2 Septenber 2004 NOM NAL SHI FT MACHI NI NG The invention herein descri bed

was made in the course of or under a contract or subcork PERIEMPRtnder

(or grant) with the Departnment of the Navy. BACKGROUND OF THE | NVENTI ON 5
The present invention relates generally to manufacturing, and, nore

specifically, to machining indivi dq@@mﬁ@}ﬁﬁ%@l{md urbi ne engine
- conpressor includes a row of conpressor rotor ades or airfoils extending
radially outwardly froma supporting di sk. Each bl ade may incl ude an
integral dovetail f r.emovabl y .nount j r(ljg t he bl ade to the perinmeter of a
di sk having a 10 co%"é%ﬁ?%’ﬁ%%%cam Wisgpaderip the qeursoof of wrslebs emhtractiry  be
integral |y for reabtcontrhdt ¢ I(StkerAd®) v | ' bl aded- di sk

g y HeR@inddH( d?)x%tl?ﬂﬂ@DEgzﬁ-ﬁﬁﬁc n?g%gyﬁg@[ y

assenbly commonly referred to as a blisk. an airfoil
configuration w nerally concave pressure side and an opposite
general |y convygﬁgﬁg}mp@‘@y@w Nadially in span fromroot to tip
bet ween axially spaced apart |leading and trailing edges. The airfoil has a
conpl ex thfee 15 di maBpteaaRnvedidn CQRE i aﬁ'ﬂf;t{a%[?i cally,Ls tw sted
about its radial stac‘k?_n axis. Disk EF%@@%?% ISR gaaléi ?/SPSEI\HCSIIY’
manuf act ur ed i A° Pashiwng ivel workpimekswi t h - di fferent degree of difficulty
and expense. In either case, material nust be renmoved from an initial

kpi t hi i ' t f the airfoil i d
W Un ts dastgn Spochianrrnes 5o SE R & rrbiof bt marddeo e

tﬁpi ca:jl y def i gathilpyxiending Itaéibllyeomwaﬂdb/_rrﬁr]mﬁasﬁp{fo‘itl&fgeﬁgk]?igawblia& Ray %nclude an

t hr ee- di nensi or; oprdinate system e nomnal configuration ™o eac

bl ade speci fi eéwf%r% “@‘e’%‘?‘?g% r%%(fﬁ]ﬁ’n‘?ﬂ‘i“tﬁmg g Rladente the perimster qfasdisk kavingfa i t s
f eat ur es. 105i nceoaplememavyfdaoéthil EIBOhBRRC 835 B8R BidRs SHDIRS r :
variations in gg%eri al . renoval, thg nom nal co%?%gt}}r%g%‘t?%rglw gd}%g%nﬁ’ggéheby

suitably snall [t Asaece 6 upigpgllpded sidskassenhly doommandy fefdricd tsasi ablisk. MeNs| oNns
whi ch are acceptable for a particul ar design. For exanple, the dinensions

(2)];)02 particul ar conpheslided@s iafl iRy cohBk¥ratith Hihd geﬁWaﬁg lcc?nc%vezprgses rteesi 2er
and an opposite generally convex suction side extending radially in span from root to tip

| between axially spaced apart leading and trailing edges. The airfoil has a complex three-
15 dimensional (3D) configuration and typically is twisted about its radial stacking axis.

Disk blades or blisk blades may be manufactured in various manners, and with
different degree of difficulty and expense. In either case, material must be removed from

an initial workpiece to achieve the desired configuration of the airfoil in accordance with

its design specification.

20 The configuration of each airfoil is typically defined by a suitable number of
surface points in a three-dimensional coordinate system. The nominal configuration of

each blade specifies its desired aerodynamic shape and relative position of its features.

Since all manufacturing processes are subject to random variations in material
removal, the nominal configuration is bounded by suitably small tolerances of larger and
25 smaller variations in dimensions which are acceptable for a particular design. For

example, the dimensions of a particular component design may vary up to a few mils
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either greater than or less than the nom nal dinension f.0 def red
configuration. Accordingly, during the manufacture of Qné?R}?@Bﬁr fades
the final configuration thereof is never exactly the same as the noni nal
configuration but varies within the permtted tol erances over the entire

outer surface ofithergeaie hanrme inss theh themomirgl digRngieH 0F the ﬁeﬁ%é‘%‘nf%ﬁé
- consi der abl e nunber of bl ades around the perlneter of the supporting disk

no two bl ades wi || ﬁﬁ{é % % " k}ﬁ#allthebladeswllbe
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side contours of the blade. Individ Mlﬁé glggﬁrrrg’e P& eig'e béf'ysrsmﬁwg.
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of the bl ade i gestiREdek tabl.e coardi pate systemand the cutting
tool follows a%gor]r espon F%(ﬁgﬂﬁtntomﬁrbalf) Bu3i%hnd the workpi ece 15 for

formng the final configuration thereof In both exanpl es described above,
the individual bl adBendenevariationsdn twi fing] ¢ohﬁguratwmdmem%fswl%8é&ﬁfb C;%J&ﬁé?e"f

subj ect tothe es. or riations in final sur
di rrJenS| ons. P‘?E %‘%‘%‘ggfe%ﬁ*’%ﬁﬁp%e% ‘héi desy Jiok examplerglectfevbemiveldndchininghi gh
strengt h 1020 nﬁi@M} afcglesmriaterial HbAha dRARR: ngmg%c% ﬁ}" {tﬁfcle %%{ﬁ%gbsy having

relatively small|l manufacturing tol erances, §
production is FEYES PaMenppnimmy with Bte&fd%redayhbmtal&sm‘ghdbladwrl ng the

manuf acturi ng process or during use in the gas turbine engine and it is
therefore desired tmdieRal bladdatl f reventing the wasteful '
scrappi ng thereof. For a rotor alph g{cllfﬁ[énefeer%\ga%%‘gﬁ‘?céﬁ%SCOWFﬂl@d|“§Hlnéss of
a probl em si ncBag¥ne ipsyhichdhevtomind] con femetionyf theblady i€ stoRaM 4 YuifabRbSENafk MOt €
fromthe di sk Qteesi ! ggl_lﬂ; w th anot her bl ade. However, for a

bl i sk having int ggra[ﬁ}:j % a esg[ °BH%§%§a&°fB?SB%‘IngH@m Epuand b workpidct U

si nce .ot hérwi sferfonemgmluaﬁzmldajnlfgkranmmetddamg its many bl ades is subject to
scrappi ng. 2

In both examples described above, the individual blades are formed using the

nominal configuration thereof subject to the permitted tolerances or variations in final
surface dimensions.

Gas turbine engine blades are typically manufactured from high strength

20 materials with a high degree of accuracy reflected by relatively small manufacturing
tolerances, and thusly the cost of production is relatively high. A blade may be damaged
during the manufacturing process or during use in the gas turbine engine and it is

| therefore desired to repair that blade for preventing the wasteful scrapping thereof.
| For a rotor disk having removable blades this is less of a problem since an
25

individual blade may be more readily repaired remote from the disk or simply substituted
with another blade. However, for a blisk having integral blades, a damaged blade must

be repaired in situ since otherwise the entire blisk including its many blades is subject to
scrapping, '



2 Septenber 2004 In a recent devel opnent program the welXSérqabdr 2004
titanium blisks for a gas turbine conpressor application is being
explored. Danage to the relatively thin leading or trailing edges of an

i ndi vi dual bl ade nmay be repaired by renoving the danaged portion and weld
repairing the remaining cutout. Either meld naterial may be built up in
the cutout, or a syitabl er r.el t her
case, the wel d repg}?rﬁcgﬁldr%ftggo 1}1%1?18{(1%& fgsrﬁ a1r tt& nDhSi( forrla"’llgaS
confi gur at i onfugfing ¢penpisissiulepricationas bdeeXpbpﬂl Pamege t@éles‘clmbubmtlct:aﬁnigloended
with the ori galnﬁ% BEACSE £0 B dAHfnal B4UECmby B HeBfiRd! By ARl L e A fyed

conponent, a snmpo ereof 1s requir wi t"hout steps_or

di scont i nui t i BYLGKprdw mpalnaa@'@rr@aquymawe@tElﬂ&émﬂmﬁﬁa&nﬁ@gﬁ SvigiRde. The
wel d repair maychsuth@ataidble phERsadndybeSitalRe théfilg a grinder, for exanple,
but is subject to corresponding inaccuracies. Michine blending of the weld
repair is desired but the inherent variation of the configuration of an

i ndi vi dual bl ade f hoeititeheaseptiivedld egpairiig intattionally mhd@lwgmshmﬁtheaddﬁmdlonal
uncertainty 'Qn&fgﬁmﬁ&%f cR!&)C géth‘é"} LG %H'a{:‘b{e%ﬁb'& c%lk%%ndag' @8' ent
or excessive 0 I NI ng a r ive e undana

adj acent sur f egzal bladel contaus. Lﬂlthertbe blﬂféﬁt@ramaﬁadma@gc GIMponehse mmﬂesefamen

Accordingly, thTere'oﬁ ifesjulred vithol QC‘éﬂ)sd@r AsPERmERRs fvlicH %voﬁﬁc BiREsRE, Sfect
pre-machi ned workpiece to a nom nal conflguratlon within the originally

specified tol A aINERBIG IGEPERBICE. ThRESE SORRARY ww@mb@é@m@%emﬂng to
the present i gt iferexambRl ButlisSsubjeoMb degesporitid@eccafacteBChi ni ng a  wor kpi ece
inanultiaxis nunmerically controlled machine conprising: storing in the
machi ne a nom nal configuration of the workpi ece defined by coordi nates of
the nultiple axesMaphiobbleglithef thewkidireger is dedited bneibbinherenbvatietien of the an

of fset of theg n‘ﬁ%ﬁ#& bGP ah [RERRA 1519&9 H@ﬁa tﬁ@'ﬁ%ﬁ%ﬁ %E)hﬁ’g%ratﬁa'ﬁ' rbi\e! B

wor kpi ece by t% set to _correspond e nom nal configuration and
machi ni ng t head@fqol wcertsplyar Herpa amecqawhwwma@ﬁwﬁe@uh%rtm%ﬁﬁcmmog

DESCRI PTI ON Cexcddsive BREMINGSt (B &veldg4t febfive tothe GERNASRCAT kAt Ruice anaed and

exempl ary enbodi ne
P y resultmg Elmcontmultles or steps therebetween.

Accordingly, it is desired to provide a process for re-machining a pre-machined

workpiece to a nominal configuration within the originally specified tolerances therefor.

BRIEF SUMMARY OF THE INVENTION

According to the present invention, there is provided a method of machining a
workpiece in a multiaxis numerically controlled machine comprising: storing in the
machine a nominal configuration of the workpiece defined by coordinates of the
multiple axes; probing the workpiece in the machine to determine an offset of the
workpiece from the nominal configuration; shifting the workpiece by the offset to
correspond with the nominal configuration and machining the workpiece according to

the nominal configuration.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention, in accordance with preferred and exemplary embodiments,

together with further objects and advantages thereof, is more particularly described in the



together with further objects and advantages thereof, i re pariicularly
described in the 3 2 Septenber 2004 follow ng detail ed Zzeg%t? B?ro%dot%’aken in
conjunction with the acconpanying drawings in which: Figure 1 is a
schematic representation of a mlling nmachine configured for machining a

wor kpi ece in ac anc i one.enbodinent. of. t he present invention. 5
“Figure 2 is an g‘ﬁ{(’g’r‘% ta\é\f&E gﬁ%ﬁ‘?‘i‘%mgei‘ne‘% CB?J“%“‘&Br“f‘f}gthe BcompRIHRE firimgs in
illustrated in whicgure 1 including an exenplary blisk workpi ece nount ed
therein. Figure 3 is an enlarged portion of the blisk illustrated in Figure
2 and a correspondi fl owchart representatjon of a nethod for repair

thereof in accor danc&Bct h ' 3nSCEKBHS KPEsEiBe8i tfehmimgmechiecemnfigured for
i nvention. 10 Fi@tifingaworifece il RESshRSARAE kGl XRARl@r vy one
b the bl sk bl adnda WBrigRcE @54 el piig illﬁds“;ﬁl?'g\tgufﬁ’t&pgés%rgi nG LY oo

Figure 5 is a schematic representation of the probed blade illustrated in
Figure 4 a&nd a corr B8W6Rd# mryerilaraspeaspectivepicsselrt portiosrpidic pachhbienlpstrated tof

i n accordance w ¢ i . t invention.
DETA Leb DEGeR! HEE st EARER ol R Feplnife idificBHERER | TVom O

Figure 1 is a nultiaxis nunerically controlled nachine 10 configured in
accordance with the Beasehtis ianvenargeshpétion micthi rilisy ibustrased kipi Bigere 12 ahd « he

CETDL A O T R e AR PP SRR el BEAAS  g

. e
itself may have any convéntional™*conti

machi ne in the axermphryerdimdimeait ofthd pRsdiiRtmiong Center comercial ly
available from 20 the C ncinnati Machi ne Conpany of Chio. The machi ne

i ncl udes rotary p r head or, spjndle 14 which receives a suitabple

machi ni ngaltoool or cﬁ‘%[%érf’qf%a‘% f{gffrgg .erSPﬁ%“@ﬁi‘%Pgml%ei“glaﬁi Q}ﬁtoélthﬁplﬁ%t‘]ﬁfl"éd to
an el evator  18illu&fatddlif FightesWhlI0MRAOpRbY e Mekedf A Of movement. The el evator
18 is nounted to a corresponding frame and introduces a second axis of

vertical translation_ novenment Y. 25 The frane is nmounted to a carriage 20
whi ch introduces a BYI5 3% & ehemaie regresenpation of the probed blade illustrated in Figure 4

and a corresponding flowchart representation of probing thereof in accordance with an

exemplary embodiment of the present invention.
DETAILED DESCRIPTION OF THE INVENTION

15 Hlustrated schematically in 'Figuré 1 is a multiaxis numerically controlled
machine 10 configured in accordance with the present invention for machining a
workpiece 12 in the exemplary form of a gas turbine engine compressor blisk. The
machine itself may have any conventional configuration, such as a five axis milling
machine in the exemplary form of a T30 Machining Center commercially available from

20 the Cincinnati Machine Company of Ohio.

The machine includes a rotary power head or spindle 14 which receives a suitable
machining tool or cutter 16 therein. The spindle 14 is pivotally mounted to an elevator
18 for providing one rotary axis A of movement. The elevator 18 is mounted to a

corresponding frame and introduces a second axis of vertical translation movement Y.

25 The frame is mounted to a carriage 20 which introduces a horizontal translation

4



4 2 .Septenber 2004 axis of nmovenment X orthogonal to the ygrtical
translation axis Y. In this way, the location of the cuft %’?te’fgeﬁ%gp“be
controlled by the three axes of novenent X Y,A The workpiece 12 is nounted
or textured atop a turntable 22 which introduces rotary novenment B of the

wor kpi ece 12 ab | rqtar Xi.s 24.about ~whi ch.the rkpiece is
~coaxially ali gnggi.E o?hré&{ehﬂreﬁfgb?%og 4 ?? éhanG(Stbcagﬁrg?ﬁluaéP"thgr a?‘l E’g)" tﬁﬁge
26 which i ntrodeagen ef thddutter t6rMsheaioh®Slicd by SheQfirelBME BEMovenaMa XTH Al S
orthogonal to the horizontal and vertical novenent axes X Y. The machine

I's operatively contrqlled by a nunerical cqontroller 28 i i ch . machini ng
operations are progr gr eé?d?‘ 5@“?‘8‘%1 OEgﬁ?‘ngqt‘?Hﬁ@ W&B%hwlé?h tredycgs t er

16 10 in 3D spaggartyShé\@niehEB PR iviARLHQR 12fabbill JekikB1 fREN b DY 28R Svhi
XY, Z,ABin a conventional manner. The blisk vt\:/or kpi ece 12 i g i1 uéq[hrt%% ed

in nore parti cuM@Fkpiseeiscopxigily dlignedyplhettumntable 22tsite aton errthes trapslatisntcatriage 26
fixture 30 is u t | Sk | | teg.ld ne Qi ngi dent
with the rotar y@%h Sﬁgﬁiﬂgg £ tﬁ@?dt l%?a aBﬁ}éx‘%ﬂZO.tf %‘%ﬁﬁﬁfgkﬁélﬁ% Ilsu8reﬂ%s:0gaom(f\l to the
supporting 15 dhsizoh@hanwertivgl rmoywhsnedxiet 3,Y0f circunferentially spaced apart
bl ades or airfoils 12b extending radially outwardly fromthe perineter

thereof in a unitary one- pi.ece assenb The blisk i.tself initially
be manufactured in aﬁ@é g’&ﬁ@&ﬁﬁ %eéﬁtlvﬁ@n??gﬁgl Sdchy aMQC%ICQE‘WIEg%éHFC‘QPCh
machi ni ng or ni hiatkiging @périsons afei piedrartied ardutcréd R codiSIRE tha/patthbftheQitter 16

sui tabl e t%lterancgi as descri &gd above. For exanple, the mlling machine
may be ini%ial Yy 38papase Snenthy couphiaaten g athe niaven Brachipingiaren X-NeZ.Adhiina
configuration ofydvBgiondl thslhet S Stored in nmenory with a correspondi ng

machi ning path for the cutter to renove material froman original

wor kpi ece blank to formthe individual blades 12b in turn. As indicated
above, the nomi nal c&hg bliskmerknigee 42 iaiHestuted i mgrefpartigulasiyaip Figunel2 npgnted in

posi tion of thegj.ngdiyifduak 4 b Kol 2a. b
defined by a suftegﬂ}l‘cyh{éar ges nu g}r(tq%ﬁqsﬁgﬁ%\g/‘?g‘ﬁgrfog%to%?}g%\ﬁlgr&i ]etgg%]tteerfr%ne
contour of the ceigkidintuath thd eies axiad4 rof preanmnbic2 by Thellisk dndledep andpyitgting
coordinateg of Lhe JRGHINS 2 FllaityS¢ LhinBhially spaced apart blades or airfoils 12b

extending radially outwardly from the perimeter thereof in a unitary or one-piece

assembly.

The blisk itself may initially be manufactured in any conventional manner such

as by electrochemical machining or milling to the nominal configuration thereof within

20 suitable tolerances as described above. For example, the milling machine may be
initially operated in a conventional manner in which the nominal configuration of the

blisk is stored in memory with a corresponding machining path for the cutter to remove

material from an original workpiece blank to form the individual blades 12b in turn.

As indicated above, the nominal configuration of the désired final shape and

25 position of the individual blades 12b supported by the disk 12a may be defined by a
suitably large number of individual points over the outer contour of the individual blades

as represented by the corresponding coordinates of the machine. For the five-axis

machine illustrated in Figure 2, each point of the nominal configuration of each



machi ne illustrated in Figure 2, each point of the nomnal configuration of
each 5 2 Septenber 2004 wor kpi ece bl ade 12b is defined fRieMppRA04
coordinates X, Y,Z A B. The nom nal configuration is suitably stored in the
menory of the machine controller 28 along with the desired cutting path
required for t al configuration
-stored in mm%orﬁ%f;&?{l}a#gg% géigﬁ%ﬁ%g%e Je%b ﬁagglﬁg?fﬂmﬁ[ ling machine is
conventional, and may be conventionally operated for use ininitially

machi ni ng al I the bl awmimh configunasiop| is skitabdy Sﬂa@drmfﬂmahemdmpﬁ therchapliag t i on

within the perdqj C variations
prevent the many %(fl%gég%}c’%g%%eﬁﬁg&ll%g% b glpgth '@%r&??b@? CPF ﬂ%\ P18k h
ot her, al t hougHolidve yhearoenisl baifputatiah bipredde ienay. Wb ifdidatddndoild) tRanmtitlied
t ol erances. The ﬂer mtted.tol er anc? riations on the final di mensions of

the indivi dual™Rgduchige iy copgaippa 1"’}"}‘%\?@ 05 FenYsatenagh sperated EBruse i inialy t her
undersi ze or  oMRhRingeall WBiLMAd $28 ¥Pie ALY tdiu{efreffrﬁmhai;é %H’%gbﬁ% {/Aniftl Rde-
Figure 3 illustrates a portion of the workpiece vi ng four
represent at i ve PeBnifigrbiglerappes o maphinige initial ly machl ned to final
configuration but subjected to damage 15 being repaired in accordance with
the present inventi o hﬁnﬂﬁc I ed |n
Figure 3 is shown wi lc:exe;?rﬁ) Hld-{'f{{rirawglﬂg Vehpﬁlcsr M?dr%po qﬁbélhé %Hm%!

| eadi ng edge t lsenfigvratidnevitto chdr ethgn abthp@ht ﬂ:darmgeub:manualty mgandwllmgmenlga ne

use. It desire re alr t he d and return t e to a
near-ori gl ¢1al %S%IHEE& e %?n Wet%mﬁfn?g’ BUICHAalgns of gﬁﬁafdﬁ@g& %TePﬁ?HStO%

nonmi nal conf i guiddtidesn. bl&ﬁs Ailli regudll & |v}inc§J§8[in'tldﬂ§ k9o Beidg SAENuMATR or

i ncludes a general|ly concave, pressure or surface 3% and an opposite

general |y conv@Xersige bk istypisally differentdfeom Bade tyhlade.wo  si des extend from a
root 38 integral with the disk 12a to a radially outer tip 40. And the two
Si des ext end axi al | yighe! Raratcadipshlol ofith SRALIRE bAACH ARG dges
42,44. As indicated aggove t he orplaglong Iﬂ%ﬁ il ustrvg{éea&rlrr?iér%eg%?‘ge
may be initial P{RdeEbyecE were wreailywcbmi IOnf'glai canfiguntiorabut subjédtesien sleinege i n
the mllipg maghi, [ Bl S, workpi ece
aceor dl ng to that Eﬁe mﬂ‘%ha'f“h"gébﬁ Wr{ﬁa Btreseg{ Swgfﬁ%n rﬂ}lorg speceﬁcafly, e second

blade illustrated in Flgure 3 1s shown with exemplary damage 32 in the form of bending

at the leading edge thereof due to foreign object damage occurring during engine use. It
1s desired to repair the damage and retun the damé.ged blade to a near-original

configuration within the permitted tolerances from the nominal configuration.

20 As irﬁtially shown in Figure 3, each blade includes a generally concave pressure
side or surface 34, and an opposite generally convex suction side or surface 36. The two
sides extend from a root 38 integral with the disk 12a to a radially outer tip 40. And the
two sides extend axially between radially extending leading and trailing edges 42,44.

As indicated above, the original blisk 12 illustrated in Figure 3 may be initially

25 manufactured by storing its nomina! configuration in the fnilling machine and then
machining or pre-machining the blisk workpiece according to that nominal configuration

for forming the final product. As shown in Figure 3, the final blisk may be subject to

blade damage of various sort.s, including the bend damage 32 at the leading edge 42 for



for formng the final product. As shown in Figure 3, th i nal _blisk may be
subject to blade danage of various sorts, including th Q“B%rr?é)&é 32 at
the | eadi ng edge 42 for 6 2 Septenber 2004 exanple. The blisk may be
repaired by initially renmoving the damage by cutting away the bend danmage
32 and | eavi ng axagipiQut 46 al ong the | eading edge term nating at undanmaged
-original blade material as shown for the third bl ade. The cutout may then
be 5 filled in either, with weld materjial alone or a netallic spad insert
wel ded in place to fBli‘#?hSLé%Ibé rensped py indiallp rermoviing theidamageyby cattige awah the t he
nom nal configu [ I tysa or t four.t h. bl ade.
For clarity of %%gs%éa%%i%fn?n%ilgagﬁg %%F(ﬁﬁsﬁlpr gl?@%égagﬁéde i tFW“PaR'é’gb% d
damage 32, anobitemagidadiginal birdet haemal hoshowador the thidibidae Thobasle nhg\tidAGet he

weld repai iz 48. cFigure 10.3 also jl.lustrates t another, first, blade in
Wi on Cha! Bortq A bithet ity Ralerip e R)  TnelBic BAY fode eiied Bt fform
thereat in accos deRcepail 88 whith Brsain lbrsty @ini 9 nbBmalé@FpiAoRof W8l Hhde
repair blend 483: mat chi ng the surface contour of the adjacent bl ade

material wit hi nReieR@s shopih fpx e fqughdladaces from nominal for eliminating or
substantially mnimzing any step discontinuities therebetween. 15 In

order to machine bl eml clafi yyeprebeh@RGH, Fights § AllshReLbleHIAR! wiﬂpg}: B8hd damage
the I ndi vi &ual

configuration of the blade wi'thin the original tolerances,

bl ade i s probed? Arothes bladerwiik the cyioutds; ard gpotherblade haviog theoveld wpain#d.i Biging
det er m ne {hhe ' | . C | Qul;atd on of, t he bl gde surf.ace from
t he- nom nzilb cogjf %lgﬁuzliltg?%éﬁ%h%%?%ﬂtfﬁset’ @?‘?egllﬂﬁ%}ﬁéh t(ri%reagV ﬁlidnrieﬁﬂr gﬁi’ﬁﬁ‘f {"S?Pm itaur e
4 illustrates sthheominalomhfigurition thered ipaebidage with thepredit RivEioh €6t drddting a
accordance with %n exe l%%/h]e”bl%di nt of the@present, invention. A
conventional prBBarEATPEn maghing therurfagsicagirw of shegrdiacent bladp megkipkwithig hi ne
for using the chepeiMidddeoRRAS kit neARRPridihBRihd 6f S@ktahGulR ARG R
surface of the workpiece blade 12b. AIth(glfgih thleé.'nom' n?f\tl cgnﬁagﬂlrla?iag of
t he workpi ece |Sepstisspritnuitiss thergbetivgerhi ne, the actual configuration of the
premachi ned 12b randomy varies therefrom25 within the permtted ori ginal

tolerancegs Any attgaPérdbo ! fiRhdhe Befd NBe WAGd Webd: 8P the original nominal

configuration of the blade within the original tolerances, the individual blade is probed in

accordance with the present invention to initially determine the offset in the actual
configuration of the blade surface from the nominal configuration due to the original
machining operation. Figure 4 illustrates schematically how such probing may be

20 effected in accordance with an exemplary embodiment of the pre'sent invention.

A conventional probe 50 is mounted in the spindle 14 of the multiaxis machine
for using the coordinate measuring capabilities thereof to probe the surface of the
workpiece blade 12b. Although the nominal configuration of the workpiece is stored in
the machine, the actual configuration of the premachined 12b randomly varies therefrom

25 within the permitted original tolerances. Any attempt to simply machine the weld repair
48 based on the nominal configuration alone, with the blisk being conventionally
referenced in the machine, would result in either insufficient or excessive material
removal at the repair and a corresponding step with the undamaged adjacent material

since the actual position of the adjacent material is unknown due to the random variation

7



48 based on the nom nal configuration alone, with the bljsk. bejin
conventionally referenced in the nachine, would result %%epé?mh%(%ootl

i nsufficient or excessive naterial renoval at the repair and a
correspondi ng step with the undanaged adjacent nmaterial since the actual
position of the,eHa¢eRlidagt erial i s unknown due to the randomvariation 7
-2 Septenber 2004 originally provided. Accordingly by initially probing the
wor kpi ece textured within the machine itself  the offset of the workpiece
from the noni nal corftcgidingly whingielly piwbing thehwonkpicts firduredritbinythenmygcHire itself

determ ned. As [ ' . rkpi.ege then be . shifted 5 in
position in t hetﬁér:%c ?tn%}* @%%ﬁgplg%: %gﬁeﬁiﬁi thp %f“‘foggé“?tboncg?’iﬁgslﬂothﬁ "\'ﬁcglﬁet he
nom nal  conf i guemdry amydteaketinad.t Ae shidahinRegure 0, théiwerkpRye niah Ched®e YRified
probed, copfigurati.on of the und ged bl ade i s _determ ned and best fit
with the stored®REHMLI BoRrAYDs mrﬁos@tef’ﬁﬁledﬁgé%i‘%w&%‘f“dm@ thgegogninabpai r
corresponds W tdanfifiRatfohQfofsd i @i¥ImhineONf i guration will better match the 10
actual configuration of the individual blade to effect machi ne bl endi ng

with little or no s{%e . Wi th adjacent undamaged material within the
ori gi nal manuf act uri Q‘B‘F’o‘f"%}f, athe exstual, Tprabeghcopligprajionkefi hee undamagte hlage is

conventional l'y d&ﬁﬁﬁin@@gncﬁﬁéﬁfﬁg%vﬁg rq{eostérpc?n%ﬁlﬁﬁ&nﬁﬁrgrmi&%o %ﬂg&&?@@%ﬂﬂe For

renovi ng the excess materia e weld repair a provi ively
snoot h machi ne vigld mepairi cotregphadsadijtivitind sigred rrogiimd | configueationl willlBettAs matthvihe

schematically in H gure 4, t nom nal . conf | ation, of the blade 12b rmay
be defi ned by @8%1?‘&%8@%‘5%“080‘1'}3‘&%Bﬁ’wﬁ’ﬁbﬁaﬁpﬁ tﬂ%%t %QPQJ“F&W“QW lﬁﬁ e onges of
the  specific mrghiitetadissfuRsmear fhkiAdl oSS M saMH] MhnhRSung tferfhck.
movenent axes. __Although all five coordinate axes may be used Tn

det er ni ni ng t hebershifled warkniere maest than benoavrationallyi raashivesl @pcardiognia Hie staret ed
il " o e et ] : gl
nom nal conti gubAidaPty f%éx%ﬁ&xﬂi];%? Pﬂﬁebv?ff rt&@@xo@?srt}lét&#blg{ mngeY&)Jeézﬁn{ ﬁgfepn?/ﬁ(ge@ ry

and testing permts probing o prece 1n fewer than
avai | abl e nul t irghtevelyxamothonaphinkiblend mtithythedeljéning ogindienaediaset for mini mi zi ng
the step discontinuity at the junction of the weld repair and ori gi nal

mat er i al H)l | owi ng %%E&ﬁ?sch@ﬁqﬁ%qny% Figure 4, the nominal configuration of the blade 12b

may be defined by coordinates corresponding with the available multiple axes of the
specific machine, such as coordinates representing the X,Y,Z,AB movement axes.
Although all five coordinate axes may be used in determining the offset of the actual
blade configuration from the stored nominal configuration, examination of the particular
20 workpiece geometry and testing permits probing of the workpiec.e in fewer than all of the
available multiple axes to sufficiently determine the offset for minimizing the step

discontinuity at the junction of the weld repair and original material following machine

blending.

For example, since the individual blades 12b illustrated in Figure 2 are

25 cantilevered from the supporting disk 12a and extend radially outwardly from the rotary

axis 24 of the tumtable 22, probing of the workpiece blade in the machine may be

effected to determine a tilt offset of the blade from the nominal configuration
corresponding with the rotational axis 24 of the machine nuntabie 22. As

illustrated in Figure 3, the individual blades 12b may have a twisted or inclined

8



For exanpl e, since the individual blades 12b illustrat eer%n Fi gur are
25 cantil evered fromthe supporting disk 12a and extend 7 3ERt&MP§" war dl y
fromthe rotary axis 24 of the turntable 22, probing of the workpiece bl ade
in the machine may be effected to determine a tilt offset of the bl ade

from t he noni nalonfguritionubaiiticofespbalifeRRNGARE W e tional axis 24
- of the machine t'ﬁ{, tablﬁﬁZZ. Asp i | Igﬁ?t r at ecd fg\r%%rbgfhlﬁkedlyf%%h\*éﬁl&n RGETET
bl ades 12b may "HaVE® d2Pi'ietrisog whee eligned therowige phectdingI2fhé baef i ByIEAYi on

about correspondiifgndli@dt sk Aok f the disk 12a which correspond
with the transl ation in s eﬁﬁgg bg?f‘)gﬁ‘gg‘ t?%@?%wetqﬂ.%etmﬂ?ﬂ afgplyr tranglatiph ades
12b may addi t i%8Heflof ihe(biadaIﬂloarthfand:mkahlwobﬁgqmtmb@drrésgoﬁdﬁ% WREDIRGr kfhslation

determ ne @ | ategral pr. .t slation .offs f the bl ade fromthe nom nal
confi guration tg‘orS T éeugggﬁ(??tﬁég} %Cﬁiwea?xfsgﬁé’ésat Dgsvhieh §i aitiexisstranglatetl dasing
ei t her machi ne n@xhiginX. or Y, al ong which the cutter is translated during
machi ni ng. The cantil evered blades 12b illustrated in Figure 3 are subject
to elastic deflecti durin rigi nal machi ni ng which causes variation in
the actual machi ned?’g%?f’flﬁ&ﬁ?rg‘fglﬁ?f’% 12h diugttedsin Bigyre here sehjent tocddatid defiecorax es
X, Y, Z. By shi f tuivgy éripénal fakhigting v&i@f &R&8 RBASI f the blisk 12 to
conpensate for .t he probed of f st bet ween tﬁa;tlogégl?% %ngmaﬁlﬂpié)?ﬁgwtw‘bach
bl ade and the HEMhalPng bafhrgeecordionte atrei6¥iZ. Bchifiing Meninitigl R&khcobodifish

cutter 0Qgr a i ' Qrre w th the nom nal

cgnf i gur glt i gn g};?‘té glrlgkf H@ {Bﬁ@@h%%t%gfh @6%?%%?‘8@?%%@‘3@&%1 sAndiguratiorpele d

prior to machi #ichdlddsrandeibhimoimig! ichefigredtidn theBe theNnhdHifind ?Fﬁhoéfi Bk N3her
t1c

tol erances fro i nal.. .15 Figure 4 illustrates schema y an exenpl ary
manner for pr o%qog%mﬂ‘fg m%r’ﬂ‘iﬁ*”g‘éé" FATERROng pYith tgyBorpink i eonfigtratibniHegterefid B2 has

a premachi ned aoialiabnfipantibe of 8kdhOBladsSHONMY | lidnil R, 8nd .the exennl ary
wel d repair 48 aI.on&H_t he outer span portio%%(g?gt aghxﬂnggfg{ ﬂ’&%@@%t ‘."’g]ghovm
i n phant om | i NEPRLYVIRE Hsiosiginehielepnegsdromsnamingnvel ope 52 representing the

nom nal configuration of the airfoil and the maxi num positive tol erance 20

perm ttedSt her ef or .Fidite POfiliduake §c9£rﬁ£tﬁ:gﬁ)? ainsle}( i,lgrgilh%‘%'?fijeﬁi 0 a L,ew mls

| arger than the nom nal configuration di‘mension nP'8 mﬁe@ﬁt Ive
tol erance per ne&piece blade 12b. The illustrated blade 12b has a premachined actual configuration

shown in solid line, and the exemplary weld repair 48 along the outer span portion of the
leading edge 42. Shown in phantom line swrounding the blade is an envelope 52
representing the nominal configuration of the airfoil and the maximum positive tolerance
20 permitted therefor. The positive tolerance is typically up to a few mils larger than the
nominal configuration dimensions. The minimum or negative tolerance permits

undersize dimensions which are represented by surface contours within the solid line
contour of the illustrated blade.

In order to suitably reference the actual blade 12b in the machine relative to the

25 stored nominal configuration for the blade, the blade is probed at one or more spaced
apart probed points P1-12. Since only the weld repair 48 requires machining, the probe

points are preferably located closely adjacent to the border of the repair 48 on the original

parent material of the blade 12b which has not undergone repairing,

Figure 5 illustrates schematically exemplary methods of probing the blade 12b

9



under si ze di nensi ons which are represented by surface c%oé%%rs Wi tbn t he
solid line contour of the illustrated blade. In order t 2 f{éﬂ 4
reference the actual blade 12b in the machine relative to the 25 stored
nom nal configuration for the bI ade the bl ade is probed at one or nore

spaced apart pr Oi |r 48 r.equires
: mgchl ni ng thg %{rao eBl 5@%"?\ E Ié:mpre t&%l%‘“@i@ﬁ’f\(ﬁ lg? p&Hﬁtsad‘érﬁreﬁﬂé’ t he

border of the repggaratéBeanfighatorofor gllaﬂfarlof p[—h@érﬁzﬁtonmhm ﬁl'da@ﬁedtliﬁ@ abiha g Jr2b
airing gure illustrates schematically

whi ch has not upder gone re[ﬁ

exenmpl ary net hog’§ur8 Sriob? @f‘f’f]g‘eﬁl%’éal f?ﬁﬁ@‘faélogéﬂt‘é‘ﬁﬁers P@ed i hevinadhine
rel evant secti opemb@Nand HRNEXGTR ahy otn‘é‘nlal’%la%op.ﬁ) RAL % n'%dgr eﬁiglﬁ’ml 1
exaggerated configuration for clarity of presentation. &' i ne
at the |ef® of configupéonss4 &picaly hes ercem{!:rlmh@hmmmai ammmﬂuagurﬁ oDHthe Shadehi ch

is stored in t d.fro chthe or| | aI bl ade 12b was

machi ned. The Eﬁﬁaﬁér@?&dﬁlﬁgﬁaﬁﬂ&@ 0314&% %‘l chthn'f‘l%S oé'ldl?‘e’?ﬁléouéﬁefigned
with a radial accasiali6wih t}tehetabd ade24 Nﬁth@khppdthﬁgldﬁmtﬁtﬂéll Thd ﬁ/om}iuil\/&@ﬁ atlohOM

t he axial cent e%# IPﬁe‘F@?EI s.of the rotor di k mounted coaxially t he

rotary axis 24 b P8 SgPesRakhet tBe maeune vigws %W%Maﬂg&ﬂaﬁmﬁd 54
i1 lustrated in bk CHEENRE SRR B, ke i de
12b fixtured therein., However, as indi¢at %(I;Wg% d?%m\é%jﬁl\éauﬁlngk‘@q%frdﬁgg?ﬁg
machi ni ng 10ar i dtipdsnthe blade yesies fromhetaninalicenfiguation irea fadori memethe nomi nal
configuration in a random manner. Figure 5 al so |Ilustrates on the left an
exaggerated tilt of fig I Y fi ration
and-represented by a ﬁ??fag’hq > %t@gﬁnﬁ]%!ﬁ%%%g ?aééscg@te ﬁlh?%% ltvﬁe
radi al axis 56.to Itluf: wrnaiagl cbmﬁglmatmnmdeeprésented by ao)iltfamgte th&hmrbetrh&sﬁeﬂ ual

bl ade and the no onf.i gur.a t he bl ade, rably probed at two
or nore 15 poirﬁ étﬁ%@d’t ?‘B%ngﬁP@c%{?b‘%emnFéh &?ﬁtﬁgb%?@é??waén
bot h of its oppaaietdsheasmirdh cafigutditn, Hhadede Ss @fe@ér@alﬂ%abe@ra&)%sl oRlm@e PaI
radi al I%/ spaced apart points Pl 6 and P7,12 on each of the two sides to
h

determ ne'the vi9"¥pi ece tilt thereat. Since the blade 12b is fixtured in
‘the machine for rotation about the rotational

Since the blade is subject to machining variation on both of its opposite sides

34,36, the blade is preferably probed at a pair of radially spaced apart points P1,6 and
P7,12 on each of the two sides to determine the workpiece tilt thereat.

Since the blade 12b is fixtured in the machine for rotation about the rotational

20 axis 24, the probe points for determining tilt offset are preferabiy spaced apart radially
along the radial axis 56, and radially outwardly from the rotational axis 24. I;robe points

- P17 are located near the blade tip 40 on the undamaged original surface closely adjacent

to the boundary of the weld repair 48 as additionally illustrated in Figure 4. Probe point

P6,12 are located radially inwardly therefrom near the innermost boundary of the weld
25 repair 48,

The outer two probe points P1,7 are preferably located opposite to each other
along the span of the blade, and the inner probe point P6,12 are also preferably located
opposite to each other near the bottomn of the blade. The probe 50 is then moved to each

of the four probe points P1,6,7,12 to determine the actual coordinates thereof using the
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20 axis 24, the probe points for determning tilt offset. are preferably
spaced apart radially along the radial axis 56, and radi2d$?|f§’erg9?r\/?é3r0&| y from
the rotational axis 24. Probe points P 1,7 are |located near the blade tip
40 on the undamaged original surface closely adjacent to the boundary of
the weld repair . | t.ionally i.llustrated in Figure 4. Probe point

. P6, 12 are | ocat %Og)gc%“gag? %fq’%yn?%%?]ﬂ?{vl‘f}ﬁé@é’lﬂrt $PAGAE- ¢ he i nnernost boundary
of the weld 25 repair 48. The outer two probe points P 1,7 are preferably

| ocat ed opposite to Bechriothmvbe pdigs @refdiebls RamesPénd wigh Qhﬁgﬁpoiﬁ!ﬁqeﬁ;ﬂ% ipaner
ot

probe point P6, | ocated opposite to eac near

2 . I
t he bottom of t#@@%@ﬂ@%gaﬁg‘rﬁﬁ@% frecoripely rfhe miflpoimtsehetween die gute praber

probe points PlpdteP1,2 ahPind@iesyd [ ther,eof usi ng

the 10 2 Sﬁpteﬁ)er 2,002,c100r i_natpgﬁlrtgeﬁglt}rarlﬁ ég c°§%§@’|{cﬁi“?§éf?‘§ﬁé‘ﬁ‘8mef fbﬁtwteﬂb

machi ne. The valPo@senainse op dhintosntprios enaybithen clor ceraproad! wiiht theStdiiekdndgi Nt S

defining the ngu, Lauration.of 1h l.ade. Accordingly, the

m dpoi nts bet ween ﬁ[a e gﬁ? ée%ig{glra Ig{)eg%ﬁbnoeicﬁtc ﬁfggfm*in @ﬁ&ori"%ﬂ%‘}d“tﬂr%ﬁ'ép%@? af he

P6, 12 may be calomitahtcoufigwatibaf i methis Wwhyietht helh@Retive@Ret P ti[é}@be%kéeﬁ%%} ben of
t

this centerline . then be co red with the corresponding orientdation of
the simlar cendte{e’éapﬁnﬁga@dfﬁh'ﬁtﬁa(t “%F%‘Fﬁi-he correspondi ng four points of the

nom nal configuration. In this way, the relative tilt offset T therebetween
may be deternined ahi rélatived dILGEREET Bstwieh thb 84 bide ERLSALElAL |

offset T g(ﬁtv\een t he actual blade fixtured in the ?rac méﬁgﬁfﬁda;éﬁigé%he
nom nal confi gdPERReFPIeeREen Hored Bereinmgy brcomsetedutingthe Bi affyett B fainfi et

feature found iy ﬁb&m’i@?cﬁgﬁg prodR the HRRk rfi?rh%&%n%yggd%&ﬁ{)g %&%E@g%l}lg ©

tilt offset T, the turnta supporting 'S
shi fting the pseredinglteaielisynaytbe retated farshifiiig thé probéd blede Jy e s&R¢ LRSRPHE
wth the nomn | figurati,on stored in the machi ne nenor and
radially alig nzé’tkfﬁéet lﬂ&ét"ﬁ%&%’%‘ﬁ@ b Pamimb il B?Hr}ﬁaﬁatl%ﬁmeam e MR Friemopys
shown in 15 Fi gui edilighdipsitie idneal 3%de alithoha@emiab cHrghhio .efr‘ms”i%h&@ in
shifted tgsthe ré}??fhé lp/ the rotational B-offset having the magnitude of
the probet til £ Stherein g actyah blade 13niat therlglht nory benteRédnty e righe bpltiede

effectively posdtiionnss bitset RhARSHR A Bhinkle otfﬁletd?&eﬂ(?{lrti OBl This rotary shifting

or indexing of the blade effectively positions the blade parallel to the nominal

configuration stored in the machine and reduces or eliminates the probed tiit offset.

Since the blade 12b is also subject to lateral variation in configuration relative to
20 the nominal configuration 54, the blade is preferably also probed at one of the probe
. Qoints on at least one of the two sides 34,36 to determine the lateral offset L thereat. If

the weld repair is made solely on one of the two sides, then lateral probing may be

conducted on that side only.

However, since the exemplary weld repair illustrated in Figure 4 is exposed on

25 both sides of the blade, the blade is preferably probed at a pair of opposite probe points
on opposite sides of the blade to determine an average lateral offset of the blade thereat.

Since each side of the blade is subject to machining variation within the specified
configuration tolerances, lateral probing is preferred on both sides. By averaging the

lateral offset on both sides of the blade with corresponding points of the nominal
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configuration stored in the machine and reduces or elimnnates the probed
tilt offset. Since the blade 12b is al so subject to |at e 2FPHH ?ra%cf) nin
configuration relative to 20 the nomi nal configuration 54, the blade is
preferably al so probed at one of the probe points on at |east one of the

two sides 34,3 r he l.ateral .offset_ L thereat. If the weld
‘repair is madeecé%ﬁ%l yfoghmg%gad%fm ke ct%%reg?%re@?t'@tl‘igﬁhq ‘8?‘2’1‘% to sprepARt Wit be
conduct ed on t Ith¢ steredimominklyconfipuationr , si nce the exenplary weld repair

illustrated in Figure 4 is exposed on 25 both sides of the blade, the
posite probe points on opposite

bl ade i s preferably prohed pair of .o ¢ )
sides of the bl ade t@eg"’g‘t‘%‘r‘%ﬁ&déﬁ“&%ﬁs éfgglgvf&t%may be fpRlemensed innte lagkine
thereat. Sincasiegcthe sdofieen@ibndl NBanblendeniis 8018 Fhark® SBGRLD IRy & ivf%tgi 2"

wi thin the_specified configuration tolerances, |ateral probing i &
preferred n bdtagidgegual iy the, probesd laigral et [Lat Ghealater! Shilingom ibdtxingsifdes of

the bl ade W t hpg@ek RcToEMaTol t nopingl, 11.2 t emher 2004
configuration, the ﬁfi%yﬁg%rﬁ%@% trggrcgéﬂ?%[r&glggﬁ\f{ﬁ & tﬁ%w S50

correspond wi t fhent bremoteoawdratedyripedidrmed rif i ageurddnco wvithTine driptrRl, atorf fis@tnal
illustrated in Figure 5 may be inpl nted jn the machine wusing the
convent i onal tF‘grhf%%a&%wgﬁ%gﬁ)e)@%‘%?g&ef@ﬁﬁsd &%y ovi ded therein having a 5
magni tude equal to the probed lateral offset L. The lateral shifting or

i ndexi ng of the bl hrihe prftiedembbdiglkhtihe alas istisbed hOPaErtiat & begg&g&e&n
Machi ni ng, of the wgld r epai r,ma,%/ then be nmore accurately perfor I n
accor dance wi t P& stV iopRasite sy wih thepoints thereenaing romespondingly oppositthie
specified tol epancaer idWieRinelan ab s ' t.he @l ade, 1 s
probed at a plurali t)r/ of probe poi n%egﬁgﬁgaq%gggg?&gwﬁgéeﬂ%eﬁeﬁgoﬁﬁ%%%4[%9(1
sides, with théilpsiraie tvateexewplaheiroke oty Bis pbardinge iyt oppiaas iogpd 6f shagdhgot her

to determne a @%q] ral . gffset of the workpiece thereat. Figures 4
and 5 iIIustr%te%&?\%\e veé\g‘%(lgre g%. probe points P1-12 arranged in opposite

groups of six along the border of the weld repair 48. Since each of the
probe points has a Sioer emyponfiithieg pbe Noiritn hihe aersaling 1iaoRf HgUigkihan of

the bl adq,s t heco%%%ﬂr%@i@na&e thg%gl%g,rdlg goo?‘giﬁfgg Hcggll}/ing fcal;[agi?ityngfc t?)le rr]r(laacgggg mtzl?/ be
used to determine the lateral offset along the exemplary translation axis X as illustrated

in Figure 5 between each probe point and its nominal counterpart. By averaging the

lateral offsets of the twelve probe points an average lateral offset L may be determined

therefor. The transverse X-offset in the machine illustrated in Figure 1 may then be used

20 to effect the probed lateral offset L along the X axis for shifting the workpiece blade by

the lateral offset L to correspond with the nominal configuration along this axis.

Accordingly, the blade 12b illustrated in Figure 5 may be shifted in B-offsct
rotation corresponding with the probed tilt offset T and in the X-offset translation
corresponding with the lateral offset L which then aligns in a best fit the actual probed

25 configuration of the blade with the nominal configuration stored in the machine. The
machine may then be operated for machining the weld repair fto the nominal
configuration therefor to obtain the machined blend 48b shown in Figure 3. The
transition of the machined blend 48b to the original adjacent material of the blade will be

effected within the original tolerances for the nominal configuration, and minimizes or
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used to determine the lateral offset along the exenplary, éransgatm axis X
as illustrated in Figure 5 between each probe point an(?

counterpart. By averaging the lateral offsets of the twelve probe points
an average |ateral offset L may be determned therefor. The transverse

X-of fset in thelimbalhnay dikifihialede] hefa0Us LNSR (e “Se% L
- effect the probed. Iater)z/il of f set SL or613 theﬁgfle%ms gyal bl tg‘f’\é"’e‘j

wor kpi ece bl adéePBVmaVﬁ’ém“aﬁmﬁélordﬁﬁmetbdLnthm nmnafrespond with the noninal
configuration along this axis. Accordingly, the blade 12b illustrated in

C Pt o ser T ang 1 r ig Semphbl e Al d eig SRR Bl hiicin mamred,
| ateral of f set teﬁtlmasHlmhﬂhatamlgﬂpmbmpcantbeﬁdnlﬁ didtribli&d ia Gtk oL B, X%Qe
configura |on Qdes te I&the noni n configuration stored | ﬁ
machi ne. rach| n@%@ft?{gﬁl B &N oty eSlﬂtcﬁ"' g‘ﬁlaﬁWﬁbblﬁlH@ tﬁ)\é‘hanmraqnahr to

t he nonmi naI conifiggatiad F@NminhBEALMesdltheOlt h hown
in Figure 3. The tran5| tion olz § eS macgﬁl np’eiglig &nlﬁﬁu ll'htlggglil eg%(r%lt i nﬁﬁj

adj acent rmt er [BRT 8Rd pagnt paterial. \Nil’rqbeb’@mtsegrtébfteetdeemmgmmlvbh&r@nis(gwhalated

t ol erances forgigh ept enber
2004 el i m nat esﬁdaﬁi}aglmsg%lrw(%nugu%ﬂé?g{ %rr%gg S@ gﬁcgglé‘%??eﬁlt V‘ﬁ’ﬁn‘éa‘ﬁ e Bigsddi ng
of the weld riagmectiomtirge rquirechthatefoed Fowerethamiweiicglotieroilt fefdBilaaEsted Al t he
exenpl ar y rad'x%l;dl% extendl n% t g} r, 48 il Iustrat ed in Figure 4,
testing Ras sHSwhes fi %}AﬁF‘SB S’ﬁ aﬂ??%%muyal&%féwaimed in groups of
Si X on opposite 5 S|des of the bl ade provide an opti num best fit of the

act ual bl ade to t héTheanmdal of srobé pgu«saatsécpmrﬂ%nmuﬂgrmezmmffge%%uﬂs &G S;ep
dlscontlnwty tP‘ té@aéeélon of the weld repair and parent materra
Probe points % s iPRRp e pRistsy and e prefesbl four probrpeints amindichtad hlgxvet o

produce any befoi @terfﬂlﬁméﬂl‘@' off§e uﬁlﬂg@&t}{ sMBIGSHE BRYE ADreW S 8];%53?? aR%g&sg al so

i nspection tinme required therefor. Fewer than twelve probe
tested and d1°|W§§fﬁl(t%lhiher\IS¢bes>saameudeaxtegam‘ufti@snra@ of the bl ade to the
nom nal configuration. The nunber of probe points used for determ ning the

tilt offget T is prighes abfe¥eqd L&) later al pro and is
preferably four probe plgrlgr?tg as%‘%gl%&%pe%g?egove gurr%sr ‘{jg’r tn@)frsﬁ [iis
of f set usi ng Hustly defeatomedin thhendohiaelend Aznfieyblace it wqﬁéd by uiarsala&eﬁﬁhé& flt
offset using the rotational B-offset feature. The rotary shifted blade is then laterally
probed for determining the lateral offset L and is then further shifted by the so
determined lateral offset L using the translational X-offset. Machining of the so offset
20 blade 12b may then be conventionally preformed in the region limited to the weld repair

for returning that region to the nominal configuration within the specified tolerances

therefor.

Tilt and lateral probing of the workpiece followed by corresponding shifting

therefor, is typically sufficient in a single sequence for best fitting the blade to the

25 nominal configuration and achieving accurate machine blending of the weld repair within
the specified tolerances. However, prior to actual machining, the tilt and lateral probing

may be conducted again in a second sequence of operation to either refine the required

rofary and lateral offsets or confirm the initially determined values. Testing has shown

~ that a single sequence is sufficient. However, in other workpiece configurations iterative
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however, could be used for a one-side repair if desired. § t n hfosﬂ

preferred enbodiment, illustrated in Figures 1 and 2, tHeSERePPerd4 T is
firstly determned in the machine, and then the blade is shifted by the so
determned tilt offset using the rotational B—offset feature The rotary

and is then 1 o Raen Pl o PrBOgRhe L el 0 Atscdlnd e Oyb T

L and is then further shifte ermne f ng
t he transl ati ongrigiXalgfoigmt corfizohitioi.ng of the so offset 20 bl ade | 2b may
then be conventionally prefornmed in the region limted to the weld repair

for returning that a nfiguratio thi,n.the ecified

tol erances theref or?ﬁg"l:\ggf“ﬁrg %‘J}Ieggbgr a% plrngl%f %iglﬂffaguﬁ%g’v%% i%’ﬁfké’éeéefla‘i?qp%ﬁf\% by

corr espondi ng slmaf:hmmg is bx’meusfethe Bevetab génepillp dlldnyica WddeCé@etdingradiaBy) BElvardl

sequence f zrto t| n 5 12 de to .fthe 25 nom nal conflgur ation anc?(
ccur Hfg &I

achi evi ng Y trlishelnpsctios sk pf thepladgsrs nqtfidentical in
specified toler wﬁ%&raﬂb@%\{@ﬁub{e@f {oQke &Hdﬁﬁbﬁﬁkzo%ﬁ‘édﬁﬁgﬁatl&n%e% eo?lgtﬁl L

| ateral probing may be conduc again in a second uence of op
to either refin&appactuangnrecsss thergfosry and | ateral offsets or confirmthe
initially determ ned values. Testing has shown that a single sequence S

sufficient. However, g @k 'ag& 1%%&@531‘??16%%%9%&5&9 aboﬁtet'h%t It%/:tg)n astlgéf

Sept enber 2004 prob| ng may desire or 1 nprovin e acc
subsequent mac hfhtnSﬁlge {poobingeproeess gian b repeatcd &ir eedﬂbla@w:re@hm@gl rephid. SiiRe each

exenpl ar od |IIu d.in Fi ure 2, .the workpi ece undergoin
macmnl né :%gboniélng Sl\"/'e‘ﬁéteeﬁte'ﬁe‘fog BYrationefiemc th F“Bfng@gsea%lklb ﬁg?ﬁj‘”?“g
radi al |y out war eHpyir 55 Iﬁx’éﬂfﬁbtygﬁom%é d@gted ke bdmtshaded SadthilySihaktedth 350 CE

each of the bl ad& | S not ntical in configuration but is subject to the
random var i at i oRPEHEPTR Brotainngl axénd Peohing efinse bladeywillnost fikely fesolt i diffepent

o ocess, Lner of o s e bl EAKUTGLL DebDSIPGOR Loy FOAR01 0N

about the rotational axis e sa pr o process may
each bl ade requiring repair. Since each 10 blade is randomy different in
configuration from t Hewekshithrarobiag eperasiondiseif @q]a be programmandainto thecqurefler28bl y

probed at jshe dgs hut@ﬂatﬂfgqggoﬁ%%&l%né RASS iR Id&em}fmgé) %letrec{ugrggh 89( offsets

used in machining any given blade. The nominal configuration of the workpiece remains
unchanged in the machine, and instead the corresponding offsets are effected in initially

referencing an individual blade in the machine.

Since the cutting tool 16 illustrated in Figure 1 is mounted in the spindle 14 for
20 translation in two axes X,Y and is also mounted for pivoting in one rotational axis A, the

lateral offset L illustrated in Figure 5 may be determined along any one of the two

translation axes XY,

As shown in Figure 3, each blade includes tWists along its radial span axis and is

thusly oblique to both the two translations axes X,Y, and therefore manufacturing

25 variations in the configuration of the blade are typically found along both axes X,Y. The
lateral offset L may therefore be determined along either axis X,Y, but in the preferred
embodiment is determined along the horizontal translation axis X which extends

generally tangentially to the perimeter of the disk from which the blades extend radially

14



other.fromthe rotational axis 24. Probing of one blade w.l| st likely
result in different tilt and |ateral offsets fron1thosé¥$@ﬁ8$¥86?¢ r any
of the other blades requiring repair. However, the probing operation itself
may be progranmed into the controller 28 15 for autonating the operation
and aut omati caldupwatdlyer mi ni ng the required B and X offsets used in
-machi ni ng any gi ven bl ade. The nom nal configuration of the workpiece

remai ns unchanged iy tklljethma hi ?e, an i nstead the corresponding offsets
are effected in initrar PV YEF OF €478 %ge &FF SuRisPhip @iginalonachéning varhaommalomg ne.

Since the cuttitgXtaaly dfes] dachl Blatiatt efegﬁﬁf:ilﬂb‘ﬁeﬁ dn 60?11 5’1‘3%&2[ gﬁ%l%é%b%%gﬁ [ n;:llne

14 for 20 translation in two axes XY I's al so nolun
one rotational “GRIINAE theygqyized dilt el T Gem the ndnine Coafigaehtion cbirgps@lif Wy be

det er m neds al oG AYicR8x Qb at ransl.at i ax e shown in

Figure 3, each bl adeloi n%f%&gsa t&n&%?%enaelr%ﬁgoﬁes&%&dlpgIstheéﬁg?ﬁ‘l8 P Lafiemithe

t husly obl i que npwitsbednfigimatienmrtesmnding twithinke BXRS tr¥nsktioABds Sheheh o Eormal

manuf act uri ng fcﬁthg?‘ard%a?%eidg&? in the configuration of the blade are typically
a o

found al ong bo Xes The Jlateral offset L may therefore be
determ ned along either axis X, Y, but in the preferred enbodinent is

deterni ned al ong t h&hdepiiz anthal dbdcapsd @bb@ﬁasagmu%rwirﬁ*e}mﬁ,{égﬁgg;g eneral I'y

tangentially to .t he rimeter of the disk fromwhich 't T
radially 14 2 %E%H@SZ‘F "g’géwwbmmwgea Hig deasinghorsirailis edgeeaf lybbmds ar e

subj ect tiQ ori GoRadf HBGREEY R&-yA Tl he X ndVY axes, each bl ade
is preferably probed on both S| deri;&tlhg‘{rﬁggd?&?gerd IIS%‘%&%?EI ade S Cof 393 Mg t he

required tilt WFisepair if rused thhe relwililing] the ond-aguay atgion 16e6r @RRORdI AGnit h 5
the rotational ,axh8.4% ALRAY Fhe fﬁ&nt erline of the disk, and the |ateral

of fset L fromthe> nom nal contig é‘fﬂagﬁn‘@BFl‘reg_é’Sdﬁ'&aﬁ’@“W baskitpdhe nomeingl

et hod descr | bad above has par {1 Ul et ot 11t 1 arl s oo e L RAy

uni tary bl i sksWAIEHE 1 eéaﬁfﬁ@bth% yeldiiepalraad thegriginak Wadelmatgriabdges of
any one or 10 nore of the blades thereof. The locally damaged region of the
bl ade .i s 16ut away & probing the repaired blade closely adjacent to the weld repair, the offset

between the actual configuration and the nominal configuration stored in the machine
may be precisely determined. The probed offsets may then be used for best fitting the
blade to the nominal configuration using the available offset coordinates of the machine
which effectively shifis the nominal configuration and corresponding numerically
20 controlled cutter path to the specific blade presented for repair machining. The resulting

machining of the weld repair may be effected within the specified folerances from the

nominal configuration.

Test parts have been re-machined to less than about two mils within the nominal

configuration for the blade at all locations along the extent of the weld repair. The two

25 mil machine blending is well within the capability of manual hand polishing to complete
the blending of the weld repair if desired.

Although the method described above has particular utility for machining
repaired blisk airfoils, it may be used for any type of pre-machined part acquiring
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wel d repair is used for rebuilding the cut-away region |larger than the
nonminal configuration thereat. The weld repair nust th@né%gemégrn@pﬁi ned
back to the nom nal configuration therefor within specified tol erances
with little or no step discontinuity remaining at the interface between

the weld repair, | ade al. .15 By probing.the repaired
- bl ade cl osely 5‘5?%@%3%‘? ﬁlta%%lﬁ%?%egl 0&2%5?@%@%&0%1&??&% t%’g‘ﬂleﬁée“é?é’g‘gal
configuration drud tithefixnoimgnial a aaméigily abhisiled tradohihei fecésbRilTEESRE I8 o [ be
precisely det er?rf ned. ﬁgﬁ pr obe Or];{'f set.s ma% t hen be used for best fitting
the blade to CHECAGHIEAMCISRTR)GedterEHOnEPRg 17 His marhingadbe oggmalaeference
coor di nates of fdhae TCAWdEKpicthiis el fdRkh &ﬁliﬂitﬁlhﬁﬂ:l&ﬁliﬁg]h@f e M eHibiece but is
configuratjon and corresponding nunerically 20 controlled cutte palh to
the speciflc blrgnderefr ebsalstee anceomaghiniag ris ramplets Ayl teh eandemu variatigns wlahd ni ng
of the weld repai ) ! 1 Lhiynst he. kLl ed | er.anc fromthe
noni nal confi g&?‘lg%% on. n?rgrsn?{ %g@g%%ﬂgg e%’r?g ?én-ﬁtﬁaggﬁlgeﬁseﬁe‘ﬁ gorlirg@ag r‘%&fﬁ?}“%out
two nils withiwoféerkpeet malalso cowibied ubsateteorpoh oomplaorifaigeiniaial mhdhidigcarttheons
along the extent of the weld repair. The two 25 m | nachine blending is
wel | within thECEPEBY1ity of manual hand polishing to conplete the

bl ending of the weld repair if desired. Although the nethod described above

has particul ar util Thyedfetplapenbriiments sRBeprobidg BbscibedMbbipdrgit ﬂixetavgﬁéblebe

used for fony tyf)e of q%r e-machi ned part acquiring 15 2 Septenber 2004
subsequent’ macRitRt GaPabditich el Agrachiap 1@ BanFeguiorrapesitieries @ Morkpimeyin wdhekpfiece

removed from bfsofinsfioH 4 bt BLi q ne necessarily
| oses its ori gi%pz(l) l r ef eﬂpgﬁecgﬁ%l\n&tl ﬂ&?%@ %g}m@%éﬁ%éﬁg‘a@%yﬁo%c Y% t he
machi ne. The oef tesane moflmissn cey Headffected ufing tha onginkimontnal iconfigedtioh ofdie ng

the initial maghini the workpiece .but is. 5 rendered ohspl ete once

machining is cgan%al{%eetgg’ gr;]dd afr[‘]ﬁ%tmlgaﬁ’go %{?ércf)%%“&fﬁ‘gno‘fl Mesf’a‘&eor?? itB?Jrra G r om

noni nal are maderkpinelto lesycotdipoh@thetd FatBadbateh $fake briitdl MorkprlereRGcng  of

a wor kpi Ge are al ﬁ-}% render ed obsol ete upon conpletion of the initial

mechi ni n§1 of  t FERM CEAMBRENTrampitemay Bt barsrdetiesbiapofiesviet cantrentiond isanger

described abov@iReihdl hdvafk@gA\bRl @RS correspondence between the actual and nominal
configurations of the component so that it may be re-machined within the original

manufacturing tolerances.

While there have been described herein what are considered to be preferred and
20 exemplary embodiments of the present invention, other modifications of the invention
shall be apparent to those skilted in the art from the teachings herein, and it is, therefore,

desired to be secured in the appended claims all such modifications as fall within the true

spirit and scope of the invention.

Accordingly, what is desired to be secured by Letters Patent of the United States

25 is the invention as defined and differentiated in the following claims in which we claim:
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10 offset capabilities of a machine to be used for reposjtioning a

wor kpi ece in a best fit approximtion to the original nc?né‘?ﬁi?mé%r&qodurati on
therefor. In this way, re-machining of the same workpi ece may be effected
using the original nom nal configuration of the workpiece, and adjusting

t he actual congrgusgtion in 3D space of the re-fixtured workpiece to best
-correspond thereto. Re-machining of the original workpiece, at a weld 15
repair location for exanple, may then be conducted in an otherw se

conventi onal nner i vant a of ci se correspondence between
t he act ual ancrzln‘Il honi Zr}ar}%th@o% llsag%'?%? %r\’g’%g?ecf ﬁzgd‘bﬁﬁ‘a‘ﬁws ?Eﬂetnﬁ%lfy sanirplisd pe

re- machi ned wi tcinng Hecompiigingal manuf acturing tol erances. Wile there have
been descrsi bed herejn.what .are consjdered to, bhe preferred and 20 exenplary
enbodi ment’s of the PrE¥Rs H%ﬁl]fl? a nginpal copgaviptinRtisaid svaskpieasalefinaddnt i on
shal | be appar esvrdihfes 19858 nfliiglé £@s;i n the art fromthe teachings herein,
and it is, therefore, L desired to be secured in the appended clains all
such nodi fications RiEbipg| saidywontpiecehia saidiamachisier tor deterthing offfectoT,Lt loé said

invention. Accb@bRed Fom'¥ahoifhal&sl : be secured by Letters Patent of
the United Stat elg(b 25 ?nsl theoﬂlnn\f;lent=ﬁ n téésn?defi ned and differentiated in the

fol | owi ng cl ai s i rehiffing saide wollgiiere B QidSeffset noe co2BPdndChwMhVEaid . nadnifElt hod

of machi nj,ng i ¢ 2b in a multiaxis nunerically controlled nachine
10 conpr?ﬂs()i ng%@ﬁ@g{#&ng‘“}ln said machine 10 a nom nal configuration of said

wor kpi ece defined byachimy didesrkpicaf acoqiilg WMald Mndna¥EiguRfiieRi Ny sai d
wor kpi ece in said machine to determne offset T,L of said workpiece from
said nom nal configuration; shifting said workpiece by said offset to

correspond wi th saiAl s Addordiddtoithl IR cORpridih L4 i -
wor kpi ece according to said nolﬂné)r?al confi gur atP%n. Z%Q%ﬁgﬁgggézrbd‘f]ng to
claiml furthePid sishipg; Wy trdsirmines it doffbet lofi wise Wopkpi¢en from said nominal

15 configuration corresponding with a rotational axis 24 of said machine.

3. A method according fo claim 2 wherein said workpiece 12b includes opposite
sides 34,36 and is probed at a pair of spaced apart points P1,6,7,12 on each of said sides
to determine said tilt offset. |

20
4, A method according to claim 3 wherein said probe points on said workpiece
opposite sides 34,36 are opposite to each other, and said tilt offset is determined at

midpoints between said opposite probe points.

25 5. A method according to claim 3 further comprising fixturing said workpiece 12b
in said machine 10 for rotation about said rotational axis 24, and said probe points are

spaced radially apart from said rotational axis.

6. A method according to claim 1 further comprising probing said workpiece 12b in
30 said machine 10 to determine lateral offset of said workpiece from said nominal

configuration corresponding with a linear axis of said machine.



said machine 10 to determne tilt offset of said workpi ecg fromsaid

nomi nal 15 configuration corresponding with a rotationa S8XPIPELH said
machi ne. 3. A nmethod according to claim2 wherein said workpiece 12b

i ncl udes opposite sides 34,36 and is probed at a pair of spaced apart

points P 1,6, 7712 oA makk fcogtoTAiess wagr_e%esta%r -frllfﬁig?eﬁ-{lgb yﬁ | L.offset. 20

4. A method according to claim3 wherein said probe uges gpposite

wor kpi ece  opptdsst8-35iaad &s mabeiat apeinbBhd2 ob et Ieast emcdr saidhgies tEdderfimictatdi | t

of fset is deteppgeqt m dpoints between said opposite probe points. 25

5. A nmethod according to claim3 further conprising fixturing said

wor kpi ece 12b in said machine 10 for rotation about said rotational axis
ally apart fromsaid rotational

24, and said pgobe paints are . spaced radi frol

axis. 6. irret %‘od a‘g "";E%‘idnagw?fé}méltaicﬁﬂrﬂ fﬂb?rﬁ’érsa@o‘ﬁffﬂ{wﬁ%g pelsdiatg mai of

wor kpi ece 12b opposi@potas H,Maa RhiEepdlict aiddes L5 RdrALR A avOh Lo Blatonsa
wor kpi ece fromssai,d nom nal configuration corresponding Wt & T9 REAF axi s
of said machin .Salf'?"ogl%ﬁgé‘;ﬁ%ér 2004 7. A method according to claim®6
wherein said workpiece 12b includes opposite sides 34,36 and is probed at

a point P 1-12 on at |east one of said sides to determne said |ateral
offset. 5 8. A-netHolchiod arcarding toslaith §iwhereimbmid wbrkpied id pradiel pi £§l6raii§ oFr Obed

t i rpgof ' ' 7 ' ite sides 34,36t
ot or i na”an SRRCELIPoPEALPuldorbelll stk 42,85 RS Ra dsristhomimel aposio o sechet hod
according to clitkerfn Gtevmércenavaatedatenl diicbsRaidsvakabRthatata plurality of 10

points P1-12 on each of said opposite sides 34,36 being correspondi ngly
opposite to each other to determ ne an average |lateral offset of said

Kpi t herl®at . Alfhethd A&l j i rLghn
wor kpi ece e gl @Gt d ﬂ&hér;bgﬁ{fgblg%rﬁxﬂ;ug{l%?ﬂ& w%ﬂ%eﬁ% S

fixturing said wa [ tron a Sai d

r Iﬁ{)i ece 12b in said machi ne
rotational axi'®S®¥% maghine 40 for rptetiereabingt said refationaliBissHia eatisaid dicht pyinapae t

from sai ds r ot @pdcedaldia®y hSart from said rotational axis.

1. A method according to claim 1 further comprising:
probing said workpiece 12b in said machine 10 to determine tilt offset of said
workpiece from said nominal configuration corresponding with a rotational axis 24 of
20 said machine; and
probing said workpiece 12b in said machine 10 to.determine lateral offset of said

workpiece from said nominal configuration corresponding with a linear axis of said

machine.

25 12. A method according to claim 11 wherein said workpiece includes opposite sides
34,36 and is probed at a plurality of points P1-12 on each of said opposite sides to

determine said lateral offset, and is further probed at fewer than said lateral probe points

to determine said tilt offset.

30 13. A method according to claim 12 further comprising fixturing said workpiece 12b

in said machine 10 for rotation about said rotational axis 24, and said probe points are
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11. A method according to claim1 further conprising: propi ai

wor kpi ece 12b in said nachine 10 to determine tilt offsé%gﬁﬁg@gﬁ" 04

wor kpi ece from said nom nal configuration corresponding with a rotationa
axis 24 of 20 said machine; and probing said workpiece 12b in said nmachine

10 to. determ o tALELA afdifRf] ]v,]a?ci rotftioflal YR 0K Qéc%%%éagclg ge%nsn%il%o%osrgig@: gl A

-configuration corresponding wth a linear axis 0 nmachi ne:

met hod accor di Kégralefis¢tsii m 11 wherein sai d workpi ece includes opposite sides
34,36 and is probed at a plurality of points P1-12 on each of said opposite
sides to determne said |ateral offset, and is further probed at fewer

than said |atei4l pAohhqoicedrding toclsiel B Whdhdn sad dit bittet irdfrétBleterdfied nen

met hod according,to claim12 furfher conmprising fixturing said workpiece
1ob in said nithlREBEEE {4is Flaﬁ?ﬁ Doridiboses andifollowsd Inga by etesmiming saidd

sai d probe poi m@al@ff@etaﬁdt%em%a&ﬁng?ﬁ%w&ﬂ@ﬁ@&hé@@._al ly apart from said

rotational axis on each side to determne both said™tilt and | ateral
of fsets. 14. A nmethod according to claim12 wherein said tilt offset if

firstly determaded, othef, [ i §C D i fr1ed by said tilt
of fset, and folTowed in tduerﬁ:r?&%n%dt\é%% ﬁi ﬁ%&égisgﬁ \?Ja}lc%%cgl s g?bggta%gﬁcfalfjhen
further shiftimyltiphisdestodiipinsicesdidedfebin. fed thoh allebidadilifiieatedi ng to claim 11
wherein sgaid workpiece is probed along said multiple axes to determ ne

said offset in fewer than all said nmultiple axes. 10 16. A nmethod according

to claiml 1 fl6theA nedodatoidigy tolEmTa Gakier Bemsiaid: Wor kpi ece 12b accordi ng

to said nom nal confiﬁgratjon;_ repairing said workpiece with a repair 48

| arger than said ndlff FF“B’&_EF?‘@H’P&M%%;IZE&MOMEt‘? hnqspislicagfigaationivor kpi ece

adj acent sai d repaikpaigdyl dald WEHKSRE béiwm?é l;eghﬁéﬁgla? arﬁ%hqaiafngﬁlﬁ{ai c&%gwaxﬁg&l}' ni ng
[ [

sai d wor kpi ece %t said repair to blend repair according to
ar

15 then probing said workpiece adjacent said repair, shifting said workpiece by said
offSet, and machining said workpiece at said repair to blend said repair according to said

nominal configuration thereat.

17. A method according to claim 16 wherein:
20 said workpiece comprises one of several blades 12b extending radially outwardly
from an integral supporting disk 12a;
said disk 12a is fixtured in said machine for rotation about said rotational axis 24:

and

said workpiece blade is probed at a plurality of points spaced radially apart from

25 said rotational axis.

18. A method according to claim 17 wherein said machine 10 includes a cutting tool
16 mounted for translation in two axes and mounted for pivoting in one rotational axis,
and said lateral offset is determined along one of said two translation axes. |

30
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nom nal configuration thereat. 17. A nethod according tq ¢laim 16 wherein:
20 said workpi ece conprises one of several blades 12b eﬁé‘?ﬂi?'ﬁeerr%m"al |y
outwardly froman integral supporting disk 12a; said disk 12a is fixtured
in said machine for rotation about said rotational axis 24; and said

wor kpi ece bl adB.i s Ameaed @koﬂin%g@rcidiﬂnt R Qhelf Qif W%H%feeg g[@?hﬁé%ﬁ@a”

-from 25 said rotational axis. . et hod according Fein
sai d nachi ne 1%5thend,degbligue ot batly seidotwo trenshsiont mds,foid faidingbal oSt in t Wo
axes and nount®enhged RMoNPb P I tional. axis, . and said | ateral
offset is deternined al oérjlg e@%&*‘@%‘g’ﬁﬁtag%‘%ﬁ FiFatiag g%ﬁa@kt@é"i‘ld§ﬁk-19 2

Sept enber 2004 19. A nethod according to claim 18 wherein said workpiece

bl ade 12bsi nclyades pStscand .is obligue to both said two translation
axes, and said [at eAFIf;ﬁ\é{hg@P ggfagl?lgmg A BIERPRPOP Srigulbads Bemerigaly cordrolbdat | on

axes ext endi ngnachingdftomprisshgt 0 sai d di sk. 5 20. A nethod of nachining a

wor kpi ece 12b in a |tiaxis nuperically controlled machine 10 conprising:
storing in said naéﬁfu‘ﬂ%misﬁ‘de{naﬁ e Qe newwal eenfiguiation of saghwotkpiecddelinakby
defined by ceosdinaes SsaRimafiigasedl ti pl e axes; pre-machining said workpi ece
according to said nomnal configuration; 10 repairing said workpiece with a
repair 48 |arger tREMFNLF8idiwrakpiewsratéaydingtd sait nonpinad borfguseibe] Wor kpi ece

in said gachine to or o . sai rkpi ece, fromsaid nom nal
configuration; shi f ?iﬁgé ?é?ﬁo%iegi%%ggér%ﬁlrggraggeéﬁfagé?‘df‘@% GoBEgEAPIGi t h

sai d nomi nal  conf pighingtsaidnyorkpiecei is smohidhinagoSﬁieﬁnmrdf@ét%%aiﬁtw&%igﬁer epai r
according to %hlcga{aqmnri}%&co%?nfi uration. 21. A nmethod according to claim 20
further conprisi ng: 1guration;

shifting said workpiece by said offset to correspond with said nominal
configuration; and

15 machining said workpiece at said repair according to said nominal configuration.

21. A method according to claim 20 further comprising:
fixturing said workpiece 12b in said machine for rotation about a rotational axis

24; and

20 probing said workpiece at a plurality of points P1-12 spaced radially apart from
said rotational axis,

22. A method according to claim 21 wherein said workpiece includes opposite sides
34,36 including said probe points, and is probed on both sides thereof for separately
25 determining a tilt offset from said nominal configuration corresponding with said
rotational axis, and a lateral offset from said nominal configuration corresponding with a

linear axis normal to a radial axis from said rotational axis,

20



fixturing said workpiece 12b in said nmachine for rotatiqn about a
rotational axis 24; and 20 probing said workpiece at a%ﬁ?‘?ﬂ‘??r}?w poi nt s
P1-12 spaced radially apart from said rotational axis. 22. A nethod
according to claim21 wherein. said workpi ece includes opposite sides

34,36 including said probe poi nNemMmRd. SBIMTMAetQANGot h sides thereof for

- separately 25 determning a tilt offset fromsaid nomnal configuration
corresponding with said rotational axis, and a |lateral offset fromsaid
nom nal confi GABSTRACTON TEBPISCIOgusth a linear axis normal to a radial
axis fromsaid rotational axis. 20 NOM NAL SH FT MACH NI NG ABSTRACT OF THE
DI SCLOSURE The nom nal configuration of a workpiece (12b) is stored in a
mul tiaxis numeri caplyn&anir "'fﬁg ne (10). The workpiece (12b) is
probed in the nach?ﬂ#ee m?1:)l ‘t%o 1 eag@frimrf‘;ea é‘f?]ﬂﬁ?cge{l%)ﬂﬁ_ Bfetdofﬂ AhBulaFs nal

confi gur ag i on.num?gcakbrdoptrelllﬂel rodcBine (IO)ts_ T!Iisew_cl)_?]@ief:é (EQEWS pﬂasg,cpfn{ tﬁ@trnaktﬁn% ' ned
correspond w 0 uration. T wor kpi ece i s then nachine
according to :(Fubg tngﬁégﬁﬁ}'gg%%ﬁﬁeg{ﬁ’g} fr?)lﬂ.ﬂ‘qj?ogﬂ’f‘ configuration. The workpiece (12b)

is then shifted by the offset to correspond with the nominal configuration. The

5 workpiece is then machined according to the nominal configuration.

Figure 2.
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