APPARATUS AND METHOD FOR HYBRI D MACHI NI NG A CONTOURED,
THI N- WVALLED WORKPI ECE BACKGROUND [ 0001] The i nvention
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material, and in particular to hybrid machining a
contoured workpiece with thin walls, such as an
airfoil of a gas turbine engine. [0002] Contoured
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when the part has thin walls or is flimsy. Thus, it is desirable to provide an

alternative method that addresses cutting time, machine time, tooling cost and

fixturing.
BRIEF DESCRIPTION
[0003] Briefly, an electro machining apparatus for hybrid machining a

workpiece comprises a mandrel for supporting the workpiece; a cutter mounted on an
arbor, the cutter made of an electrically conductive material and having a non-
conductive abrasive material; a power supply for providing electrical power to the
workpiece and the cutter; a coolant supply for circulating a coolant between the cutter
and the workpiece, the coolant containing means for increasing plasma discharge
between the workpiece and the cutter; and means for moving the cutter relative to the

workpiece to remove material from the workpiece, wherein material is removed from



wor kpi ece to renove material fromthe workpiece,
wherein material is renoved fronthe workpiece
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a hi gh-speed el ectro-erosion (HSEE) process in which
the power supply provides a first differenti al
el ectrical potential and the coolant circulates at a
first flowrate and a first pressure, and wherein
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renmoved fromthe workpiece at a relatively low rate
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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 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.



when the power supply provides a second differentia

el ectrical potential and the coolant circulates at a
w@emontiogs ow rate and a second pressure. [ 0005] PCTIUYB®DS/065866

anot her aspect of the invention, a nmethod of hybrid

machi ni ng a wor kpi ece, conprising the steps of:

rotating a cutter nade of an electrically conductive

mat eri al and havi ng a non-conducti ve abrasive
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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:



i ke parts throughout the draw ngs, wherein:[0007]

FIG 1 is a schematic representation of an
web@entwsnchi ni ng apparatus for hybrid machi ni POI/ES2008/065866
wor kpi ece, such as a turbine blade, in accordance with

an enbodi ment of the invention. [0008] FIG 2 is a
perspective view of a turbine blade manufactured using
the hybrid machine of FIG 1 in accordance with a
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the same elements throughout the various views, FIG. 1 illustrates an

electromachining apparatus or a hybrid machine 10 that is configured for both
roughing pass machining and finish machining of a workpiece 50, particularly a

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 is 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.
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Qfecti@hshinddg 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
to 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 limited 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 finish for the machined workpiece.

[0016] Multi-axis machine tools or CNC machine tools are commonly
available and may be modified for introducing the desired linear motion of the

rotating cutter 14 relative to the workpiece 50. For example, the hybrid machine 10
5



renoval from the workpi ece may be maxi m zed, while
achi eving a correspondi ngly rough surface finish for
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tools or CNC machine tools are commonly avail abl e and
may be nodified for introducing the desired |inear
nmotion of the rotating cutter 14 relative to the
wor kpi ece 50. For exanple, the hybrid nachine 10may
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powered as an anode (+) in the hybrid electromachining process to produce a
differential electrical potential therebetween. This differential electrical potential
between the cutter 14 and the workpiece 50 may be relatively higher for rapidly
electrically eroding material from the workpiece 50. For example, the differential
electrical potential during roughing pass machining during the first cutting regime
may about 10 volts or more, and preferably about 14 volts. On the other hand, the
differential electrical potential during finish machining during the second cutting
regime may be relatively lower, for example, below about 10 volts to produce a

smooth surface on the workpiece 50, particularly when producing a smooth finish on

the thin walls of the workpiece 50.



between the cutter 14 and the workpi ece 50 may be

relatively higher for rapidly electrically eroding
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differential electrical potential during roughing pass

machi ning during the first cutting regi me nmay about 10

volts or nore, and preferably about 14 volts. On the
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ot anttenigh. cut ter 14 and t he wor kp| ece 50 at a desired
pressure and flow rate. The cutting fluid or cool ant
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about 5 gpm to about 50 gpm during the first cutting regime. On the other hand,
during the relatively low metal removal rate of the second cutting regime, the pressure
may be less than about 200 psi and the flow rate may between about 5 gpm and about
50 gpm. It will be appreciated that the pressure and flow 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.
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bet ween about 5 gpmto about 50 gpm during the first
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necessarily aj.de th di.scha For...exanpl e
ERERCBE Py Bl ey nRe ST atiec s H5sigh i SRR AT cool
SiediethV dair debiid eWha-Ih&le @@mhg Bbned6 fu‘l@ymﬁieﬁs@d ahinadhinig PoogEs
condi ti oner, addi. nt i ents

G e Pk 5 e g oo o S ulf R e
noxAned.on is not limted by the additives in the

cool ant, and that any sui tabl e cool ant may be used

t[&ﬁ%] Wl 'i"}g;p Tl}% 1d %ac ne 1‘8' Ec’a%hgé %éd 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 to electrically erode

or machine the workpiece 50 to perform a roughing pass machining operation using
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[0024] In sonme enbodi nents, the cutting zone of the

wor kpi ece 50 may be fully imrersed into the cool ant 26
w0 oopooBtie superior heat dissipation and hel pPEnEsR088/065866

the entire cutting zone has cool ant avail abl e.

Imersion will contain and cool the renoved debris.

When the cutting zone is fully imersed, the machining

process may be used with or w thout additiona

irected.flushing. of the.cutt] zone .by the nozzle .
3 SRbEs4 pefre AR i SRS p SRS L kot BERA bishine
VD dgesv theineil, ymethaical tabtasiea,, andhdleviraetchéch]l dardlstion processes to

eferrin ow to 2 t hybri.d chine 10
TS o6 et Do oEoisp Be Bl Pon v B Bt TR BLRE wrBine
dhaen 0genmpadek ex@tiorl Gdfacckol 0Rar ra2bhiatdrior burfiecd | Bide 1040 an
t he .wor kpi ece,. 50 uch a t.urhi ne bl [ attache
DM oAR TR R e e B Mot et Db 1 g BRI R,
e i@idagahShitdrior poficdsi 10A£d O4e laad tapered endshe8,ClUDL &he fiderior
to_.pro e desired depth of. cui. The workpjece.50
SRR Bt 53 55 EPL B Pt ial T il e B Dl R fRarea
r&ﬁl\bﬁcﬂigﬁmtpmleWrb'ﬁ dlatib e0(ClRe laa}ﬁf]knzﬁ, T§, of beteabibadt 0.002 inches
t her ebet ween. 26 en, t ro jng cutter 14 i|s
En SRR DS SPene R0t o NS Pt oot D 7 P b Fp ok 10
tHuev e ﬂﬁitﬂfe_&:dﬂﬁi mo&pﬁno @afn tﬁltfpﬁtu glhblﬂg).(lliﬂsiﬁcmwli’ﬂ’ﬂnﬁg in
oper ati an usij pgt enhanced hi gh-speed el ectto0- erqsi
dhiineys. pPhscBickin T PENCSD iy BRHOR KRB Birjeael 025, 10da
tah@ o, ,1 048R R @Alab&R @D i8¢hes a&Nsboat 860 IaBBEeAbERI0.5 cm to
dj ssol ution processes to formthe general profile of
Fh@“ﬁ&?ﬁ e bl ade 100. The general profile of the

turbi ne bl ade 100 conprises exterior surfaces 102a,
JO23] i nt eAs aientsoned alows, the4aughih@4hss machanxigespctition P& ides

or. |l eading netal,. edqge, 106a,,.an. |\ nterior, surf.ace 106b .
P e of RS AVord RAET 10 ft Which e magtiigps process is
slumiraed Hyldéarociiddnl dankhrgaprat gaodand dighGigtalit@oval hge. In
interior _.surfaces 104a, .104b are separated by a cavit
i S Bt T el P B aBERR B o iy o
tther Workpiedd Fdie 1000Ithashigher hiickil@rs, the flowohtehat yweedure of the
abaut 0..002.i nche 0 abput 003 i pch %abo t, 0,051
SelEs 200 6 T befyeeRabtin b ftde #hE g bR R VAt AR Tee
g Beapeh atolndgpnl @8 abdud G0 rgpyn. bEhcufistiireadiahid gép BtWeen the
IcQt%er}ela 8518 'tl%essuMe Iotn 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 inches (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 blade 100 is formed using the
first cutting 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 electro-grinding (PEG) process in which a hybrid machine 10 uses

both mechanical abrasion and electrochemical dissolution processes.
9



t hi ckness. The thickness, T2, between the exterior and
interior surfaces 102a, 104a and 102b, 104b is between
W@b@an10820 i nches to about 0.50 inches (aboutPOI/BS2908/065866

to about 1.27 cn). [0027] As nentioned above, the
roughi ng pass machi ni ng operation provides a first
cutting regine of the hybrid machine 10 in which the
machi ni ng process is dom nated by el ectrocheni ca

| t hat . d I gh.net al val te. In
APETET Dot b R AR ntle s IR apE @ Goblis
padoadtchidihg betime en tHegbad titaehind 40 am evhidhahsvarakiphiag @rdabss is

is 10 vaqlt r higher. ILn addition, .the flow rate and .
SPutBidveedhaoBar et S 2 bR b SR teg, T i
abwul clfifg pSimé, ahabidisienddl Qlqegicabpdertinebdtiveny that@temay and

bet ween. abgut 5 m to about 50. gp The di stance of
e R eferth dn ARE 1Befter B B oty et alt SBrsrpes the
\Wos1kiRi Xae 180thas ablap 0@l e tandl PiRNdw eitdd@sy b&deq] @BHIBS gpm to
dhsc@g&&g field (arcing) and the size of the grit
A -of the abrasive non conducting material of
the cutter 14. For exanple, 100 grit abrasive
#6030} cl es Inathe fanich pmetreachofingabparsticd, GRS gemcthgsofile of the
0,01 C i.meter).. ln an_ex | ary .enbogdi t he, .
oo Dt b B Glidsa o R s RE N Rlhed Woine
®ldd0300.0 ThOQL: ofhihb dmishChabkl BdcHiing opR2BM afetht iseoehé k)tting
%8%%18] 1Af.tae%r gnglg gener aIt pr of itJ e ofi 1Ige Lur bi ne bll %de
Ceel Py paiEa & ng YR e h&t TRUPEFING" 8y e Ve @ very
fcodtgtdomgouit ingodhding partth@mpomdathinle bathinvealted structures.
el ectrically erode or machi ne the workpiece 50 to
E&ﬁflﬁr m a I\Isg}liei .%f PR Sve go'ﬂ'd@ét@cg%lozpﬁ{a%iyé:%lrtq§ 'f1d {hlg%ffects
nhianced precision electro-grindi ng proce%s in
whivetow dpghatingl parmkicrseonl e usedts ipotducedelghanng &ikst and second

br.asi echrqc i cal, di $s0l ut
AR o Slu® B By PR BE ERls W BEO MR peramts gt rere
waudied ninclgdedpée dineansppedvindes m@r seowa)d tioutdnang (aneggirese the
of the hvbrid.machin 0. which,th hi_ni .
oo Dbt S BTR et Cin e bt BB BB e
pé thedwataffectghzons (HAZE Ghabaals iobm incimillivhgersie Cldrdesults of the
cutting regi the differential electrical potentia
Sggﬁég%gpﬁe"gﬁ?¥%fhﬂ%mand t he workpi ece 50 is |ess
than 10 volts. In addition, the flow rate and pressure
of the

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 54 15
24 20 260 54 10
25 10 200 54 10

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

cutting regimes.
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coolant 26 is | ess than about 200 psi and the flow
rate may between about 5 gpmto about 50 gpm [0030]

WO poovle1983 ni sh pass machi ni ng operation, the gRCEDS1008/065866
profile of the turbine blade 100 is machined to form
the finished surfaces of the finished turbine bl ade
100. The use of the finish pass machi ning operation of
the second cutting scherre el i m nates and/ or reduces

t eed f eC| cstin, ich.is a very costl.
a0fabren: ' REBrEat TR odR Lo AL B hl et Bl f Rt
VBRERY prgéSleﬂou rre@hn{gO@a%i]ma%h'ﬁlﬁfgi a8l gfe pIeslerfl \f/Wc&o gri?ding
uct e Itani u art tu e e ec Q
SEPOHTES B iSR! drofifed b whilf & 4 F ek ety of
tmyseruﬁr:jgw@anﬁirt]lroﬁst. ?miﬁ?ﬁm:}o niek kdat hffeegedroat (mzszpﬁvasth feacceptable
mac e. e ar a ters that ,we
DS RO ISt el SRSy o eBRE RIHAZ St 18 i bfos
téﬁtﬂaeﬁlurwmmhé Hnqae Epﬁﬁd wad l’(ElpﬁD(ﬁli(Z:ﬁEBtp’eﬁtﬂnﬁjﬁe) othe agdicd m)terliltial
ro n the cool.ant t percent t he
S5y, (et gl G EaRr el tEABE Rt kL Bk R
!nﬁ@hmé :nbetdlmteﬁlrcsﬁng)cﬁggntrzxe@#id&sA Ofindt the fN:‘aBﬂ dom@n@dtdn gx'zasem
n. Tabl e W, a ec /ari o
w%ﬁ,g?rg%. g’ﬁe ?Iﬁ.g ‘L’?Srtg‘f 13&%?@ ag@é)dﬁdnc flﬁﬁ]gtile inear speed was
fieOb TR af I00PE] cvAB agitayiels N4Br tahdetritiont.ne use of both
the hi gh-speed el ectro-erosion (HSEE) pr ocess for

r in nd t he ec L

éﬁ@gr r 099?"2?% %ﬂ%éé@%‘?&%@?gﬁp? fl o% ipdlisgvicinity of the

i dy ingrigr mdhubeldmg oAdshoesuh F8GS.alr and Swthéelseyaﬁ‘ bogh the bigh-
er a cond | | eat affected

B YR TR G RPERapRab 5o G il arf gl Son

alelctrm-gﬁﬁdm@mﬁkb@rochﬂ foefidishlfss mivhinhiAdrodecd @88 réduan

0. 005 inches in which the linear speed was 10 i pm

g{{)(ﬁéres PE{, me% e)the tﬁ?s% c Rl%% r{éﬁ{ne%lq sés %hg%fsspée?i %A{leeCtrO_

current o0t "an varra
corstonalH SEFED epmclegs la«naippiyayg mlmrmaie eldctnearosiomi ang) deotroerimical

machlglg]l% pﬁdﬁﬁ%gﬁqﬁ%qgatwe Y 1§l? 1%6 cren 121611t lectélc%/ﬁ)gtentlag a\rll\@elg I'1r0 nyte

percen ar ges nches
tfhehlhg mealprcszpkedorv\asomhmed assneargetsnanmﬁl@vemmt ievetal atmoval
rious NaBr, .cancent raf ons. .

Yatd & compared to convéntional 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 to
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, turning,

and the like. Some non-limiting examples of which the process of the invention could

11



[0034] FIGS. 4 and 5 show photom crographs of part 25

inthe vicinity of the radiused, interior surface 106.
wo\200gloomses in FIGS. 4 and 5, the use of both t heCHiU§008/065866

speed el ectro-erosion (HSEE) process for roughi ng pass

machi ni ng and the precision electro-grinding (PEG

process for finish pass nmachini ng produced good

results. [0035] In sumary, the first cutting regine

hat yses hi gh- spee troerosi on ocess

S sty GRmGe  WETATE TopBer Fo SPET BT turkihg 6% Shake
ah# 6} madieind caponadhionhaagephagessasl thd like. rel ati vel y
high differential electrical potential and electrolyte
[bdﬁ%ﬂl ng rfﬁlg vPrth ?e%g'rl tl%r %eé: %@m&% 't Sd\'l’sc osggf?t I1r(1:vent10n
i'pr ovenen es as conp
almh\marg the b%lt rrmdcz(aeé sbs td lmbleomly yoelaplpd;lgﬂlealbnal&l ayntotngake and
ek V?nvten o’ ge | Sty 35 stooe 8{‘ m&v%nt?onqg ! (R hﬁmthe C a1ms and
reaction rates PS arePon secon ? 7 I’rme
umatnmmésoﬁmeex&mdm élae otow- @rmmalﬂ@k@PEG@epﬁOCéh@hwar
aF;P cl%i rﬂltler(lzide %te rV&(l)lﬁl %he scb L&F £he afms ﬁav’e ?rrl]lgtural

FotRenr sl hracnt il n Focedses GMa re ﬁy

leewveents dhdt fde mendiffat fremelnd htlemalangmtge f thalclamsl or if they include
%fllglgéhénq S%HCE% ltelll%ments 1K[ha1::1]15e1}b§tant1al gﬁ'{'?rensesst roym 818 qlteéaﬁel%nlguag%s
pf ddekimg parts that are conposed nmai nly of
thin-wall ed structures. [0036] Although the

il lustrated enbodi nents have been described with
reference to a turbine blade conprising titanium

alloy, the invention is not limted to machining a
turbi ne bl ade, but rather nmay be used to nachine a
variety of workpieces nmade of any netallic materi al
that is currently machined by grinding, mlling,
turning, and the |ike. Some non-limting exanpl es of
whi ch the process of the invention coul dbe used

i ncl ude machining plating for arnor applications,
turning to nmake shafts, machi ning conponents for heat
exchangers, and the like. [0037] This witten
description uses exanples to disclose the invention,

i ncludi ng the best node, and al so to enabl e any person
skilled in the art to make and use the invention. The
pat ent abl e scope of the invention is defined by the
clainms, and may include other exanples that occur to
those skilled in the art. Such other

12



exanpl es are intended to be within the scope of the
clains if they have structural elenents that do not
waledopet19s om t he literal |anguage of the cl ai NBCT/U82008/065866
t hey include equivalent structural elenents wth
i nsubstantial differences fromthe literal |anguages
of the clains. CLAIMS.: 1. An apparatus for hybrid
machi ni ng a workpi ece, conprising: a mandrel for
%ﬂgﬁgﬁiing a wor kpi ece; a cutter nmounted on an arbor,
t ter made of an electrically conductive nmateri al
and havi ng a non-conductive abrasive nmaterial; a power
suppl y. f or Aprmgpaiatiisrigr leybdil irfaehising i atorlgliere t qoimpabing:
potential between the workpiece and the cutter; a

cool ant Su@ﬁhﬂdrél?&sﬁi)é\dé%gaghgﬂgi%c&om ant at a flow

rate and pressure be en t utter and the
wor kpi ece; and neans for noving the cutter relative to
t he wor kpi ®Eutteryiewisd ofgtnepiogl the cidsiopade PF o dgrdrically

WO dtRii RGRatdial @nd RviHol MBholdBhvd Ar&ivRfimdi@fer i al usi ng
a hi gh-speed el ectro-erosion (HSEE) process in which

the power supply provides.a first differential .

el ectrical? @%éﬁ‘t‘&é‘f OéHH)thﬁ‘E ac%‘ztllergﬂ‘ﬂalé cpiEighlgpiegtiglibetyveen
fihd wérkpib@wnd Acaualel a first pressure, and wherein
material is renoved fromthe workpiece at a relatively

| ow rate of teria sin recision.electro-grindin
(PLE 2 oo B St e Biich Sl L £ Bbi TR e
dewendthdichite nanthe alorigliceetandcal potential and the
coolant circul ates at a second flow rate and a second

_ di im 1,
nerein i gyt RepRRRRh BUBFERNE B Rl RLE it i

at or above about 10 volts, and wherein the second
di f f emkereinghatetiad ds raneoakd romethe iwarkpieee sé b aplatatsbuhigh gate of
\ﬁﬁaltér Sing ANhBRRALA YStRGER A A SsMird yBerRI
t he %}#S?gpre%suﬁ% isin a (HSEF) &% ST fower
supply provides a first differential clectrical potential and the coolant circulates at a

first flow rate and a first pressure, and

wherein material is removed from the workpiece at a relatively low rate of
material using precision electro-grinding (PEG) process in which the power supply
provides a second differential electrical potential and the coolant circulates at a

second flow rate and a second pressure.

2. An apparatus according to Claim 1, wherein the first differential
clectrical potential is at or above about 10 volts, and wherein the second differential

electrical potential is below about 10 volts.

3. An apparatus according to Claim 1, 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.

4. An apparatus according to Claim 1, wherein the first and second flow

rates are in a range between about 5 gpm to about 50 gpm.
13



range between about 100 psi to about 400 psi, and
wherein the second pressure is |ess than about 200
W@2009/098ANn appar at us according to Caim1l, WhRCEUIWDSIE65866
first and second flow rates are in a range between
about 5 gpmto about 50 gpm 5. An apparatus accordi ng
to Cdaim1l, wherein the workpiece conprises a turbine
bl ade. 6. An apparatus according to Claim1l, wherein
the grit range of the nonconductive abrasive.nmateri al
o f P om abBUETEO G CRBO0E oG e A T ap i hes
anboedladg to Caim1l, wherein the neans for increasing
el ectrical discharge conprises one or nore additives
Int hg. Coozkﬁagépar'ﬁus a’%@oraﬁgg(g eialﬂ% l?&lﬁgr%ﬁilltﬂtg ﬁtorar%eagf%eynon—
wherei'n the omne or nore ditive conprlse§ sodi um
lepotvic e, ab@asivaA nmetriabid fiofn dpplrGOdo alesihB4H1 grg. a wor kpi ece,
conprising the steps of: rotating a cutter, the cutter
made of anapleekidCabbiting AL I & HIREEHE HeafNfr HRKLNA:
a non-conductive abrasiveé material; electrically
phoakicklgschargiedagririseseong oy motpeadditivesein thei qohlaat. power
supply; circulating a cool ant therebetween, the
cool agt Ccomf ap kg RB&GIRG theliBmaddintickede LA or more additive
|ncrea3|gﬁtelectr|cal di scharge between the workpi ece
SAPHLse sedigng bBomidisi t i oni ng t he wor kpi ece relative to
the cutter at a predeterm ned depth of cut; noving the

cutten. rel AthicRdlo@ hjtiRl MKk eCeorkSicdcCEONRisTRIRS dt@s of:
fromthe workpiece in a roughing pass machi ni ng

tion in which ial | from the. .
bt kpi cop St Sy RmRe PERE Rl Sob G apuety

eh@bivig: efdsdoaductirSnsigrmaats;, when t he power supply
provides a first differential electrical potential and

t he cool an ircul ate t Ars oW, [ at. d )
first preséﬁ%g%ﬁgngﬁggﬁﬁag@%%E@%g?%fu?%P% ﬁﬁ%mFg“PRg’

wor kpi ece to renove material from o
circulating 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.
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the workpiece in a finish pass machi ning operation in
which material is renoved fromthe workpi ece using
WEe@esiosh el ectro-grinding (PEG process whenP@hiEs2008/065866
power supply provides a second differential electrical
potential and the coolant circulates at a second fl ow
rate and a second pressure.10. A nethod according to
Caim9, wherein the first differential electrical

Phe sofiond drfidies gk Curaet b LUt B e G
pbeutial I0atwolabsve dbbut A vtk hod vaeeat diengednd ddfaemiabelectrical

wherein the fir pressure is in a range between about
f@t?ntb@ilsqegov%\%bé)ﬂff04 “psi, and wherein the second

pressure is | ess than about 200 psi. 12. A nethod
accor dl.ng Ame@Giodiang@dingveCleinn? titerdin thetfird pcessee v a range

e S Tl ZRIR AR MRRDRE eom HRRL FRP M

wbok g0@pe. conpri ses a turbine blade. 14. A nethod
according to Caim9, wherein the grit range of the
noncopguct gl ash¥it Bt Chindly. khellOf ARQUNdORe M 1
about %40 grlﬁ%. 15. % r%r;%t%hog acéoreler{lg to %a{ll mg,n o
wiey ¢ m a legerhetnesn flbout b igpmdashaugSeemet ri cal di scharge
conprises one or nore additives in the coolant. 16. A

et hogs accRrelimal 4cofdndi ' iam YWhekedin tﬁ%o&?ﬁc@&orﬁﬁ?fs@s a
addi ti ve conprises sodium bromde. 17. A nethod of

tyrbie @ladaichi ni ng a wor kpi ece, conprising the steps of:
rotating a cutter nade of an electrically conductive

mat er ijal  andndiRdd NGoAiNY0R-CleRdYClvhMeinahE ast ¥ige of the non-
material; electrically powering a turbine blade and
ﬁﬂléduemet%ifaswemtealaﬁévﬁr@m 32’8\6‘;903}? abquf ¢l &tli ng a cool ant
bet ween the turbine blade and the cutter, the

15. A method according to Claim 9, wherein the means for increasing

clectrical discharge comprises one or more additives in the coolant.

16. A method according to Claim 15, wherein the one or more additive

comprises sodium bromide.
17. A method of hybrid machining a workpiece, comprising the steps of:

rotating a cutter made of an electrically conductive material and

having a non-conductive abrasive material;

electrically powering a turbine blade and the cutter with a power

supply;

circulating a coolant between the turbine blade and the cutter, the
coolant containing one or more additives for increasing electrical discharge between

the turbine blade and the cutter;

positioning the turbine blade relative to the cutter at a first

predetermined depth of cut;
15



cool ant contai ning one or nore additives for
i ncreasing electrical discharge between the turbine
whb@de1mssl the cutter; positioning the turbi nePGI/EH8®08/065866
relative to the cutter at a first predeterm ned depth
of cut;nmoving the cutter relative to the turbine bl ade
i n a roughi ng pass machi ni ng operation in which
material is renoved fromthe turbine blade at a
relatively hi.gh rate using a hjgh-spe : :
i ect r o erBatigh B isiey Pl AR Bedsoinop rapabie poss
iao kiin thg Soperdtion Sih whitl enadrial a8 reheetrfr@althg oirdint i lHideamda
the.c oLat circul ates at first flo e and a
rPLEROb BB gafeliiand Wi ekt Burpvies HERLE pGESs Sihepthe
tputvbil supplp padkedes A figst Hifferahkialphesicapitinfihingd cpesoalahiarircilates
\A/Pi ﬁh ﬁat eri al its s enoved fdr om the turbine blade using
G EPTON At WA S FSRYFEd( PEG) process when t he
power supply provides a second differential electrical
pot ent i al mamdng ke cotdrardatioe rtouthat tesimt bhds e ondinfshopass
rmaatcﬁiman%dop%ra%gr? QA dw WERRKEST 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.
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