APPARATUS AND METHOD FOR HYBRI D MACHI NI NG A CONTOURED, THI N- WALLED
WORKPI ECE BACKGROUND [ 00011The i nvention rel ates eneral Icz to machi ni ng of
an advanced nat ehPRARAZRD ANDYMEGHQP OR BRI g a contoured

wor kpi ece wi th thin aelNSTOSRED, AETTHWALTIED Iw(ofu@ngaﬁ t ur bi ne engi ne.
100021Cont oured netal parts with thinwalls are often difficult and costly
to machine. Cost is increased when the parts are nmade from specialized

al | oys, BAGKWREUND ani um al l oys and the like. Such parts often cannot be
accurately cast w thout needing sone final finish machining operation.
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t he worzkpg dsabla taprovidghinndtepas se mﬁimdnhmtgaddmwatcummgtmmﬁnn&hmmm&n al is
removed, £f:0 %Tb&sp (%/_\@Eg.lh ce at a relatively high rate using a hi gh-speed
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el ectro-er rocess when the power supply provides a first
differential electrical potential and the coolant circulates at a first

fl ow r aBRIENDEQCRIPEIONr essure; and noving the cutter relative to the

wor kpi ece to renove material fromthe morkpiece in a finish pass machi ni ng

operati whi ch nateri renpve rom t he k ie ci sion
el ect roﬁ’gp‘%’ﬂdl ng (BB n%r%césﬁrs\%haesﬁe %Smér pgoupp Q g p%yge ond
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| ess than 4 ) & % ccor ngtoasecon ere is
provi degPodanieihpisictyeey Bie goolant containing one or more additives or Increasing
electrical discharge between the workpiece and the cutter; positioning the workpiece
relative to the cutter at a predetermined depth of cut; moving the cutter relative to the
workpiece to remove material from the workpiece in a roughing pass machining
operation in which material is removed from the workpiece at a relatively high rate using
a high-speed electro-erosion (HSEE) process when the power supply provides a first
differential electrical potential and the coolant circulates at a first flow rate and a first
pressure; and moving the cutter relative to the workpiece to remove material from the
workpiece in a finish pass machining operation in which material is removed from the
workpiece using precision electro-grinding (PEG) process when the power supply
provides a second differential electrical potential and the coolant circulates at a second
flow rate and a second pressure, wherein the first pressure is in a range between about
100 psi to about 400 psi, and wherein the second pressure is less than about 200 psi.
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machi ni ng a workpi ece, conprising the steps of: rotating a cutter nade of
an electrically conductive material and having a non-conductive abrasive
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potential and the coolant circul atesjgt a second flow rate and a second
pressure. 100041Herein disclosed is a nethod of hybrid machining a
wor kpi ece, conprising the steps of: rotating a cutter, the
cutter made of an electrically conductive material and having a

non- conductive abrasive nmaterial; electrically powering a workpi ece nade of
a titaniumalloy and the cutter;




circulating a cool ant therebetween, the cool ant containing one or nore
additives for increasing plasm di scharge between the workpi ece and the
cutter;[0pa3i ti oniBgeflyhan whickpineckinie @iphtaeust for bﬂmd:m’rabiﬁmngta worhpedet er m ned
dept h of cut ; the.cutter r | ative iece to
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el ectro-gri ndi ng( PEG ess t he power supply provides a second
differéﬁgﬁﬁf”%ﬂgﬁ¥?PE%#% f%ﬁ?@?ﬁﬁygﬂ@ the coolant circulates at a second

flowrate and a second pressure. [0005]Also disclosed is a nmethod of
hybri d machi ni ng a wor kpi ece, conprising the steps of:

rotating a cutter nade of an electrically conductive material and having a
non- conductive abrasive material; electrically powering a turbine blade and
the cutter; circulating a cool ant between the turbine bl ade
and the cutter, the coolant containing one or nore additives for increasing
el ectrical discharge between the turbine blade and the cutter; positioning
the turbine blade relative to the cutter at a first predeterm ned
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depth of cut; noving the cutter relative to the turbine bl ade
in a roughi ng pass machining operation in which material is renoved from
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t ur bi n&labh'%dﬁtoni-cfbndﬁﬁomdﬁm&emitmﬂn enmbodi ment of the invention.

[0008]FIG 2 is a ective view a tu e.hbl.ade nuf.act ured usi ng
Lhe hybr i d nachi fagiy gowenk o SeBhied bttt AR M B R ent  on.

circulating a coolant therebetween, the coolant containing one or more
additives for increasing plasma discharge between the workpiece and the cutter;

positioning the workpiece relative to the cutter at a predetermined depth of
cut;

moving the cutter relative to the workpiece to remove material from the
workpiece in a roughing pass machining operation in which material is removed from the
workpiece at a relatively high rate using a high-speed electro-erosion (HSEE) process
when the power supply provides a first differential electrical potential and the coolant

circulates at a first flow rate and a first pressure; and

moving the cutter relative to the workpiece to remove material from the
workpiece in a finish pass machinirig operation in which material is removed from the
workpiece at a relatively low rate using a precision electro-grinding(PEG) process when
the power supply provides a second differential electrical potential and the coolant

circulates at a second flow rate and a second pressure.



[0009]FIG 3 is a cross-sectional view of the turbine blade taken al ong
line 3- 3 of FIG 2. [O0010]FIG 4 is a black and white photom crograph of
an i nt go0@s] sect iAo discidied tsur hictiedhifaderid indehiding?a afdtlesietts cagptisisg net hod
of the jnvention. 10011]FIG 5 is a black and white photom crograph of the
granul dfCS8€PU ure of the interior section of the turbine blade of FIG 4.
DETAI LED DESCRI Phbfin Q0L2ERekes of ag eleotrichity dsmioctigsmaheinbami haemt 4 cal
reference nuneral s, denote the sanme el enents throughout the various views,
FIG | 399 P‘éﬁ@?bﬁ?ﬁwglné%‘?l?agmchi ni ng apparatus or a hybrid nmachine 10

that is configured for both roughing pass machi ning and finish machi ni ng of
a wor kpi ece 50, pasdticililyaokeriagaonberbddicwndkip @ter;w th thin walls.
[ 0013] The hybrid machine 10 i s capabl e of using both an enhanced hi gh-

speed el ectro-erosion..(HSEE ess. an n hanced..preci si,on
ol ectro-or ndi ng ceeRinpAcobeB! SRR AR AR RREHE SR e i o
t her mal coabli@hg ong omamhandditl esafor asirenningahettrddad dischae beivaden dhessswbint | on

processes result, the hybrid machine 10 is capabl e of producing
Sfese i Be &

differ “9ni shes and netal renoval rates depending on the rate

(flow and pressure) of electrolyte flushing, machine feed speed, tooling
mat eri al , and t hepdditiohergetht itabinelBateriedle pothentited atefine predetieenimndde and

cat hOdedepth of cut;

moving the cutter relative to the turbine blade in a roughing pass
machining operation in which material is removed from the turbine blade at a relatively
high rate using a high-speed electro-erosion (HSEE) process when the power supply
provides a first differential electrical potential and the coolant circulates at a first flow

rate and a first pressure; and

moving the cutter relative to the turbine blade in a finish pass machining
operation in which material is removed from the turbine blade at a relatively low rate
using a precision electro-grinding (PEG) process when the power supply provides a
second differential electrical potential and the coolant circulates at a second flow rate and

a second pressure.

DRAWINGS

[0006] These and other features, aspects, and advantages of the present invention
will become better understood when the following detailed description is read with
reference to the accompanying drawings in which like characters represent like parts

throughout the drawings, wherein:



WO 2009/ 011985PCT/ US2008/ 065866 100141Duri ng roughi ng pass machi ni ng, netal
removal rates on the order of cubic inches per mnute are possible with
relatively high differential electrical potentials and high electrolyte

fl ushi ng woesmwrssand flows. In this first cutting re@CRAS2KEsSAECHI ni ng
process is dom nated by el ectrochem cal discharges that produce the high
nmetal renoval rate. During finish pass nmachining, netal renoval rates are
relatively lowwith relatively low differential electrical potentials and
|l ow el ectrolyte flushing pressure and flows. In this second cutting regine,
the machi ni fﬂﬁoﬁroce%%' $ 1 0PmakRY r}?é’scr%tﬁ)ﬁtorfgz?Ql@éﬂo%[hlﬁzﬁégﬁ LA and
periodic |ight surface abrasion % ~machi ne i s capabl e of
produci ng t%bhﬂﬁﬂﬂé%%ﬁﬂiGUW@$%@“¥é@$ﬁé§*PﬁﬂF1&%@ ﬁéﬁﬁﬁ@ﬁ?%ﬁ@?aﬁseful in
machi ni ng astfinelrkdnvei@lil cate structure nore rapidly than conventiona
processes, while saving noney on tooling hy elimnating the need for

precision c ng of _the.thin-walled el i cat e.. 1001511 n gener al
the hybrid ﬁg@#lne %k}%&ﬁﬂﬁ@?ﬂﬁwguﬁﬁégﬁﬁhﬁn%ﬁdfﬁnmmhm“m Fef* 15 upon which
t he wor kpi eipéridatiSnesgEUE. eliyaconimice dvitnchegop pOtht ederther ewi t h.  An annul ar
cutting wheel or cutter 14 is fixedly nounted on a rotary shaft or arbor 16
for rotati Oﬁpéger ew 1'&% durd NG QRBLAL LR of Ac Thihd 518l 1fkeR@loh AGE.18 i S
suitably co ured for supporting the arbor 16 and the cufter 14 and

provi des dr#¢ifig freans for nmoving the rotating cutter 14 relative to the
wor kpi ece 50 al ong the horizontal axis, A during operation. Both the
carriage 18jany the mmmdﬁeibmniﬁﬁ\@ﬁ@qm&mﬁWnkn@hefmpekabiv&hmcﬁoined to a

digitally pr er |f|caIIy configured in
sui tabl e sof't aﬂquﬁ%#Gégﬁ??éﬁ?‘%ﬁb ?Imﬂ eP%]?%@m% ‘the el ectromachi ning

apparatus or hybrid machine 10. In an exenplary enbodi nent, the |inear
speed of th#otdt at i nfCe htig epladiqankigvliitn pheiemiceageh pEbhsEA AFUEUS | nches per
mnute to ahgidinRfedBGREST MERiRdB L or B nOre preferably in the range from
about 15 inches per mnute to about 20 inches per mnute. It will be
appreciated that the invention is not limted by the |inear speed of the
rotating cutter, and that the rate of material renoval fromthe workpiece
may be HBX|DE23dﬁﬂMmE%BHBEMDGV|ng a correspondi ngly rough surface finish
for the machi ned workpi ece. 100161Multi-axis machine tools or CNC nachi ne
tools are commonly avail able and may be nodified for introducing the
desired |ing@gganoti Oﬁef&funtr Iﬂjethé &%@lﬂgﬂ@h&bﬁhﬁ&hﬁ&aﬂr&&lrﬁé hieerdi0ddnbe wor kpi ece
50. For exanp Ie t he hybrl machi ne 10 r 3-5 axis CNC
machi ne of gmt§$%3W$Vkandmﬁu$ﬁu&H% aW?mmﬂqu ﬁR% ﬁ@?ﬂﬁ? ec® 50 is held
stationary aisctﬂyhﬁc}ﬁlﬁﬁ@hpm&uﬁu&rt erhyﬂAd InGcisid uabhey ievetlurdl @Bt ibue t her et 0,

t he morkplece annve tlveiéo themﬁutter

100171l n an"®g Wbpﬁ ﬁmgﬁﬁgﬁﬁﬁgﬁ%mfﬂﬂe CUEt 33 §°aaed o an electrlcally

contoured workpiece with thin walls.

[0013] The hybrid machine 10 is capable of using both an enhanced high-
speed electro-erosion (HSEE) process and an enhanced precision electro-grinding
(PEG) process in which a hybrid machine 10 uses rapid thermal ablation, mechanical
abrasion, and electrochemical dissolution processes. As a result, the hybrid machine
10 18 capable of producing different surface finishes and metal removal rates
depending on the rate (flow and pressure) of electrolyte flushing, machine feed speed,
tooling material, and the differential electrical potential between the anode and

cathode.



conductive material, such as copper, with a non-conductive abrasive

mat erial, such as alum na, ceramc, dianond, and the |i ke, honobgeneously
di spersed therein. Alternatively, the abrasive naterial nay coat the outer
surface oWotke/wonsducti ve material. The grit range of mhaiscemssnessssld is in
the range from about 60 grit to about 340 grit, and nore preferably in the
range from about 80 grit to about 200 grit, and nost preferably about 100
grit. 100181A suitable power supply 22, either DC constant or DC pul sed,
provi des neans for powering or providing electrical power to the workpiece

50 and the @HH €1 LAnga rBleﬂ;%%@s%&ﬂmulhﬁeﬁf I%&Bé?dl Gl o‘ﬁ%\ﬁ&dé‘{)‘?m y 22

includes a first negative (-) el ectricall oi ned the cutter 14 in
any suit abl @Ditaiaks pesu@nutasﬂmwﬁéﬁllmﬂth rgkafiyehy | w@ dlﬁ@f@l&@h@mw@a an

el ectri cal |;¥ot&1@91§’%& G ALROfvte ﬁus%ﬁﬁ%é&qﬁ@%h& i 6s.( -1h)thik &Rd c%'ti@xgt rically
joins the power sup El 22 to the workpi ece 50 in any suitable manner, such

A
as by usi ng/&H6t Msr MEFIRE PERGESHI 't Hioﬁ’i‘i“@fieté’t F]F‘E‘éPF}i‘eQ“%ﬁl&fﬁ}&ﬁVﬁgt ar?andrel or
by direct agbagh Iﬂ&ﬂhgﬁ Aethinemwed kit egemioﬁnu{im&&admufguhicar rehbvdlS power ed as

a cat hode ( and rkpiece S red as .an ano ), in the hybrid
ol oot romac e A BrBELLE BUb Rty 15 BERGRS Rurt oPBRU £ B0t ent i o
therebetmeeﬂanﬂmmsmﬂhmgﬁmﬁnmmaﬂﬂeWeChHMQakomhmemgh@@n@ﬁﬁMﬁemane cutter 14

and the wor k%ce? 1% P?namgi%c%bv SecﬂEéh%ch\éF%%mm#gﬂg 801 ;o%m hg Slud"l b é\glfi%lg t rically

er odi ng materia erenti al
el ectri cal EbﬁeﬁtmwmuﬁmmmmglﬂcugmwﬁgOpagdmmaahwnhﬁgadunmngﬁ%hgﬂf|rst

cutting O TN RO Ych 1Y Bl s BB G ARSI BLADL Y ARAM, 14 vOl ts.

On the other erentl a ectric otenti a uring finish
machi ni ng dﬁwmﬁ@wﬂﬁ@ﬁ%@éﬁﬁﬁﬁcwh$rﬁﬁﬂgé@ﬂ%@NW@VﬂﬁéWﬁéWHPFMEﬁyn@@mer for

exanmpl e, befPW-abontasdf) M eltusin WAL, adiGe sdcapDot h surface on the workpi ece
50, particularly when producing a smooth finish on the thin walls of the

wor kpi ece 5 VO 20 9/011 85PCT/ US20Q8/ 0 100201l n e to maxinze
mat eri al ﬁ%yﬂ “?%‘1f?ﬁﬁﬁﬁﬁ g?m’ﬁ§ ‘ﬁ@ﬁbﬁfP@P“i% #ﬁé be made as
w de as praﬁmmﬁalEIGmeﬁﬁmb&&Sv&ﬂﬁhmﬂ@Otﬂ sk meuntddeandeagpéraxi addi ti ona

passes of MRLELIAI oL SIRKAL, L AMLNS WQ@@-W;&%%@P YouEERH 110 g e cutter

14 illustra ormo
or a:b(}r 16 for rotation therewith during operation. A multi-axis carriage I8 is

suitably configured for supporting the arbor 16 and the cutter 14 and provides driving
means for moving the rotating cutter 14 relative 1o the workpiece 50 along the
horizontal axis, A, daring operation. Both the carriage 18 and the mandrel motor (not
shown) are operatively joined to a digitally programmable controller 2¢ that is
specifically configured in suitable software for controlling all operation of the
electromachining apparatus or hybrid machine 10, In an exemplary embodiment, the
linear speed of the rotating cutter 14 is in the range between about 3 inches per minute
t0 about 50 inches per minute, and more preferably in the range from about 15 inches
per minute to about 20 inches per minute. It will be appreciated that the invention is
not imited by the linear speed of the rotating cutter, and that the rate of material
removal from the workpiece may be maximized, while achieving a correspondingly

rough surface fimish for the machined workpiece,

{001 0] Multi-axis machine tools or CNC machine tools are commonly

avatiable and may be modified for mtroducing the desired linear motion of the

rotating cutter 14 relative to the workpiece 50. For example, the hybrid machine 10
ﬂ'



[ 0021] During the hybrid el ectronmachi ni ng process, considerable heat is
generated by the electrical erosion, and the cutter 14 may be rotated at a
sui tabl e speed by a correspondi ng notor (not shown) contained in the

" carriage W8 f@01Westri buti ng the heat |oad around the Ppe&liSHeb/BS8Gt t he
cutter 14 during operation. To mnimze heat buil dup, a cool ant supply 24
i ncl udes a di scharge nozzle 28 that provides a neans for discharging a
cutting fluid or liquid coolant 26 at the cutting interface between the
cutter 14 and the workpi ece 50 during operation. In an exenplary

enbodi ment , p{NenEAQ! ANE 2 40CKNE rRKRSE att%%nq{oaﬁ nnma & eAaZi&ugmlc di rect ed
into the gap between the rotating cutter 14 and eP\quﬁgﬁ e. 50 at a
I

desired preSElpErsalds PPGWAHARRE. 25T FE-HIEIHGe 1*uf 3‘”@ 358 per f or s

t he additi omakto! Bsksikphcd dousdyiang belahxubis nbrarkie witktitg 14.nt er f ace, while
cooling both the workpiece 50 and the cutter 14. [0022] During hi gh netal
renmoval rat the first [ ne of the
cool ant 26 ﬁspﬁelat|%éwEXW%H%%ggg%%%%gﬁggC&%?gaﬁﬁﬁ&gqﬁgyﬁgﬁﬁ#ﬁge ly | ow

met al r enovahductivematrialvechsa copndr. Guth i nag-celyttve ﬁblﬁ%\’e B3 PISECh s he pressure
may be in tﬁ&u‘hé”%@m‘&@ V}ﬁﬁﬁbﬂﬁb%ﬂé I%QOMQS'hotrngéhQQlHiy 41@&615&1' gfpgh the flow
rate may between about’ 5 gpmto about 50 gpmduring e first cutting

regi me. On flwsnasivpisr thh 2hdsVIORICHY D Cco% it ?WIWTfPCGV\‘/’fn%% spudpeigval rate of

the second guthdiNGnE G AR of iR o@ft@sauafﬁztﬁ@ycu@@ﬁbﬁiﬁmi heRrialdabtu 200 psi and
the flow rate may between_about 5 gpm and abo will be

appr eci at ed34%hEtt Ctnﬁé“oﬁ? pesmPl Ay IF‘F?S\FOST aktoﬁ‘éyoc%f(‘fli‘é%m‘ﬁ%@oﬁﬁaﬁ& both the
first and sgeopefgittdbog weglines depends on the direction at which the

cool ant 26 inpacts the morquiece 50. As will be appreciated, force exerted
by the cool 26 on r [ When .t Lgetion of the
cool ant 26 ﬁ@i%erpenél b O&QSE e sdrpgégcg%ﬁgr% wor K B?gégbég wher eas the
force exertedanlsyfm‘tme’elm@dh @rﬂVle& dlestricelgwwghteriht Werkplcged®tand hegttitthe cool ant
26 is not perpendi culal 9. LRGSUEHAE Surdl h@m\f@tm@g Q-1 140

2(109/ 011985P LREREBHAR g sy %3 Fuflh 2 et the cutting
fluid or codparrelip@ined it & agted m@FYWﬁW@E§ﬁ§F%ﬁW@@“@Yuﬁﬁ%%ﬁmﬁﬁﬁns f or

i ncreasi ng LhenLapdy clokMbdry c@xﬁdu&tlﬁﬁ £OB| anfecdfa. pokiate €% ¥MPeRewitde cool ant 26
may contain_ a halide salt, ke sodi um br oni de n acid, a base and the

like. (In oi’i’é“é%%‘m’%&‘ﬁw%@ B0 SPHRIECDE Hob at Ol BEE: $150h, y weight of
sodi um br om,ge; taﬁbti;d‘lcﬂl@aﬁlec twhe @ apemcdiysehaigeg (Bandieng)r betdean t he

wor kpi ece 50 and the cut (136; 1 will think of a way to nodify this
sentence. ) PEchpenfiythewon f"ie ing that the conductivity of the electrolyte
is also inportant for the second cutting reginme dom nated by

el ectrocheni®a®] act i Bh?c@ondbict pwiasd of « thleods ot il gve verkpiseeeq ipor t ant f or
the el ect rOﬁ&%‘édCQJ of, SRGK! an | iRNA: mmtaaaleéfro%@iﬁmn@tplda@s@e@sf%dulca/ sai de the

pl asma di scharges. For exanple, the cool ant 26 contaj n about 5. 4% by

wei ght of séﬁﬁewmlﬁﬁreéﬂ?ilﬁé Wﬁﬁédlc@@%ﬁﬁ‘i’ee% ﬂﬁydﬁfe§ét‘%cﬁ]’?f"éicﬂ ROSRp

condi ti oner pagint fhY @uiPNG LB HOWELPRE 50 B} b@gam@y 1@@1@; tt@erabﬂdkfe However ,
it will be appreciated that thelnventlon .S not Ii b addi tives

in the cool &RTTICAINEacHE M §aMttapMaTeEeT aht i BB Cu ‘861 f%(eﬁ%?‘a Il inprove
pl asma di schasges pbi@&&gh{llﬂwS@ﬂ@l@n@l@dmﬁaﬂhﬁﬁ chi;:h@ wutitsi agizoneinef t he

wor kpi ece 50 ma i mersed.in t he co i de superi or
heat d|SS|p3PY6‘méE% ﬁ&ﬂ%rﬁﬁ%GP p?ﬁ@mEH#GW14 {flﬁa %oﬂﬁmﬁ%%Pgoolant

avai |l abl e. Bﬁmﬁmﬁﬂommmkhupm@mhmmmmgnﬁwmon&mmhg:h&mpvmd«mechmumN%en t he
cutting zone_is ey sed hi ed with or
wi t hout add®"6h g?yglfg%\ ?Wﬁsﬁpnxm%ﬁ' ﬂﬂ&@ F%?ggqggﬁgy%%$FE§'nozzle 28.
[ 0025] The hybedtd surfichimiée mﬂ@acp ﬁhpm@dhrbfowlfeo pradecing denapdy judshonof

cont our ed, [ ferring nowto FIGS. 2 and 3, the hybrid
machi ne 10 %%ﬁﬁbgﬁﬁiiékéﬁéﬁﬁﬁﬁgﬁple to forma turbine bl ade, shown
generally at 100. To formthe turbine blade 100, the workpiece 50, such as
a turbine blank, is attached to the nandrel 12 of the hybrid apparatus 10.
The workpi ece 50 is positioned relative to the cutter 14 to produce a
desired depth of cut. The workpiece 50 and the cutter 14 are electrically
powered by the power supply, and the coolant 26 is circul ated therebetween.



[ 0026] Then, the rotating cutter 14 is then noved relative to electrically
erode or machi ne the workpi ece 50 to perform a roughi ng pass nachi ni ng
operation using the enhanced hi gh-speed el ectro-erosion (HSEE) process in
" whi ch a oMY/ oRE8hi ne 10 uses thermal, mechani cal abP&SUSHI8BERS

el ectrochem cal dissolution processes to formthe general profile of the
tur bi ne bl ade 100. The general profile of the turbine blade 100 conprises
exterior surfaces 102a, 102b, interior surfaces 104a, 104b, an exterior
nose or Ieading nmetal edge 106a, an interior surface 106b that has a

radi us, 116910 1 bl endiyNGad he i@k | BAerBY FhRCH%y 104 otarth@4brer andint aper ed ends
108, 110. The interior surfaces 104a, 104b are separated b gaV|ty 112

t her ebet weeter| I BHMAIE &t VUE B ENED dPrBRPaSs CiEn Wﬁﬂ?ﬁﬁ“ﬁ%%&ﬁ 100 has a

t hi ckness, {Ff addafoniigianween ahatst réhodf Irdnnebesriipicab@utaddodfiglyi iehes (about

0.051 mmto aboyt at. the. end 0 Fbmever the tapered ends
108, 110 nﬁ?“ﬁéﬂdﬁﬂFﬁﬂgﬁgﬁ%}d‘61€3@ﬂ%ﬁ % gb in thickness. The

t hi ckness, T2, between the exterior and interior surfaces 102a, 104a and
102b, 104b [821bet weehuitsott lob2d daguiresshinmeapocass. 0co8gder#khdsat (iAbout 0.5 cm
to about 1. gezcr&eaa by [ﬂQAO&ZcLA:%l PBOLl, aRetheakave; 4 InQF bf %{glsu Rg: RAGSIc Mchi ni ng

operation provides a first cutting regi ne of hybrid machine 10 i n which
t he machi ni Wecdpbd EesB RO H¥L e ObﬁK@Wéé?P%@ﬁ%ﬁi@&I“ﬂ%@éﬁér&%s t hat

produce hi ghisiigkal - dréth € thelRritnBeSotfthd &liteCUL &dﬂﬂg oﬁ&iﬁioﬁe Tot he
differential electrical potential between thedhﬁt er q 2 ge wor kpi ece
préd

50 is 10 vo@?@n%?hﬁﬁdﬁéﬁm Prodiadi TPa, <4 KEufe Fg?”“ Hre of the
cool ant 26 j§vilidd o Meank Mgﬂscb&@we I&utab@ lﬂtndlﬁorqmﬂlcob entaloorthe4@0inpsi and t he

flowrate out pm . dhe di st ance of the gap
bet ween t he'” %ﬁqFlwuffn R “Fﬁéig e“@ngﬁ %g@&ﬁ SEE8Y i s dependent upon
t he deS|reda@masnaxﬁmsmhar@ec&mmkﬂsﬁammpﬂgynmgdmthemkﬁ%em®ﬁu®hé grit

particl es Oﬁm §%a% %Se'ea’%mé%ﬂﬁx%&ité@iéﬂ%t@%%ln@ée %fatw%r%g%&ﬁ%“ For

exanpl e, 10 rasi ve partic have a di anmster o 005 inches
(0.0127 cen@ﬁn%@enme ﬂﬁﬁamﬁ@xéNWIaryMéwbé@mm@ﬂm~mmémmﬁgﬂdm&§Qﬂ the gap is

inther angﬁuq%gxﬁ‘é&g\ﬁﬂ AROUL Hrid0 %t&ﬂc&o 389 c&&ﬁ&%&h(&c QdRfiode0500,,32286

centineter) After the genera profile of the turbine blade 100 is
formed usi ngetHer f4rst cutting regime, the rotating cutter 14 is then noved
relative to electrically erode or machi ne the workpiece 50 to performa
finish paSS(mnghininguﬂﬂgﬁathM¢uﬁﬂ@ga&memeﬂhanm@@;mpﬁehﬁjﬁWWami

el ectro-grindin rocess. i.n. whi nNAc es both
roohant gl | BRSO cana P hRE S sk eE R Sl il o IRE Heudauiine
2009/0119855@%&&5&&&6@#ﬁﬁﬁﬁﬁﬁm@amﬁayAgmneﬁmumﬂmdeahqv&&uth@yﬁﬂm1sh pass
machi ni ng oper ai;[glc 3L Xﬂo%?%ﬂ(ﬁ%ﬁ?oc%gt 26{{ J N8 Ei%%ogem%fmg ﬁt@é@ﬁ“ d machi ne

10 in whi ch 't Re &ac I'Nl Ng process I's domi at ed y el ect em cal reactions
and peri odi @,bOIui flgpm o rbac €0 abmakiion the| frsttditine seond Caube Phey redi me, t he

differenti a%hﬁ %tiélb&v%lly 9\95{%@1 %ﬂov@%ﬁy\@@tﬁ% LeB&GaChiihSlecibtt, @0FrLHR Wor kpi ece

50 is less vol ts dition low rate and pressure of the
cool ant 26 ey P@@@ *EMﬁOIéB@%PSl gyl W%‘h@“‘fﬂ%\ﬁ’(}“&% & Al Between about 5

gpm t o aboukg 36 IRMill be appreciated that the pressure and fiow of the coolant 26 during
both the first and second cutting regimes depends on the direction at which the
coolant 26 impacts the workpiece 50. As will be appreciated, force exerted by the
coolant 26 on the workpiece 50 is greater when the direction of the coolant 26 is
perpendicular to the surface of the workpiece 50, whereas the force exerted by the
coolant 26 is less when the direction of the coolant 26 is not perpendicular to the

surface of the workpiece 50.



[MJIn the finish pass machi ning operation, the general profile of the
turbi ne blade 100 is machined to formthe finished surfaces of the finished
turbi ne bl ade 100. The use of the finish pass machining operation of the
second cwvoiReg/osiokene el i m nates and/ or reduces the n@CHUSHIOS/HEEE si on
casting, which is a very costly conponent in producing parts conposed

mai nly of thin-walled structures. [0031] A series of tests were conducted on
a titaniumpart to study the effects of various operating paraneters on the
results produced by using first and second cutting regines of the hybrid

machi ne 10.,dfi¢ Opergt,, régela%@@ﬁs&ﬁrﬁera had cmgen@& Hdiggnd 23cloudad the Iinear
speed (|nches per n1nute) he current (anperes), the concentration of

sodlun1broﬁméélGﬂﬁBKW“Wﬁ‘@Hém%é@WéﬁPlWﬂéﬁﬁﬁﬂh%@ﬁﬁﬁﬁW¥yaﬁﬁﬂfﬁéw§lze of the

heat affected mpagnfpid d: &&1&9@%&%&@%%%&@3&1 1ludels6@tuarb5c)mldcT he results of

the studies are given_ in Tahle | I HAZ
i pm A actd, dbd%e and the like. (In gnc €I %dl?nvt\alm Blart L) § 4l %out %UEd’/ent NaBr

e coolant contd1

by weight of sodium bromide to increase the plasma discharge (arcing) between the
workpiece 50 and the cutter 14.1 will think of a way to modify this sentence.) Is it
worth mentioning that the conductivity of the electrolyte is also important for the
second cutting regime dominated by electrochemical action? Conductivity of the
solution s more tmportant for the electrochemical reaction and probably does not
necessarily aide the plasma discharges. For example, the coolant 26 may contain about
5.4% by weight of sodium bromide. The coolant 26 may also contain a pump
conditioner additive, one or more anti-rust agents, and the like. However, it will be

appreciated that the invention is not limited by the additives in the coolant, and that

any suitable coolant may be used that will improve plasma discharge.

10024} In some embodiments, the cutting zone of the workpiece 50 may be
fully immersed into the coolant 26 t0 provide superior heat dissipation and help
ensure the entire cutting zone has coolant available. Immersion will contain and cool
the ramoved debris. When the cutiing zone is fully immersed, the machining process
may be used with or without additional directed flushing of the cutting zone by the

nozzle 28.

[0025] The hybrid machine 10 can be used to form a wide variety of
contoured, thin-walled parts. Referring now to FIGS. 2 and 3, the hybrid machine 10
can be used, for example, to form a turbine blade, shown generally at 100. To form
the turbine blade 100, the workpiece 50, such as a turbine blank, is attached to the
mandrel 12 of the hybrid apparatus 10. The workpiece 50 is positioned relative to the
cutter 14 to produce a desired depth of cut. The workpiece 50 and the cutter 14 are
electrically powered by the power supply, and the coolant 26 is circulated

therebetween.

[0026] Then, the rotating cutter 14 is then moved relative o electrically erode

or machine the workpiece 50 to perform a roughing pass machining operation using

8
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the enhanced high-speed electro-erosion (HSEE) process in which a hybrid machine
10 uses thermal, mechanical abrasion, and electrochemical dissolution processes to
form the general profile of the turbine blade 100. The general profile of the furbine
blade 100 comprises exterior surfaces 102a, 102b, mterior surfaces 104a, 104b, an
exterior nose or leading metal edge 1062, an nterior surface 106b that has a radius, R,
for blending the interior surfaces 104a, 104b, and tapered ends 108, 114, The interior
surfaces 104a, 104b arc separated by a cavity 112 therebetween. In the iliustrated
embodiment; the turbine blade 100 has a thickness, T1, of between about 0.002 inches
1o about 0,003 inches (about 0.051 mm to about 4.076 mm) at the ends 108, 110,
However, the tapered ends 108, 110 may be up te about 0.010 inches (0.25 mm) in
thickness. The thickness, T2, between the exierior and mterior surfaces 102a, 104a
and 102b, 104b is between about §.20 mches to about (.50 inches (about 0.5 cm to
about 1.27 cm).

0027] As mentioned above, the roughing pass machining operation provides
a first cutting regime of the hybrid machine 10 i which the machining process is
dommated by electrochemical discharges that produce high metall removal rate. In
this first cutting regime, the differential elecirical potential between the cutter 14 and
the worlpiece 50 15 10 volts or higher. In addition, the flow rate and pressure of the
coolant 26 1s in the range between about 100 psi to about 406 psi and the flow rate
may between about 5 gpin to about 50 gpm. The distance of the gap between the
cutter 14 and the surface of the workpiece 50 is dependent upon the desired plasma
discharge field (arcing) and the size of the grit particles of the abrasive non-
conducting material of the cutter 14. For example, 100 grit abrasive particles have a
diameter of about 0.005 mches (0.0127 centimeter). In an exemplary embodiment,
the distance of the gap is in the range between about 0.005 to 0.009 inches (0.0127 to

0.02286 centimeter).

[0028] After the general profile of the turbine biade 100 is formed using the
first cutiing regime, the rotating cutter 14 is then moved relative to electrically erode
or machine the workpiece 50 to perform a finish pass machining operation using the
enhanced precision clectro-grinding (PEG) process in which a hybrid machine 10 uses
heth mechanical abrasion and electrochemical dissolution processes.

9
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[0029] As mentioned above, the finish pass machining operation provides a
second cutting regime of the hybrid machine 10 in which the machining process is
dominated by electrochemical reactions and periodic Light surface abrasion. In this
second cutting regime, the differential electrical potential between the cutter 14 and
the workpiece 50 is less than 10 volts. In addition, the flow rate and pressure of the
coolant 26 is less than about 200 pst and the flow rate may between about 5 gpm to

about 50 gpm.

[6G30] In the finish pass machining operation, the general profile of the
turbine blads 100 is machined to form the finished surfaces of the finished turbine
bilade 10C. The use of the finish pass machining operation of the second cutting
scheme eliminates and/or reduces the need for precision casting, which is a very

costly component in producing parts composed mainly of thin-walled structures,

6031] A series of fests were conducted on a titanium part to study the effects
of various operating parameters on the results produced by using first and second
cutting regimes of the hybrid machine 10. The operating parametiers that were
studied included the linear speed (inches per mipute), the current (amperes), the
concentration of sodium bromide (NaBr) in the coolant (weight percent) and the size
of the heat affected zone (HAZ) (thousands of an inchmiliimeters). The results of the

studies are given in Table I below.

part linear speed| current Nabr HAZ

ipm A % mil
17 25 270 3.6 10
18 30 290 3.6 15
19 10 200 3.6 <5
23 30 290 5.4 15
24 20 260 5.4 10
25 10 200 54 10

[0032] Table 1. Effect of various parameters on the first and second

cutting regimes.

10



260 5.4 10 25 10 200 5.4 10 [0032] Table | . Effect of various paraneters on
the first and second cutting regines.

WO 2009/011985 PCT/US2008/065866

(0033} As given in Table 1, the use of both the high-speed electro-erosion
 (HSEE) process for roughing pass machining and the precision electro-grinding
(PEG) process for finish pass machining produced good results for a wide variety of
operating conditions. Speciﬁbally, the heat affected zone (HAZ) was an acceptable
0.015 inches or less in all test samples. In part 19, the HAZ was less than 0.005
inches in which the linear speed was 10 ipm (inches per minute), the applied potential
was 14 V, {the current is not an experimental variable that we control directly and
may not need mentioningjcurrent was 200 A, and the NaBr concentration was 3.6
weight percent. The HAZ was the largest at 0.015 inches when the linear speed was

the fastest at 30 ipm, even at various NaBr concentrations.

[(G34] EIGS. 4 and 5 show photomicrographs of part 25 in the vicinity of the
radiused, interior surface 106.  As shown in FIGS. 4 and 5, the use of both the high-
speed electro-erosion (HSEE) process for roughing pass machining and the precision

clectro-grinding (PEG) process for finish pass machining produced good results.

{0035] In summary, the first cutting regime that uses a high-speed electro-
erosion (HSEE) process by applying thermal, electro-erosion, and electrochemical
machining processes at a relatively high differential electrical potential and electrolyte
flushing rate provides for a combined, synergestic improvement in metal removal
rates as compared to conventional processes that only apply abrasion to remove the
oxide layer to promote electrochemical reaction rates. In addition, the second cutting
regime that uses precision electro-grinding (PEG) process by applying mild electro-
erosion, periodic abrasion, and electrochemical machining processes at a relatively
lower differential electrical potential and electrolyte flushing rate eliminates the need
for precision casting, which is a very costly component in producing parts that are

composed mainly of thin-walled structures.

[0036] Although the illustrated embodiments have been described with
reference to a turbine blade comprising titanium alloy, the invention is not limited 1o
machining a turbine blade, but rather may be used to machine a variety of workpieces
made of any metallic material that is currently machined by grinding, milling, murning,

and the ke, Some non-Hmiting examples of which the process of the invention could

11



WO 2009/ 011985PCT/ US2008/ 065866 [ 0033] As given in Table |I. the use of both
t he hi gh-speed el ectro-erosion (HSEE) process for roughi ng pass nachi ni ng
and the precision electro-grinding (PEG process for finish pass nachining
" produced gocdovEasigits for a wide variety of operati ng FEGH2ZEIBHFHEOE
Specifically, the heat affected zone (HAZ) was an acceptable 0.015 inches
or less in all test sanples. In part 19, the HAZ was | ess than 0.005 inches
in winch the linear speed was 10 i pm C nches per mnute), the applied
potential was 14 V. (the current is not an experinmental variable that we

control dirgCtkys @;ra:%amadngﬁmn%qnmm ia@fdrN ﬁl@iﬁfoﬁﬁttuﬁﬂ;& 200nAc and the
NaBr concentration was 3. percent. The HAZ was the | argest at 0. 015

i nches when*hefe MariHuay C%Tt?é’é%t‘\@sheﬁtﬁéd’lﬂafseﬁe?fd Bt iik%0 i pm even at vari ous
NaBr concentrations. [0034]FIGS. 4 and 5 show photom crographs of part 25
in the vici@osy of the: rvadicuseelipiint esds orxasplef acelistOf. thAsingdmoom in FIGS. 4
and 5, the { t S [ cess for
roughi ng paﬁ?uﬁgtﬁgﬁéﬂnmﬁﬁén%%gjﬁrgggg%ﬁﬁ%& 1@%1§?anﬁﬁg%“%%ga process
for finish pasls imeotimilig ppeoticedrgd de m‘@smntls defingOB6Rhrlasinmdry, the
first cuttipg Il%gld@%tﬁep%&adﬁgsthgt Bicghi Hl%ged si@fle%cfnr @ Rr O8N 4SEE) process
by applying thermal, electro-erosion, and el ectrochem cal nachini ng
processes a@ﬁamkéP&ﬁFV@PﬁiﬁﬁgﬁmﬁWf$@ﬁ%ﬁ9PéﬁméW@§%ﬁﬁbﬁ1mﬁ®ﬁ@ﬁﬁﬂﬁl and

el ectrol yt eqbhaehinAdior Rt &rBr Qth dRSidrANaua UMRi-NeGs, Sy Fek@asdiie | nprovenent
in metal renoval rates as conpared to conv nti onal rocgises that only

appl y abr asFBHEB! PEFHGE IS S dRuPsRpEnl dETErEHEe e FRERET cal
reaction rap@secihiisaddi tion, the second cutting reginme that uses precision
el ectro-grinding (PEG process by applying m|d el ectroerosion, periodic
abrasion, and el ectrochem cal machining processes at a relatively |ower
differential electrical potential and electrolyte flushing rate elim nates
the need for precision casting, which is a very costly conponent in
produci ng parts that are conposed mainly of thin-walled structures.

[ 0036] Al t hough the illustrated enbodi nents have been described with
reference to a turbine blade conprising titaniumalloy, the invention is
not limted to nmachining a turbine blade, but rather nay be used to nachi ne
a variety of worlcpieces nade of any netallic material that is currently
machi ned by grinding, mlling, turning, and the |like. Sonme non-limting
exanpl es of which the process of the invention could be used include

machi ning plating for arnor applications, turning to nake shafts, nachining
conponents for heat exchangers, and the like. [00371 This witten
description uses exanples to disclose the invention,

12



i ncludi ng the best node, and also to enable any person skilled in the art
to make_and use the invention. The patentable scope of the invention is
defi necpfb@‘IMﬁ"e clainms, and may include other exanples that occur to those
skilled in the art. Such other exanples are intended to be within the scope
of the clainms if they have structural elenments that do not differ fromthe
li t erall.l angdagehaf ofthybrid nachengor wofkpideeycamueisugehesapyal: ent struct ur al

el ements with insubstantial q{%f‘erenc sﬁérorp t henlgi teral. | anguages of the
claims. CLAIMS: WRURE aetifigy Msreufishmate aeinslpstHeplly SRorugivsatie agr?B‘fli si ng
the stepsiffa ndllHdhBS Aabrativchatedidle cutter made of an electrically
conductive material and having a non-conductive abrasive material;

el ectrically powedléattcadlvwomicping e evakpietdrndahe cwter wiithre povpoweppisuppl v:
circulating a cool.angait.t her ebgt vtvetﬁn bi he cotﬁ)ll ant, cont ining one or nore
additives for inctEHAUAG eFEUTi CHrOH SThal§ S BEFMSRIATHE (bt Rpi™s¥E and t he
cut t er ; ada@sick FQNhAGasi A1 V@F kN IdRCRarkE baticwe tHeOn drkficCdlididehe alittad; predet et m ned
depth of Cut; o moving the cutter relative to the workpiece to
renove material frasifioning tfhe popireess tilative fodhg kit apasedawaningd dgptBér at i on

i n whi ccht,materi al is renoved fromthe workpiece at a relatively high rate
usi ng a i gh-speed el ectro-erosi on (HSEE) process when the power supply
provides a first gbfibgreatawdr relaged (0 trl wehpot id@kertindt hbericlofbante
circulates at a first flowrate and a first pressure;  and

movi ng WHEPIGE ied rqughinginpes %c}tmiégwaﬁn%%%wgﬂ@hﬂf&ﬁwélww%ﬁom% the

wor kpi I I,ni I, 4 rati L4, WhJ i .S renoved
From t Rl st e A R s AR L Do S R A0 TRet et he
power swipql thepsoswdrdepply mecideda dirftf dfferhiiall eledtacd] rjotaitiapetdtitd aloland t he
cool ant _ci gq%%l ats%s 3.} a second_ flow rate émd a second pressure, wherein the
first presigsatpdustiloy gy HESHEENFSHS8E 100 psi to about 400 psi, and

wherei n the secongd,pmesaitRudrSclaBSs 1d BRwERBLe LDPeRSe makriaPebBifled
according to claim1, "wherein the first differential electrical potential

i s at owoikbp®Eee imldinishl fpassohichining dpevhiesreimwhivh setconidis dembesdefivinathe

el ectrical potential is.below about,. 10 s. 3. A.,nethod accordi to
cl a1 m ORERS: it @ SR Rpi SEEC s 5G] TP Tl PORS ATBThod
accor di figv{des &lsBbdRd1dirfeherifl dedifinl PotdhtihnaehefcobRe: BsRdABNEUL kédsad abr asi ve
material is fromabout 60 to about 340 grit.

flow rate and a second pressure, wherein the first pressure is in a range between about

100 psi to about 400 psi, and wherein the second pressure 1s less than about 200 psi.

2. A method according to claim 1, wherein the first differential electrical potential is
at or above about 10 volts, and wherein the second differential electrical potential is
below about 10 volts.

3. A method according to claim 1, wherein the workpiece comprises a turbine blade.

4. A method according to claim 1, wherein the grit range of the non-conductive

abrasive material is from about 60 to about 340 grit.
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5. A nethod according to claim1, wherein the nmeans for increasing

el ectrical djscharge cogﬁ{i§es one, Oor. nore additivss in the c?olanﬁ. 6. A

met hod Accordi RGPS FFACHESD FIREP - nVEHETOHE BiEA0FE RGPS FLEO i ses

sodi um REdAtA@ombprisdy JRID tbrOhddisiif (HB&RILMNg a wor kpi ece, conprising the
steps of: rotating a cutter made of an electrically conductive material and
havi ng a non-conductive abrasive material; electrically powering a turbine

bl ade d the cutter w th pagwer suppl v; .gi.rculating a

cool antd bet wadHoPRL FUPHIEob AL Sanersid Breree e dHFEnTREEs T ni ng
one or Jyanen BAgliieves for increasing electrical discharge between the

turbi ne blade and the cutter; positioning the turbine blade relative to the
cutter at a first predeterm ned depth of cut; novi ng t he

cutter felatjve. 40 ur bi ne. bl A b ‘ chi ni ng operation
e o A ekt §ph RG] Gl COMHIINONRERR BREM T 19 y high
rate using a hi ghrosiggd @ittecinade of as ekbtrichbEE)nducocesstanatand hevipower

supply provides. a first differential electrical potential and the cool ant
ci r cul atascopdugliveiabsasive|eRieidt e and a first pressure; and

moving the cutt ereﬁééﬂi@atﬂ }i)g)l\nteﬁné Q%n%ﬂ{egi-lf%’tgtb%ld?ﬁicdt{ér @ctiﬂ%iarl%l aégﬁﬁg?@mcm ni ng

operation in which nateri Is“renove t ur bi ne ng
preci si on el ect r ogrdututingg (oPB@ bgnecets twtteme blade podvdre @ittppltye prdaitdes a

second differential electrical potential ,and e coolant circul afes at a
second IGHRIPE QLS SR Ae @é@&ﬁﬂs %?é%fgiﬁsgl,g Wﬁé*ﬂ%?b ﬁwﬁ@g??’m%ﬁrtﬁ%&{?f’@ei sina
range bgtyesh #beuier100 psi to about 400 psi, and wherein the second

pressure I's |less than about 200 psi. 8. A nethod according to claim7,
wher ei n the fir stpeitibnsectadubinebladet rekatize ¢o the auttenntge fite prsleermbedt 5 gpm

to abouéepﬁgoigglrt?

moving the cutter relative to the turbine blade in a roughing pass
machining operation in which material is removed from the turbine blade at a relatively
high rate using a high-speed electro-erosion (HSEE) process when the power supply
provides a first differential elecirical potential and the coolant circulates at a first flow
rate and a first pressure; and

moving the cutter relative to the turbine blade in a finish pass machining
operation in which material is removed from the turbine blade using precision electro-
grinding (PEG) process when the power supply provides a second differential electrical
potential and the coolant circulates at a second flow rate and a second pressure, wherein
the first pressure is in a range between about 100 psi to about 400 psi, and wherein the

second pressure is less than about 200 psi.

g. A method according to claim 7, wherein the first and second flow rates are in a

range between about 5 gpm to about 50 gpm.
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9. A nmethod according to claim7, wherein the first differential electrical
potential is at or above about 10 volts, d rei.n the _second. ..

di f f er ént i al® 818 4ceAdESL SHAiRals w}@r%@rﬁ% T%QR/%?%?&? P9§RtiA ifrpt hod
accor di t . m.7 j arik Lange =GN [ abr asi ve
materi a g¥§9?5%%$§%dﬁ% iﬁ%aéﬁgﬁFgg% Egrlt.dﬁ%T%m%?E§9ﬁ§% c%g%%?%g to

cl ai m helwhelseit n0tvhigs.nmeans for increasing electrical discharge conprises
one or nore additives in the coolant. 12. A nethod according to claim 11,
wherein the one or nore additive conprises sodiumbrom de. 13. A nmethod of
hybrid ychi Qifgngd WP G, cIGRTP! kil TReost BRge A thé AbAlcbAdiaveut ter,
the cutter nade of an electrically conductivé matérial and having a

non- coredbuctvieveatatizlasfrom ahetied( @l aboed Btgritcal | y poweri ng a wor kpi ece and the
cutter with a power supply; circulating a cool ant therebetween, the cool ant
containing one or nore additives for increasing electrical discharge

bet weem it he WORlRIACEBATE A& Bl BN whBRE theORicafs FheinvRnkpk efauial ative to
the cutter at a predetei mned depth of cut, moving the cutter
rel at i viisdhargetrempoisispinecs niage pédibves indheesoodntf rom t he wor kpi ece in a
roughi ng pass machi ning operation in which material is renmoved fromthe

wor kpi ece at a relatively high rate using a high-speed el ectro-erosion
(HSEE) 1o ocegsnMhed athiedipgwercl&ppl,ywhéromi tiesone dr mste sidifier eoihprides
electrical potential and the coolant circulates at a first flowrate and a
first piodgsypomidnd noving the cutter relative to the

wor | cpiece to renove material fromthe workpiece in a finish pass nachini ng
operation in which material is renoved fromthe workpi ece using precision

el ect r otgri ndllintghddREQybHd aceimingerotidpéecposriprsinyphy stepovi: des a second
differential electrical potential and thF cool ant cirg econd

ulates at .a
flow rate and a SEEHRE afudes Hrecutighwads A ahelestriraly cnguanedrietal i r at es
are in]ﬁwﬁ%ﬂﬁ%rp&ﬁﬂﬁ&ﬂf Qb ARt 0 about 50 gpm 14. A net hod
t 3, i

according to claim1l erein the first pressure is in a range between
about 100 psi to dboutal4Qdwesing aaratkpiker widnhe hettgsedtndppresspple; i s | ess
than about 200 psci:ifculating a coolant therebetween, the coolant containing one or more
additives for increasing electrical discharge between the workpiece and the cutter;

positioning the workpiece relative to the cutter at a predetermined depth of
cut;

moving the cutter relative to the workpiece to remove material from the
workpiece in a roughing pass machining operation in which material is removed from the
workpiece at a relatively high rate using a high-speed electro-erosion (HSEE) process
when the power supply provides a first differential electrical potential and the coolant
circulates at a first flow rate and a first pressure; and

moving the cutter relative to the workpiece to remove material from the
workpiece in a finish pass machining operation in which material is removed from the
workpiece using precision electro-grinding (PEG) process when the power supply
provides a second differential electrical potential and the coolant circulates at a second

flow rate and a second pressure, wherein the first and second flow rates are in a range

between about 5 gpm to about 50 gpm.
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15. A nethod according to clain113 wherein the first differential
el ectrical potentlal |s at or Eve abaut. 10 volts, and where|n the second

di ff er et i alA&pethad peegrd %foeﬂe% ihpap A6 Hi5b RECSIHC VoIt &Tangq BetWACHpt hod
accor di pg.f o gltma%é?t Bl &1 fhd RRerbinl the KRG8 L{%@SSH&QS NAREANGHAGH | m;@

abrasive mater bout 60 to about 3 grit 17. A met hod
accordipsy to claim 13, wherein the neans for increasing electrical

di scharge conprises one or nore additives in the coolant. 18. A nethod
according to claim 17, wherein the one or nore additive conprises sodium

brom deps 194 fehEd Mr&ﬁgw AibAg 18 Owkdrah hd Brst \WiHesBih! thembar krkase
conprises a turbine bl ade.
is at or above about 10 volts, and wherein the second differential electrical potential is

below about 10 volts.

16. A method according to claim 13, wherein the grit range of the non-conductive

abrasive material is from about 60 to about 340 grit.

17. A method according to claim 13, wherein the means for increasing electrical

discharge comprises one or more additives in the coolant.

18. A method according to claim 17, wherein the one or more additive comprises

sodium bromide.

19. A method according to claim 13, wherein the workpiece comprises a turbine

blade.
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