naghinbiig weasalal dedclddedyr apaidod ingcsbedirndtio afi s

Substanti ai |y Or L hopR0huies 4é! PLaer1 Y | 51BN SRUThYE EBBLR BN

the average width o |n|ng gap substantial |y constant
wher eby sai d vi br at i BESF | §2ehining PHPIREREI RS 9 P2d4 &3 BEF Ps swept

t hree-di mensi onal | ygovesn tiwe splé:fme 3 @addim@oréaa_lde@agnmwhl ch the desired

cavity is to b forgfd [err] é% E{ rat.us as d flned in daim

21, wherein sard to el ectro §gp% %Bﬁ%é%’ 2Bﬁl S'ESpﬁgy éFISy

'tungsten silver- tungskphecmrbxﬂe&ﬁntmneﬁhs1on, com@gp@n@@us as defined in

Caim21 or Oaim.22, whereings t r | or
8L Qgé ﬁ}&fé PG fma%hqngrﬁ%; Exlr?c‘g.gz

thickness p mm mhere E lies Tn one ranges [err]
“Appar at us as defi ne@on OEhyOBH%hh#ht?h?(§QﬁPﬁ;Eﬁ.&Q9€Z§ hdndependentsai d

apparatus is in opepattRg §ﬁié.§e N&E i Neditfed Scdvicdedrnaicnh eW%TchroaQ
havi ng a spechélc resistivi t.he range 1x103 Hglg 106 ohm.cm

Appar at us as flneaslﬁr5ﬁ9g%$e VP R EYERIRED W ¢ Wl lﬁ°§a?8 as
vi bration |npartlngtnep031t$oarsaﬁ®emhchwnﬁngrsunﬂaqﬁ|qmntdur dinbspbeedai d

2 tool el ectrode,atsgobf SALEENed ik h 'dbddls ' Mtlining gap
flooded (when in operation) with a machining liquid;
means for imparting a high-frequency

15 - vibration to said tool electrode.wherebyfto
vibrationally fluctuate said machining surface
contour and thereby dynamically enlarge the effective
machining area thereof by a small amount determined
by the amplitude of said high-frequency vibration;

20 power supply means electrically'connectable
to said tool electrode and said workpiece for
dpplying electrical pulses between said vibrating
tool electrode and said workpiece across the
machining gap to effect successive localized

25 'electrical_discharges through said gap between said
workpiece and said machining surface contour brought
proximal thereto by the vibrational fluctuations,
_thereby electroer081vely removing material from the
workpiece adjacent said vibrationally fluctuating '

- 30 machining surface contour providing the said enlarged
effective machining area; and.
feed means for effecting a multi-axial
relative displacement of said tool electrode and said
workpieée_along three-coordinate axes which include a
35 pair of coordinate axes defining a plane



k i to 100 kHz. 26. Appar at us as defi ned in any one of The Tarms 21

, Wherein said vibration inparting neans is ar;ﬁ'm
/aation, to vibrate said 30 tool electrode at m”, "’3 range

106kHz to 100 MHz/ - 27. ' Apparatus as defined in" d%im2% of Gaim?2
wherein said vibration inparting nmeans is arfqnged to inpart to said tool
el ectrode a vibration 35 havi ng an anplitude in the range_ 1 tqo 50 ,
i crons. -41 - ggbstantiallipaertheserakcie fde iIPngituwdidads axds Ofa

21 to 27, wherein £gfq I’r@b@iaé]]é@gré&@ BYVE DGO A ne il xsgbst antial |y
constant said feed

g 15 des ans f:g effei n_lgisald It|-aX|aI 5
rel ati ve di spl acen8RPSBfn h? o%T P2RFHdE° & ‘s regardl ess
of the occurrence simahtanednglyesaintabeing ts aata;tﬁtgeodedaﬂbmg‘ saiid

machi ni ng sur ftace insj wEdYbRMddig@ry feed
means for effécti n%ggh?géaétggﬁaﬁ?‘% %Hli]o %ﬁ%@%oﬁ el e%turodle in a
direction and by avWibratihenslly Biuetuating Mashining HFEAcs €HHOWai d

machi ni ng wear Occwbaepet tRAkE- @iﬁ@ﬁép@lﬁawmﬂﬂgtwrémwmmwam| ng
t he machi ning operatio

29. defined in C
i ncludi ng 15 rreHﬁEkaF"ﬁe%EcY’pﬁﬁ g’&?l‘iﬁs‘a "r"r%c?ﬁ%’r% Whete a??eorfof%med
machi ni ng wear of g4 i> : & iEer- gt our, and for

Suppl ying. to,paid i "afyk§§grms§&é9ﬂ% depepglery 20, Lk AP of

sai d nmachi ni

‘sai d auxftfrar neans eln r'esponsive in a

wear - conpensat i ng ﬁaydt¢oeﬂfeéec§apéeaa§|99639¥e¢e% %?PE%Fd %cﬁﬁpper
el ectrode. 30. allé@pa%ﬁhgﬁtaﬁ dsinvsﬂ tﬂngéﬁéﬂ]ZQT ghepiei te sai d wear
detectlng'neans seg roduc in_r S£ons& gg a§1ﬁ§+d wear
dependent signal a ' S|g ppaga Bﬁd@ﬁt ing cﬁ%ng R de of said

Clalm 22, wherein said tool electrode has a diameter

15 or thickness p mm, where p lies in one of the ranges
0.05¢psl, 1«ps3, and 3<pg5- '
24. Apparatus as defined in any one of the

Claims 21 to 23, wherein when said apparatus is in
operation said machining gap is flooded with water

20 fhav1ng a specific re51st1v1ty in the range 1x103 to
5x106 ohm-cm. _
25. Apparatus as defined in any one of the

Claims 21 to 24, wherein said vibration imparting

means is arranged, when in operation, to vibrate said
25 tool electrode at a frequency lying in the range 1

kHz to 100 kHz. '

26. - Apparatus as defined in any one of the

Claims 21 to 24, wherein said vibration imparting

means is arranged, when in operation, to vibrate said
30 tool electrode at a frequency-innthe-range 100 kHz to -

100 MHz/ -

27. Apparatus as defined in Claim 25 or

Claim 26, wherein said vibration imparting means is

arranged to impart to said tool electrode a vibration
35 having an amplitude in the range 1 to 50 microns.
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vibration inparted to said tool electrode. 31.

_ X
i n C ai.m 30, wherein said change in the node of vibr gt | S a.
change in the frequency of said vibration. 30 ~ 32. T[!“U"W!ﬂﬁgﬂ? Eﬂ as

|

defined in Caim30, wherein said change in the node sensed
as a change in the anplitude of said vibration. 33. ' Appar at us as
defined in Claim 30, wherein said change in the node of vibration is sensed |
as a 35 change in the energy of said vi briddon. - -42- 34.

Appar at us as defi nétBd n cl ai rAfid®rattusr @isn defiidededn dpyechengf ntlaes senses,

and produces in rezgﬁﬂﬁg t-her. S I, 5 r..depe At s S5O ' I
depéndent on, the de ay.léhrggégv?nnggﬁggg% F ﬁg?ggﬁ?%ﬁﬁg ??%n?¥§%9£§
reflection of sai d &R hSUbp st addpk sicasdanyssaid feedppernsus as
defined in O ai m 2% nohirTedl mesdisd foRale fdRIAG higNdaTBARG15EREREal1aNd produces
in response thereto as .said wear depeggfnt signal__a.10 si gnal dependent
on, sonic or ultrasdim’ W & SRdansme Pﬁbﬁﬁg e@PP%cﬁF?ﬁﬁEﬂ&ﬁiﬁﬁg bere

_*discharges at sai d wemdpiecy rgegardifess of théppacarusnas def maebinbngl ai m

~ 29, wherein said _W%Péax.d?fe%a!i'&g 1o 18 50 i'iﬁngf QQF&eﬁa&Hiljé?g
response thereto as said wear dependent signal a sPgnal dependent~on, the
“ratio of the nunberswifageqantaur disdeamgés seddt ReshtnnBerabt ty npard
chhl mt ng pul sefS_ athl#ﬂiéﬁ il fmt ﬁl%ego&_ @E“f@%t?hgggﬁeé;ﬂ@iltiaﬁaﬁ £Sdd

paratus as i ned,in any one e C agi ns 0,36, an ncl udi ng

. dressing nean@gfor ?ﬁzﬁﬁﬁﬁ;ﬁﬂgl '%ﬁ£q9?edﬁpiﬁg%&rﬁﬁ3ﬁpﬁiﬁﬂgobgr%Pion in
j uxtaposition w th demumacvich g S sabetehtiaildyt cohpeheateoder said
dressi ng nmeans bei I.a .. pl d,- ; S i d .
machini ng sur f ace Or}z?a@{]leﬁ’}%%ea‘ﬁ\h%%c%ﬁ-nngs%t s%‘iﬁ e168+Hb88Sn88h fhing

: surface contour during the machining operation.
- 29. Apparatus as defined in Claim 28, including
15 means for detecting, during a machining operation,
machining wear of said tool electrode machining
surface contour, and for supplying to said auxiliary
feed means a signal dependent on the amount of said

machining wear, said auxiliary feed means being

20 responsive in a.wear-compensating_way-to effect said
additional feed of said tool electrode.
30. Apparatus as defined in claim 29, wherein

said wear detecting means senses, and produces in
response thereto as said wear dependent signal a

25 signal dependent on, a change in a mode of said
vibration imparted to said tool electrode.
31. Apparatus as defined in Claim 30, wherein

said change in the mode of vibration is sensed as a
. change in the frequency of said vibration. : '
30 32. Apparatus as defined in Claim 30, wherein
said change in the mode of vibration is sensed as a

'_ change in the amplitude of said vibration.
33, Apparatus as defined in Claim 30, wherein
said chénge in the mode of vibration 'is sensed as a

e

35 change in the energy of said vibration.
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g§§£>electrode so as to restore it to a desired forn1in readi'ness for

{ nuation.of the nachining operation. 38. paratus as defined in
*m 37, wherein 30 sai d dressing neans incl udes an H“my"ﬂﬂmﬂllﬂ ”III
machi ni ng means arranged to effect dressing of said mach
contour of said tool €lectrode by an el ectroerosi on process.
Apparatus as defined in any one of the 35 ains 21 to 38, mhereln sai d
vi bration-inparting -43- neans incl udes: %n ul trasoni c horn assenbly -
conpri sing an el ecBdonechani 4pbaratmsdasciefivednimnpldin 29 hothenedvi ng one
end of greater cro851a°Geuinasthating hoaisl dodsags diierpanthddie of her end

5 of smaller cross section ad to. support.said tooI el ectrode so as
to project therefrﬁﬁﬁﬂﬁﬂsﬁotbﬁféﬁﬂ %%b%?é%tv%?Tyd%RﬁBﬂ%ﬂ#)5%@4%4-§hld hor n;

rr:sans fgr supporti ngﬁa?.dddbbhaéﬁiﬂl GnhOtHeaﬁéB@jﬂyntﬂe@éimgaédhdeml ) _
el ectrode machinin ace canto C £.apo i 0 t

t he workpi ece acrogg ita"ﬁa?ﬁPﬂl %913%81%3 ﬁé $£hdu$é§%% eﬂﬁr%ﬁM £
energi zing said eIsandowhekpcabetransducer to inpart said high- frequency

vibrations to sai dskg00l elec% BQFatﬂQ as deflggga{@t@fa{ﬁWnguuuéyéghza
cavity in a 15 rkplece % ectroerosion, substanti al :

her ei nbef ore descr 8Bdd Week Aetecéire F%an%nﬁe%§e$#I%%QrBﬁQQLQ?F Hhy single
figure or group of rasponiset %ﬁefrbgur as sélahﬁeaﬁcwpeﬂaem slxgmn% 41.

A nmet hod as g fined, In&inﬁ one .of g % |$§Iud|ng t he
step of perid8i cal B}&38t SPSnHQEﬁlﬁPhg 8Bé?a? §?h% ¥#E Frachi ni ng
surface contour of resudtiog f@b@cbi@d&randlamacbsslng dbschkarged at

j uxtaposition, andfggﬁsh%%hiﬁgggd%g§5|ng nmeans to thereupon dress said

machi ni ng surface estore that nmachining surface contour -
to _ Apparatus as defined in Claim 29, wherein

)

sald wear detecting means senses, and produces in
15 responée thereto as said wear dependent signal a
- 'signal dependent on, the ratio of the number of
.eléctrical'discharges t0 the number of input
ﬁgqhining_pulses applied to said gap per a given time
period. :
20 37. Apparatus as defined in any one of the
R Claims 21 to 36, and including dressing means for
'_plécing periodically during a machining operation in
juxtaéosition with the machining surface of said tool
electrode, said dressing means being arranged, when
25 so placed, to dress said machining surface of the
o fool electrode so as to restore it to a desired form
in readiness for continuation of the machining

operation. _ _ _ '
38. Apparatus as defined in Claim 37, wherein
30 said dressing means includes an electroerosion

machining means arranged to effect dressing of said
machining surface contour of said tool electrode by
an electroerosion process. :
_ 39. - Apparatus as defined in any one of the
35. Claims 21 to 38, wherein said vibration-imparting

» -
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a desired Ldr&rin readi ness for a'continuation of the nmachining operatien
42. A nethod of machining a cavity in a “ ' mll ctroer ogY gr
substantially as 30 her ei nbef ore descri bed““ll mlmm" ano, and (@3¢

il lustrated by, any single figure or group of d&sséci'ated fSigtres of the
acconpanyi ng draw ngs. 43. A wor kpi ece having a cavity fornmed therein
by a nmethod according to any one of the Clains 1 to 35 20, 41 and 42, or

bx;geans of an appar at us accordjhg to any on&3ef the Clains 21 to 40.

means includes: an ultrasonic horn assembly
comprising an electromechanical transducer and an
amplifier horn having one end of greater cross
section attached to said transducer and the other end
5 of smaller cross section adapted to support said tool

electrode so as t0 project thérefrom and to extend
substantially coaxially with said horn; means for
supporting said ultrasonic horn assembly to bring
said tool electrode machining surface contour into

10 spaced juxtaposition with the workpiece acrossﬁséid
machining gap; and means for electrically energiifng
said electrochemical transducer to impart said high-
frequency vidbrations to said tool electrode.
40. Apparatus for machining a cavity in a

15 workpiece by electroerosion,'substantially as

' hereinbefore described with reference to, and as
illustrated in, any single figure or group of
associated figures of the accompanying drawings.
41. A method as defined in any one of the

20 Claims 1 to 20, including the step of periodically
during a machining operation bringing the machining
surface contour of said tool electrode and a dressing
means into juxtaposition, and causing said dressing
means to thereupon dress said machining surface

25 whereby to restore that machining surface contour to
a desired form in readiness for a continuation of the
machining operation.
42. - A method of machining a cavity in a

' e . - workpiece by electroerosion, substantially as

30 hereinbefore described with feference to, and as

' illustrated by, any single figure or group of

associated figures of the accompanying drawings.

43, A workpiece having a cavity formed therein
by a method according to any one of the Claims 1 to
35 20, 41 and 42, or by means of an apparatus according

to any one of the Claims 21 to 40.



