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
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2004 either greater than or |ess than t %ranom' nal i gr;{%[:f?}sf%nﬁa‘feolf’mtsﬁr@ &si r ed

confi gurati on. 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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Accordi ngly, during the manufacture of individual blade he fin
configuration thereof is never exactly the same as the ?O%gﬁgr'nkeraiom
configuration but varies within the permtted tolerances over the entire
outer surface of the conponent. Since a given rotor 5 stage has a
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the individual blades are fornmed using the nom nal configuration thereof
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therefore desired to repair that blade for preventing the wasteful
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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, '



turbi ne conpressor application is being explored. Danage 2 ®eptdigbareloati vel y
thin leading or trailing edges of an individual blade may be repaired by
renovi ng the danaged portion and weld repairing the renaining cutout.
Either weld material may be built up in the cutout, or a suitable spad
insert may be welded therein. In either case, the weld repair is
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machi ne a nom nal configuration of the workpi ece defined by coordi nates of
the multiple axes; probing the workpiece in the machine to deternm ne an
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t hereof, is nor articularly described in the 3 2 Septenber 2004
resulting disconfinuities 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



foll owi ng detailed description taken in conjunction wt %%gpg r%égro nyi ng
drawings in which: Figure 1 is a schematic representati P i ng
machi ne configured for nachining a workpiece in accordance with one
enbodi nent of the present invention. 5 Figure 2 is an enl arged perspective
view of a porti f the. hine.illustrated in Figure 1 including, an,
~exenpl ary bl i sk?(\)?\}gr%ll(rﬁ %iaélgﬁg?ﬁ‘fpgtbo“t e FOENGiP S 1%‘ ﬁﬁg AERMPRTARGEAVEBE i1 on
of the blisk il wtchrated in Figure 2 and a corresponding flowhart
representation of a nethod for repair thereof in accordance with an
exenpl ary enbodi nent _of tge present invention. 10 Figure 4 is an enl arged
perspective view of S§"Ex dblaa@e%ﬁé’ EsprepeEation; efka philime smaghine eanfigered fon

Figure 3 illustpathinds BwRRiplae i\ RE&8incE WtcRe embSifert GPHEREdstnt invention.
representation of thegpr obed bl ade 111 ustrated ianfgur eg? Sand g en-

corresponding flowhart representation of probing thereof in accordance
with an exenpl ary elBUE2ikem eriarsedrerspeative view ehamvrtionnf tpambireilustrated in

DESCRI PTI ON OF Fied MYENERCD) 4 bl aloptia s heitpalhy I 0 Figure 1is a

mul tiaxis nunmerically cont I ne contrgured i'n accordance with
the present invention for machining a workpiece 12 in the exenplary form
of a gas turbine engFigerechnprosendargdsl petion Tifethe dishiitstrated éhfFigmy haud aany

conventi onal copf]j [ u as a.five axjs.mllin chine jin th
exenpl ary formo gl i%‘h%&gﬁﬁaﬁfﬁﬁre@%ﬁg? OC%HWQIPQ ?aélr?%?“gbﬁé%%érb?céo’i‘i?%mg’o
the G ncinnati MekmpRnGondiyendbf @B psent ieedahi ne i ncl udes a rotary power
head or spindle 14 which receives a suitable machining tool or cutter 16

therein. The spindle.l4 is pivqtal nmount ed to, an el evat or 8 fo

provi di ng 1@ne rotar sF 1gyed lﬁg‘b?rﬁ% FRectvpIeve Phangxgmplpgy eng %éﬁ’rﬁl’é% bladesa
correspondi ng fﬂl@ﬁlﬁt@ﬂﬁ*}?igﬂi&ﬁduﬁﬁﬁg@ @gﬁgmr@q{i s of vertical translation
nmovenment Y. 25 The franme 1s nounte Kt)o a carriage 20 which introduces a

hori zontal translat ia‘?n 4 2 Septenber 2004 axis of nmovenment X ort%&gonal to
the vertical transl &Py dxP schpmaficrepppsentation of theeprobeg blade dlipsirted inefigwre der
16 may be contrgld LebrR¥pdnbifg YRR ¥epRes@iatiIR VR Prdtingshdreb¥ 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
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The.mmrkpiece 12 is mounted or textured atop a turntabl 2 Whi ch
introduces rotary novement B of the workpiece 12 about%ﬁgwg?th%?m¥%tary
axis 24 about which the 5 workpiece is coaxially aligned. The turntable 22
sits atop another translation carriage 26 which introduces a third

transl ati on axi f ich,i.S . 0rth nal .to the _horizontal and
“verti cal | m)ve)r(r{en Qa()){gg&%,{{%m %ﬁ%ﬂ]ﬁlﬁéﬁl Ir%% tk}es%&%‘%f&ﬁ‘%\"? Bn¥r OH By dhe

nuneri cal cont r ddcatidn &ahd ¢uttehi cRay Beecdhirslicd Gy GRahRE bR Sf RbferRé@ Y RAEd and
stored for controlling the path of the cutter 16 10 in 3D space using the
conmbi nation of the fiye chi niéga%laxes conventi.onal manner.
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The blisk workpiece 12¢{*OTPIqcq F‘@Hn‘Fi"hﬁF‘afeSaﬂ‘QH & tHrapble 22 whigh ifrpduces

mounted in ther&&?hﬁ@.@meﬁt B oF o6 t12r80RQ VedticdPRErY 8xif0H Abodt Mhidhl the K
12 with its centerline coincident kv%njlth tt?eorot ar;l/ axi s 24l of t%e ttljérﬂndtlibl e
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circunterential %icﬁpiﬂESﬂchsogrtﬁihdg kr%&%iox? raxi@'c{ffrﬁé)\}e%e;nzg wﬁr)élrl ?sngll'th oﬁaﬁqlﬂaxl y
outwardly fromthe perineter thereof ITn a unitary or one-piece sse fi/
The bli sk it sel hommntal md vegichhmbenmataxkakfYir ed i n any conventional manner
such as by electrochem cal machining or mlling to the nom nal
configuration thereo i thi.n 20 suitable rances as described_above. For
exanple, the mlli ngfmn%mc fenee ﬁsa?/peﬁaélvglgnﬁoflfr@h%ybyoﬂwgﬁﬁ icﬁmﬁo@B%\ge‘Ht‘?’lﬁﬂhl
manner in whi chnfableiningopétations anfprapiirimedahdatoréd@r cétofithgitife [Sf06@RE bulteBITON Y
with a corresponding machi ning path for the cutter to renove _material from
an ori gi nal® wor FpiPc &P¥5F Asig; Biet enmhinatian | i qthg i faga mapliniag saxes PGYRE.AR rin s

i ndi cat ed aboveodhgidherthimkr configuration of the desired final shape and
25 position of the individual blades 12b supported by the disk 12a may be
defined by a suitably |arge nunber of individual points over the outer
contour of the indi vilebliskpyoskniace 13 ds ilugieted émmers teyticuhsitycio Higuspd mbunigd in
coordi nates of i ng. f iV e- axh | I rated in,.
Figure 2, each %Hgie[ﬂ{mo 'tﬁesu%rlﬁ ﬁa ec%)olnﬁi ‘S%Ar‘z F@SQ%QE’&% lg%%hlsgsp?%nri%ie“}e
2004 wor kpi ece béisddent Mithithe chedry aeisl 21 yf theeufntabl: Z200TiH blaskdsciideY aZnppdainglhe

nom nal Colgf ! gu&laslt( '95 hlaxsling ! })l%?&lli}'/y g} (gﬂ_&gn ergntgalgr sggce rglpalc')tf bl}i&g or;raa?xriltl)igeub
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



controller 28 along with the desired cutting path required for the cutter
16 to trace or follow the nominal configuration stored %geﬁir%rﬁja?ryz.ooﬂs

i ndi cated above, the multiaxis 5 mlling machine is conventional, and may
be conventionally operated for use in initially mnachining all the bl ades
12b of the bii sKorfleddttide 156 R MANE BRDLLR VIABY the perm tied
-tol erances of machining. Typical nachining variations grevent the nany

bl ades from being identical in configuration with each other, although
they are substanti allibg nogupal jconfigupitioniin suitablyl Sopsdrini the eveney exf ahe emchifihe
permtted toler (=10 final dinmensi f the .Jndividual
bl ades wi | | res%ﬁ%a}eﬁaggﬁg%&pﬁgtd%%%g CP ﬁlél% @8‘?1 rﬁ%‘f“ﬁgr}éﬁ ?’ﬁeclug?fn]tﬁfeﬁogwf% %br
oversi ze, whi cHollew thepioodal yordighfatioe storckirin meioad e Al thdiatderbotd, Sher BulBaxis
iIIustrate§ a paiti on BJJ:‘? t he work ifﬁ%ﬁ blisk 12 having four representative

bl ades 120 whi HHRERATIRF {5 ST SRtineRlAnA depyhg crpyrafionaliy Opeaied far e iupitially
subj ected to danR@minkSalb@b Mhdes PR Bﬁﬁle'ﬂﬁs@W%Q%ﬁ?sﬂ@(Pé Bnd ggsif%neﬁlﬁﬁ’ih the
invention. Mre specifically, the second blade illustrated in Figure 3 is
shown with exersmaifisd @leranges o marhininge f or m of bending at the |eading edge
t hereof due to foreign object damage occurring during engine use. It is
desired to repair t gﬁrm%-rﬁ{é[d : -
near-original conf ihg_lalr at i onlvvl nz{rﬁﬁ%iﬁ@sr%@?%&?te ?ﬁ)éﬁgrgg%g{egexﬁ% (l)dr%n&l(f'?lem
noni nal conf i g@eefigumtion 2githAsa¢hnpther| dithogghothry iane BilgtandalB; ideatitsl byidde the

i ncl udes general. ncave pressure i de or .surface 34, and an opposite
general | y%onv%ﬁ%gﬁ%q tl%geﬁang?sde rpe%ﬂttF%Eoze%.e "‘th’ZlOP%AB“ ﬁ’?i fﬂﬁgg‘gigﬁﬁﬁlf Hibfm a
root 38 integr addivitidh Hidtes diilredd irt Qardous stiridrls Yihereb e beihk Reither uARgidengr tWwo
si des extend axi al Iag/ bet ween, radi al |l y extendi n%’bl eading and trailing edges

42,44. As indi C¥EEES 3rhds typisallystifieepidiomybladado blade.| | ustrated in Figure 3
may be initially 25 manufactured by storing its nom nal configuration in
the milling nmachi nergigt 1 iNeAratBabAIAGT Bk Mlﬁ)‘ié@%hél@lfﬂvh%_efo@rb% cHafidePi ece
according to that nom nal configuration for formng the final ‘product. As
shown in Fi gur &lades k2kevhichingre pifialiy maphinpdtoslifty) eanfigumstiorhbut debjetaevetg damfge

various sgyts, phif i QPint | he lLeadi ng.edge A2 for. 6 2
Sept enber 2004 elx%k%bﬁfé@?hag%?@gg W%né;mﬁgmgééb%}/?@ggbﬁ TR Ei'%éffcfl@y’r er’ri?\cl(?"t‘ilg t he
damage by cutt blade dinsiyatedhie Figure 3 is 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
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bend damage 32 and | eaving a cutout 46 al ong the | eadi n%thg E r.m nat| ng
at undarmmged original blade material as shown for the t4P$RIEBPH I *The
cutout may then be 5 filled in either with weld material al one or a
nmetallic spad insert welded in place to form a weld repair 48 which is
sui tably | argeretadfgpp.t he nom nal configuration of the blade thereat as
-shown for the fourth blade. For clarity of presentation, Figure 3
illustrates one bl ade th the bend danmage 32, another blade with the
cutout 46, and anot h&he %135&@3/}‘?5\?‘?%584 hb“%@l”&i reraqyiigr the damagedyraytting a®ap Heo
illustrates yet 0 Led - d I-C e has bee
nmachi ned to thzﬁﬂoflﬁlﬁdz’i :f:jonﬁ éﬁ?g% gndut u\é\?gagbﬁg%\é\?g?ﬁgn%%e WEPHIRHRE at
present invent i endamegedmriginal bigdeamatowid] ds s@pmiforthda&mdblbﬂh Whéahmmglayhl@n be

surface contour cent bl ade materi al e .permtted

tol er ancesgf romﬁfr?lecglrﬁkna e?f’J 6‘3 eellé W\a{ﬁ% arkod“CSFaE}?E?gfcafﬁ?" QF?‘{/ ﬁlldgffﬁpiﬁcﬁ&’ forp
step di sconti nua wiekkrepdie @ haiioheie Ruitdbdy lafgediharthé ﬂoﬁ&@hb@@iﬁ@aﬁ&gof e Bikled
repair 48 to th | nal nom nal conflguratlon of the bllade within the

ori
original toler aﬁﬁrégta ey faging fathblagade is probed in accordance- with
the present invention to initially determne the offset in the actual

configuration of therdplcags, sturbRf@tisd FPutd$ lln@ﬁat&aéneodime i Ak bl tﬁ?agr%]ow

the original rmachini ng operation. Figure 4 illustrates sc errat I ca
such probi ng nei2. Beothep bladg wish theguiont 46c amst anatherblodettaviag ﬁm&hﬂ)tepmw&arﬁlguherrent
of the prggent (o] r nmoun i n t 21N i ndl e
14 of the oult .%é‘%"i%ﬁﬁe e SRRt B2 B0 B e RHER o mackind
capabilities thbe amﬁxnaknopﬁghalmhbersan i &erdaicetwith the\present Roentidh dsle:rdatihg a

Al t hough t he nomnal rati e wor kpi ece is stored in  the
nmachi ne, the ac‘?’?}gfe}’%ﬁ%f‘%g&é’i”?‘ﬁﬁm%ﬁ’ets agsicapa it thscpdiesent blada sisiepial within s
therefrom 25 W th&banitkel BRFN4st B QbintHa &r e‘hﬁﬁr?a'hﬁ@6?§ubst§.‘ﬂt¥all?trﬁi%mﬁhng(ﬁny
simply machine the weld repair 48 based on the nom nal configurati

al one, with thetspdisspntiuitisytheshetenet.onal |y referenced in the machine,
would result in either insufficient or excessive materi al renoval at the

repair angsa corresppngiygg t&txﬁ&h}ﬁet Bleﬁ@e[hé'”w&}mgﬂi(aﬂj ?ocgﬁ'% o?%ntg{] | Blnina3! NCE

the actual position of the adjacent naterl al nown e random
variation 7 2 Sepfigmson of 08dlade mgthiveth¢ griginad wletees, 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



Accordingly by initially probing the workpiece textured W thin t chi ne
itself the offset of the workpiece fromthe noninal r#%ﬁ%?@?@gﬁo t or ed
in the machine nenory may be determ ned. As shown in Figure 1, the

wor kpi ece may then be shifted 5 in position in the machi ne by the so

det erm ned offag&%%gyggﬁ&ﬁ&pond with the nom nal configuration stored in
-the machine. In this way, the actual, probed, configuration of the
undamaged bl ade is determ ned and best fit with the stored nom nal
configuration so thatccaishninigitielly prebingwls workpipes fixtered mithinahelmadtiineitstlie

stored nom nal i gu I L. ter mat.ch the 10.actual, .configuration
of the indivi ng‘?%Eqsgd% %Q‘g?r%%%c ﬁg‘i‘:‘m ﬁemgr%aﬂ |°H§g‘\‘ﬂ“i% pipieg 15 ¢ mipghing ep
wi th adj acent unclaoragey teakefmiabd WAL Bhow EFigire 0] thakorlpiidt atl Widhne shified
t ol erances The shj.fted workpi ece may then _be conventional |y machi ned
according To t HB PHHLEF the, Blachine by giersoriemmingd offant to spmespeng Wit the nemingl

material at theoWehfatiofRRkdd id M ndcAivede a relatively snmooth machine blend
with the adjoining original nmaterial. 15 As shown schematically in Figure

4, the nom nal configuration of the blade 12b_ may be defined by )
coor di nates cor r espdhdhisgWay. t the tasiahaipbesh cenfigiration] of theeundsmagise bladpdei i c

machi ne, such agteRAREAARPEREH S SRS Hohit dbnilp s MUSHER X 5%

Al t hough all five coordinate axes nmay be use ermni ng set of
the actual bl addd cepairi guespoidsnwith oim stored stoatied configunationcwilif begter afatchthe
exam nati of .th articul ar. 20. wor kpj ec e try.and . testing permts
probing of the a\?\%fg%&néggatfoﬁ f}féé%vl\é@ﬁﬁlﬁf @F‘% tgfe%én%éi%ﬂﬂl@g}ng "Yfgﬁ Lﬂtﬁ?)%n%lx es
to sufficient! wegotigl sdifent itlapbwchatbdl Wiih MeZéoiiSnd! ReanSta8Rring icIGAMREd, NUI ty
at the junction of the weld repair and original material follow ng nmachine
bl endi ng. For &x&ripified warkpieeetay thewibgi convantipnaliyfanachingd jap¢anding &a ¢ stared
Figure 2 are 3 | : g ril i ]
adially out varge e R ior LA YRR oo ol BE RIS o
t he workpi ece Itlateiely smoothonaphikibiead math theeadjedihe ofigiohl haatetiat. er mine a tilt

of fset of the blade fromthe nomnal configuration corresponding wth the

Ll 25 P TR M PR R e W L
2004 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



configuration about correspondi ng radi al stacking axes qf .the dis 2a
whi ch correspond with the translation axis Z when ali g%e%eﬁqﬁ'@g%é(q .

Accordingly, the blades 12b nay additionally or alternatively be probed in
the machine to determne a lateral or translation offset of the bI ade from

t he nom nal corﬁonﬁguraimcah WQRHIT fa axi,s,
-such as either ”81 |ne x?s X ?@m glal"éticﬂmgakésmeu%@fﬁv%% %ﬁ??%ngd

during machini'f! %Hﬂnl Fxisv rdgn BIIEUgSIhGIQ\bith | Aostrdiagledthe blddeg UIte mdy ar e
subj ect to el askiié lo@ &tk I nin causes
variation in the laglgaﬁlgo rraéé&{? lﬁee!g%gfbgletg{ﬂlr 5%“11%33g?tgﬁlg%%ltoﬁﬁaﬂshﬁeé
coor di nat e axe®IRetef the bizde Sioinf the ntgnmhﬂe:onﬁgaratﬁh cOREPHRINGEW DS hﬁéaPHarFs&nox?f

the blisk 42 t 0 for,the offset bet ween t he act
confi gur atilslon %?ﬁ %ﬂg@%%ﬁ&d mAchINe 3% gcﬂ’n Alongowhick theaguttonist tresslated  duting

machi ni ng pat hogkchining. cutter progranmmed in the machine to correspond with
the nom nal configuration better fits the actual configuration of each
machining the weld repair within the

bl ade probed prior
origi ngl t ol ePances&g?%aﬁfﬁﬁ?fFaglﬁgesﬂgb #‘”@W@mﬁwﬁémaﬂmthmﬁﬂeﬂmh@y an

exenpl ary mannéuritf 20 Biadkininb & rat ed
bl ade 12b has %@&?nnnﬁl ned gctE uaﬁlé@fg%ﬁﬁsgfjﬁ%tg %gﬁ%el%glv% ehlgft‘d FHUETAROD and

t he exenpl ary rlepmihe thrge eqosdinate beesdlY &t Byshiftingitid infiaDfefdriRe phedsH NY
edge 42. 18hownef fhe B r .S an envel ope 52
representing t he ﬁo?napnl%)wcégn | g%#éaii&?%% (5?%%9 I‘i’gE eél?’f’tf"@f’q‘ the gtuah eonfigyatiomet
posi tive tol ereatbeblale g the trivednal feonfdusition theedto Hel in¥@udif) ‘faﬁﬁn&ethle cutter
typically up té ew m ) Iaéglte:r than the nom nal confi gurat |

di mensi ons. t@%orfeém‘@ﬂéfﬁﬁ’éhﬁ)mlmﬂ@lswnﬁmcm mﬁexdﬁtsrﬁmy ons
which are re rmht:ﬁd’ Shllof @ t id Li.ne _contaqur of
et o o s s L3R il 54

the illustrated hlade. In order to suitabl erence 12b
in the machi ne'PAT ¥ithip dherosigimgktolepmeastitnmenbmioati nal confi guration for the
bl ade, the blade is probed at one or nore spaced apart probed points P1-12.

Since onlly the wel dj 934 Fitifidrated O4HhE RS the obe points are
preferably located closely adjaacent o f en‘g efe@él prodige ofhet he

original ~ par e¥Rrkpiatecadg 12bf 'l"lhhelllbtractbbla&bubfhach ph@ﬁacﬂiﬂ&d b&l@&%@ﬂf@mtmn

repairing. Fi r schemat | xenpl ary nmethods of probin
‘ hg bi adg 12b%§9’15@n§1§051!1 i, R4 B2 eXCplary Weld repglu' b algng the buter span portion otp 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



2 Septenber 2004 shown in relevant section along the ex lary. twelve pr obe
points in greatly exaggerated configuration for claritgpgﬂﬁﬁ%ggéﬁﬁ%ﬁion.
Shown in dashed line at the left of Figure 5 is a portion of the nom nal
configuration 54 which is stored in the machine nmenory and from which the

original bl ade hined. The nom nal 5 configuration b4 typically
~has a centerli nget%gﬁn }Ngﬁer%%“t hsgélhorrl a ‘I%g. tE?(i eegiplapy r}fvﬁlge fe PO é‘K gat¥nds

radi al |y out war elaggdratedednifiguratiorefor cRfityastiptddent@iohS Sabwi hedakii Qe di B 34Nt ed
coaxially with the r targ axis_24 of the supporting turntable. The. nom nal
configuration 5% list gfieyof H‘BF’P@B?@& cgnfigiFriies et whiploiy stored imdiei mashireews
the actual bl adgehd) hhdtibnedyhilt 8hE1 RiginFOWRMET 1282SVak ”rﬁé%ﬁ%gd apQVSmigie to

the original nmachining variations of the 10 bl ade, the e varies ttom
t he nom naP con$dnfjgwaiignodft bipically hatia reentertine aligied guithea Sadid] swisi §6 ofthe dflele on

the left an ex | 4 f the bl.ade rel at.iv to the nom nal
confi guration gﬂgﬁri g%?@é %Ar?%aglg%%é&agély i 'ia%%aj'fl%al C?'%S\ﬁlnlf‘%?f“ %@?%é?gﬁ?oé‘&teg
rel ative to thecoazidilalvitaxtiesofaty axisR4sfibe sippordag amithtle Thendnihil Bffigedtion

bet ween the act bl gde_and t he nom nal configuration, the blade is
preferably pr ob%g"lnﬁstm{ Eigutoy tepresagtshor the madying ews,he petual blade 12y fiptaed 1 o

B np, Vo dhbeR, AMbRA o9 fndidafbd BBASIE 1O U Hipintwdlhinhl S RESt B

preferably probed at a pair of radially spaced ap
on each ofl0t he Ylgds. the blade vasies Gomrthd mmindl onfigukatior ¢rea tanddm tamreeat . Si nce t he
bl ade 12b is fixtured in the nmachine for rotation about the rotational 20

axi s 24, the probe | 4 1 R | . e f bly .spaced
apart radially al ongq %Lﬁéegra % illg‘ﬁ&!g%éﬂ@g?&a%ddéﬁag%ge{?f@kou‘cfe\t/\/g{%f’@faﬁ? 5%“9’ e

rotational axi sto2ie ndmiodeopiiguniton aRd Tepfesattted by a afltehgleeRivhichendy woaedsingd 40

on the undamaged, original surf.a | osgel djacent . to_the boundary of the
wel d repair 48 relaltye B 5 @ﬂgﬁ‘ws 561 fn ol éﬁf‘%‘“iﬂed{h‘? it gffsepl isbvesgithi actysg 12
are |ocated radilalel andi thvab@inal cHETgREHOM MEMadk NE phfRSSIIDIEbeld QU RIAIY ritfre t NE
wel d 25 rﬁgal r 48. The outer two probe points P Ip,7 are preferably | ocated

opposite ead?Mther al ong the span of the blade, and the inner probe
point P6,12 are also preferably |located opposite to each other near the

bottom of the bl ade sifhandbRRLisDAbjest oNBALANEtartaRorP 8§ Both s ifs bRl ls;dak obe
points P1,6,7,12 to determ ne the jact ual coordi nates th%r eof1 B@Png tsh(%g
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

10



10 2 Septenber 2004 coordi nate nmeasuring capability inherent ip the
machi ne. The various probe points preferably correspond awHEBPH; 43¢ point s
defining the nom nal configuration of the blade. Accordingly, the
m dpoi nts between the outer probe points P 1,7 and inner probe points

P6, 12 may be ca : o.define.a.line therebetween 5 The orientation of
“this cen%/erl i neé%%ﬁgﬁgsﬁgn%ﬁqgﬂplé(d"lWet“ﬁmttﬁeemE@F‘}eespondi ng orientation of
the simlar centerline calculated fromthe corresponding four points of the
noni nal confi gurat i dFhe vaniotshprebarpyints phefertitly @biraéBordd With gﬁﬁﬁpﬁoi;{wtdgﬂiﬁ)%tev\een

[

may be determ’{gloeq nd tﬁs ijlug%%ﬁed in Figure 5. This relative t

of fset T between the “GUIEE oL 305+ (Feoadipgly+themidpeintsrhstvaged thehmter bebbe
nom nal confi gugoiits PN7 shPingé d:dR MBI PERY R i ng.the B of fset
feature fo%md in the machi ne.ﬁr_Up(gﬁ np_r ob%ﬁng%{%gga%ﬁ%%gq? g@“ﬁ%t@?ﬁ?ﬁﬁ"ﬁ’&’e%e
tilt offset T, the origntatiempé this womering ryayt Henbbd sémpeasd bethr ﬂl‘eaécﬁtisﬂoﬁﬂin%
shifting the proheds . nme a t of .offset T to correspon
with the nominal ti F{’H @%ﬁ? %‘dﬂr‘"‘g enfiie IR Ien fropm, b AUEHPondingfonr pointa ajthe
radial l'y ali gn rohenahcbuiguritiond eInitishwifiethe Gelia) til@@ﬂfsétgprtﬁérét%&vee}hbéz be
shown in 15 Fi ArL 5 %,hec{.elp t he actual blade 12b at the left may
shifted to the FigRPeh§GRElustraiedipkimes 5.8 of f set having the magnitude of
the probed tilt offset T. This rotary shifting or indexing of the bl ade

effecti vel osi t i oMhistrhiativ tHESTRET B ' -canf i '
ively positi stréiativel tleTBET Bétlvedn _Qaétlh'h?bm@érﬁf@gg it (g njfa?fﬁyc}?%.rlsdgtﬁe

stored inl(ﬁ)he machi pe ?nd reduces or elimnates the probed ti

Si nce the'bl addCFF FOlgPEHOoL MR ereirompyabegomiectodinsing the B dffsetcfeatfine gondtin on
relative to 2Ghd MacHA 03bn GRBI i 54, the blade i referably al so
probed at one of the pr obg " Boi #tggtﬂéﬁiag?r}?reics“ﬁ“"é Heb %EBETW&%@?@A? 36
to deternine tepnogingrtad bliskmsytbelrotated ferahiftilg the plobedbiagh 5eBaisimé SmoBE6E
solely on one t si des hen Lateral prohing may be conducted on
that side onl yg%fls-%\;‘}\gt\%:}rs\%sg?lﬁaﬁvémf h‘g ngmmah i Fonfiguraion semsd in {he mips hipa reaonn
Figure 4 is exposediaiy aligh thoidiasibihas vwafh ﬂq@%omrﬁﬁeqnfigh&ugzl.a%' iS sﬂéﬁ grably
pr obed atlﬁa pai.r of cz’ﬁg?slte probe points on ogposﬂe sides of the ade to
det er mi nean avEHEge Thstedh Hie fuak bladel 2k e the| lakienayhlesr shafted toSihncizhe g hesi de
of the bl ade i sotséRhiEsbitt® NERED inﬁ,&gn' |2l G Ol ecified .
configuration tolerances, |at eérg'l@ P ol\k{)l?%goﬁ%qg?egfitetﬁkrogrﬂetgﬁ ﬁo%rlyc?g@.mgBy
averagi ng the ©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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| ateral offset on both sides of the blade with correspondin oints of the
nomi nal 11 2 September 2004 configuration, the bl ade may %%‘%Efg'ﬁ%%% for
best-fit in the nmachine to correspond with the stored nom nal
configuration. The lateral offset L illustrated in Figure 5 nay be

I mpl enented in [ i ng .th onwentional transyverse axis X-of fset
- feature provi deﬁggﬁjﬁﬁhmgg\l#r%\én “g’hg‘%géﬁ?ﬁf Stefif, 18 the g2 3 cgBegondvih al

of fset L. The |th¢ gorad nahinfltdonfiguritionndexi ng of the bl ade reduces or
elimnates the probed | ateral offset. Machining of the weld repair may

t hen be nore accuratel erfarned in accordance with the original, stored
noni nal  confi gurat ?I%ﬁX 'rf‘h?fﬂsepﬁélh?ﬁ%tﬁ‘gfq Eigure o) way Ae deplementedhin the mankine
preferred enbodisignthe doheentibaerdnsveiz0R8¢ Xabera; Rbiia! hrb¥id gLnts on
10 each of _the two. opposite sides, with the points thlberrelo‘%jc B@F‘%g%ag‘“g 4

cor r espondt ngl yaSp{HsiEiaaualite theaprmbest laisral pEsatdt ¥ latsrah shiflingr axgedexadgartahe
ffset of th | [ ||l ust t wel
of fset o e Whidk Ridees oﬁ-l@%ﬁﬁfes tHe! e@feﬁ?até‘a%}ﬂc(f ENILCh Tt &gtfaee Fl\garaﬁla%ﬂaay t he

exenpl ary probe points P1-12 arran I'n opposrte gr
border of the Wkshdbe mowi accyBielSpatemeddh aoforddnes Widb@e RRighiak R8d Aominal

correspondi ng i i.n_the. nom na 15 confjguration of the blade, the
coordi nate rreaggr}f?g‘%ﬁan?,%ggﬁﬁnp%ipe‘a%leqtﬁ@”ﬁﬁ?ﬁ#‘%@fmy be used to determne the
| ateral offset along the exenplary translation axis X as illustrated in

Figure 5 between ealhthpprferef@mbbdiniRet, ihtewaa@m;ﬁ@ﬂedfawﬂhf‘a'ﬁ%f;pm Xaboﬁl\ise(;rﬁgi ng
the |Iat e{OaI offgetff}ﬁof the twel ve probe points an average |lateral offset L
may be determ &G O H5dPR PRRositerpides; with thyppms theredrr bping dorrespoadingly oppusite to
illustrated inefth@etd def@MidchaRvaS, i rohed |areral

of fset L along the X axi's for shivft%ﬂgéghégs\fi)?&tg%teygggpgfgggléc%ﬁé])%%%s%%ﬁder al
of fset L to cofilbspgatvaicdrempleryrmobemintcdint grmged ianppdstagroupd of sidisng

Accordingly, t ﬂ;th LlLlustpated in Figure 5 nmay be shifted in
B-of fset rot agh?ggédgﬂgrespgﬁaﬁpﬁﬁé;&ﬁth the probed tilt offset T and in the

X-of fset translation corresponding with the |ateral offset L which then
aligns in a best fiS$inecheachcolishie probbeni2b hepaf sgekhtiap Whintt Rete! aggny t h
t he nom Q?I co nrlt]'z ul%&('gni O:ﬂt s\tR%re in the machine. The machine may then be
oper ated for HERY OHES Rt e ponrdingte MeRRITRE SeRsRility eiothe imyahiae mes be

therefor to obumiim themimehi MestaldRochicHanS BRWPIAD FhBHEE adis XT NS ustrated
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

12



transition of the machined blend 48b to the original adjacent Br‘aterial of

the blade will be effected within the original toleranceeRePPeeHoni nal
configuration, and mnimzes or 12 2 Septenber 2004 .eli m nates any

di sconti nuous step thereat- Subsequent manual blending of the weld repair

may be m ni m zefmiates lahMdn@b@Gubty b f,epBAN he | ar adi al l'y
-extendi ng wel d repai r-4g1.i.l I_usturat_ e%J i r?%?gﬁ?%segl,%ht %"32 ai?)ri)gcr}"ﬁ% %’h%w hat

twel ve probe p&iPAY §1a¥\pe fligimigedtor elininetdd inthgmeups. of si x on opposite 5 sides
of the bl ade provide an optinmum best fit of the actual blade to the nom nal

configuration for ngg iz i p_discontinujty at the junction
of the weld repai ﬁgyn%kggggﬁ{aﬁﬁnﬁd%}lpgﬁx.?etng’glgb“éagcwﬂﬂrs&g l‘lﬁ"éwt & CEIm Ag
tuel ve were al totingub slavathatawelvé piobepbihts epnBiast A& in RRIE b ik bn ARsHY ©

t husly undesi rﬁgéseoti Q]Svli)leag/ of the added inspection tine required therefor.
Fewer than twel'Ve proe’ {5 RP¥idGaneontinugn besti i pfathe actial pladelte gt nominelss

accurate fittioanfighratibre fd! rﬁﬁxﬂn{tzﬁlgt@ﬁllﬁ}%r@taﬁhis%g%ﬁigp%tgﬁh%ﬁ[Gﬁ%ctimE)lf 3&’3”%%@6?]:

probe points used for determning the tilt of era
than the | at er XP3tpAhRATHY material. g Repbr ojstsedrentiyirxgeckimgriwplve veer alsd b eahaged

I ndi cat ed abov )N ' t,, usi ng, bo sides of the bl ade.
As few as two :ﬁdl {':aﬁf)dr gﬁ%ﬁg‘gent g ?Dehhﬂo&/te\%gr ?r%ct %‘;?yd “%E’S@Eedmf YW Ll the addede
repair if desimnencticBihareghigedptheretorr Fdwearnthatiwebatprotiel oititd fafetkol tBsedd gr s 1
and 2, thg ti I‘%Slﬁt[eéselt T ist Bhrstt%ﬁgﬁtéer n}jned in the machi ne, and then
the blade is shrtted By *FHESE Y HECEMFCRER e Romigplcgefiguiaiong t he rot at i onal
B-of fset feature. The rotary shifted blade is then laterally probed for

det ermini ng the | atBreatuntéf s@probe poidtsiused ﬁ?ﬂetﬁiﬁhﬁiﬁiﬂ?rthxe_stfg;t ft)gfgété Tb%é%%@'rﬁ?lgg of

determ ned | ater al ofésr:t H usi ng. the transl ati ona _ |

the so of fset SyiPaffhe jasya rPﬁ‘fbetPHE‘ﬁ*!ﬁ@'éBW&éﬁhlf fHapiobe points o5 mditated alidve
region |im tedot @tériniMelifl offf Bkihe bR kidtELMEDD G, ¢ r&ILQR Lo Lhe. nom nal
configuration within tﬁ% speci f ' edl t'olsbrancégblg%iere O8O (Y PIORS RO 4
probi ng of t hd'OWsFEproatdderustd fone dndssideopaiesdesirad.ng shifting therefor, is
typically sufficient in a single sequence for best fitting the blade to the

wel O repal r it hin T eheheRncy PRELEHERNBRENG T TgRGel 500 B et o
machi ni ng, t hdirstiy deteamined! at e atachingbind ghen the blade is shifted by the so determined tilt
offset using the rotational B-offset feature. The rotary shifted blade is then laterally
probed for determining the lateral offset I 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

13



may be conducted again in a second sequence of operati or2 %o te| OOr4ef| ne
the required rotary and lateral offsets or confirmthe 9 RTRTAPFY

determ ned val ues. Testing has shown that a single sequence is sufficient.
However, in other workpiece configurations iterative 13 2 Septenber 2004

probing may be ‘f;?(?thr[ger%)f B¢ ddstred ﬁ)\f'nﬂgrgkgg tl?ecfcld&%ﬁy ollgtile %l?ng ulélrlﬁsrg% G g to the

~machining to thé origi'nal nom nal uratro
embodi ment i | | usrigaalgwniiral Fordignetidy. t he wor kpi ece undergoing machining is
one of the several gener aI |y identical blades ext ending radially outwardly

5 fromthe supportin ctl eeac of the bl ades
is not identical in ﬂ}:glh nﬂ}% |eglr?0gn}en llﬁllé{%? ° ch vy b‘?’??\'fﬁ LR
and configurati mckﬂumgbmoﬂehﬁ‘ thé smnagenemyua@ﬁbdl bladgs EaeEaliBly 6kiRhrdly
Since the sk i.s xturg‘g 8 fa t]%ne for rotatjon_about the rotatlonal
axis 24 the s ane PG HPREFIR? disk #Elgf’ %kr@w@?jeqcbpf@abhdww@ ifeatieal i ng
repair. Since ea@rtﬁga&nbﬁ BélSs w*ojerc%maxddﬂﬁ @&ﬁ'ﬁ@ﬁ' d&nﬁ %@H{;}% Sl t he

nom nal , each bl ade requiring air is preferably pr at t &l'fed
probe points sp&@é‘éfafﬁfa@i%m%ﬁs%tbaﬁ orf rom each ot her from the rotational
axis 24. Probing of one blade will nost likely result in different tilt

and lateral offsets §meamut '83 € ﬁﬂﬂ%&i ifhe Pl Q¥orqgt[aa$h a}b%ﬂﬁé go%gpglgﬁ?%ﬁ%ﬁed

requiring repair. However, I ng opera ron’i
into the contr otheéamgwobi:& ;frocressaunap batépeged e cagieblade QOﬁmgi refpdir O1SRick @adt Y

determ ni t he gui re X of fsef.s used_.in Chl ni i ven bl ade.
The noni ngll% conf {ag%rsa %ﬁﬁ & Sm\/\Br‘f?Bf'@t‘f@n%ﬁﬁ‘?l Eﬁ@@%ﬂ) e frIring
machi ne, and i nspsiads préfrabBI FrobROAdIN Geshtbd pbe b3 s@ﬁéeaqacﬁghy ShaktNidrh %%éhy
referencing an individyal blade in the machine. Since the cutting too

illustrated in PPFUFE fheretatpmgharid4 wretieg efipna blade will most likelp resnla redifferenin i n
two axes X, Y angdyhid @esPoffR grﬁ'tﬁgthfogg re %8%;'}19 bPLO Died 124 4RL Ireonl%ln ax L§ A the
he (lj‘ aro 6 é’ﬁ&/ one of

| ateral offset L illustrate Figur eterm ned
the two translation axes X, Y. As shown in FI gure 3, each bl ade includes
twists along its radﬁa‘l‘/c‘@pé\bﬁ RIRbiBE aprdatios itselmsy pe QiﬂgTaqwdtmtobm tnnlrrhéertmo

transl ati ggs ax 4 %ﬂﬂ agb Fﬁg i |29 varlat [

configuration oﬁ ??0 Etll e ?Jt{%&%ﬁ%g 4 C%fé%gete B’Str?'ﬁugﬁ , ‘X.]Of%‘iﬁ@
used in machining any given blade. The nominal configu:ation 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



| ateral offset L may therefore be determ ned along eith axis X, Y, but in
the preferred enbodinent is deternmined al ong the hori zﬁl?%‘i)ﬁe‘f’f:'%%qoélti on
axis X which extends generally tangentially to the perineter of the disk
fromwhich the bl ades extend radially 14 2 Septenber 2004 outwardly. Since
both sides of emtiarfllyade are subject to original machining variation along
the X and Y axes, each blade is preferably probed on both sides thereof for

separately determ @ng tﬁe.‘{ﬁ?g [ re tilt offset T fromthe nom nal
configuration corresis &P h cagholade g sybieefig loriginaksmachining vagiatibe along

centerline of teXdingky agRfeadhBlabiatsSsatera8fyf MM e A0F3 nal
configuration corresponding wth ths?rl i ne rp?f[é’l%egnl-o& %%ﬁgat%rgoﬁoﬁﬁ?péwa%

normal to the dFEENAINEE 18q8ed thtadfsetdbm thestdnonk] desfiigutned calb@pendiaswith

particul ars uti lg ; I b Lve ni.t ar | i sks which may have
danage to the Imectaﬁcél’itafrtllgﬁac])ra'e‘i tQ ?giaiklmggtﬁ %%g%zlmgfd ?dlgﬁ@xgg’ellﬁte%l"gs‘ﬁi frera thet ades

thereof. The | ge@itaycatfigergtioh cegimndiag withahdliRae rufsitivh aW8Y walkd is Wl
repair is used th% ardeali)ui.l é'ng the cut-away region |larger than the nom nal
configuration { Featt e ‘wel d repair nust then be re-machi ned back to the
nom nal configuration therefor within specified tolerances with little or

no step di sconti nui The repsifmiethod detibdd@ovd hR datfctiab & i repair
and the original. bl ﬁquié terial, 15 By probi n{; t_heel r{élggi%é}e%p%P%%’%g%seel y
adj acent to thBRE gl Sgil | Mgy, Bavsrdagiage toBeieaslingt oretralitg iadges of hiygoreadd On

and the noni nalnofosr the¥laald Qs Lyt L0 be precisely
det ermi ned. The probed of fsets mogﬁﬁﬁ%ﬂygéﬁl&g%g@?lgrg 06@%%/131?‘% iHy2¥4efndp| ade

to the noni nal Weldnfepgioriatused fosirelyilding the adut-awhe refibs dirgeoidi Mt Gsminf t he
machi ne whi ch 1 vely shi.fts the nom nal configuration and

cor r espondi ng %ﬁfgé‘?r?{é% @fl%itohiéhgn‘?’?]%ﬁpéﬁ Tt {hep Bgdefachyngdhback de dhef namitdlade
presented for caapgimtiomtbiefirngithid ReecifRtiUolerdnges WRIE M E}gngfsteh]h(ﬂs ‘éﬁt!irgxitgzepai '
may be effected within_.the peg.ified tol erances fromthe no i nal

confi gurat i on.repfléglfngp?éf]’f"émﬁ%\f% Hussn the weiddenairaad the orfigins! Wlimemmadoilit two mil s
within the nomnal configuration for the blade at all |ocations along the

EA gy e It a7l 1 IR S "
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

15



the blending of the weld repair if desired. Al though the pethod descri bed
above has particular utility for machining repaired bl i%ﬁgﬁ?mgﬁﬁﬁ%@ﬁ it may
be used for any type of pre-machined part acquiring 15 2 Sept enber 2004
subsequent machining to the nom nal configuration therefor. Any workpiece

renoved fromi ' ] ' 2 | nt.rol.l ed, machine necessarily

-loses its ori gisﬁgﬁeaﬁ%ﬁe%%lgﬁgg??Mﬂltehr}l%ﬁlgll %@Antigﬁrgﬁ 8%%1?f°rﬁﬁu P BATRIESS éet’i“q"ﬁ‘?t he

machi ne. The orfiagi rital fixtefrgr iane @umétatlyreentaled anavhink Meeaearils 166efitd orfbital Ng

the initial machinin f the workpiece ..but i.s 5 rendered obsol ete once

machi ning is cOHpicBte ’glhﬁwtnl‘i’g“?aéﬁ JERALPT stpred Ar thsrmachive. dBppergnrlaefesncs r om

noni nal are madeuurdIeh 2 Mkpiddk i Hefildhift heUsBEl he¢hidiy b #e &&fcﬁéfeﬂﬁlt ng of
Itia

a workpi ece are al so rendered obsol ete upon conpletion of the i

machi ni ng df t Kedered nehsplgist oncphmaehining |isropmpletsodidraiet sandbmt harigionbiofighe
descri bed abov Jed i I 1Q _of . ilitkes .of machi ne
to be used for %?e osf%??r%?‘n%@%ﬁ%?%dgbgn@r# Z%il)téag? H%lastusg g 6@3?%%?1"8?10’?% t he
ori gi nal nomi nafaworkpiegeiamtalsomerkitved ebsolete pon thinpletid@yof tiiednitalihdhimigs ofafie t he
sanme wor kpi ece _may be, effected using the original nom nal configuration of
the workpi ece,corﬁﬁ(g‘eﬁtdj usting the actual configuration in 3D space of the
re-fixtured workpiece to best correspond thereto. Re-nachining of the

origi nal workpi ece, Tht exemptdrglerhBodiagas 6f thesdbing BestAbedbavEEmit avhildlh be
conducted_jn an_ot herwi se conventjonal manner wth the advantage of

preci se cttr espHEiRISARAbIES Qb Mmachise 4o be aredafaE repesitioning a sonkiepgrint bessfiof

the conponent gehrbhahtiod t 41 fig ' ngx*ﬁ' ' |03} e_machini
manuf act uri ng t%ﬁreranées?rfﬁ?ﬁntﬁgﬁg e‘l)\li}g eeéﬁh'hée}ggggf%ce{%%%alyéfcnm%“&ngare
consi dered t o bethgsemewodpicanahayde effeetnphismg the whigithinmentisal @bnfigieatjon e et
invention, oth Lficati.ons of the invention sha be apparent to those
skilled in the%‘f@%‘%’o%‘nﬁﬁfﬁ‘é“? Q&c{%ﬂen E"‘LéP‘é@%‘ﬂfﬁaﬂd‘“i JI”-L’i%’,acet Rk ¢ Jgp-gixtured
desired to be sedpiceeltd hestdoaregope hdet. Geahithimhd ofIHCH gl ivbhigaick a0g vwag f al |
within th@ true SPi ri.t and scope of the inventjon. Accordingly, what is

t

desired be 88 S O] Srmales mey them be eandugied ingnpghgrdsegayontipgalinannere
invention as dgfthngd addngid (8" Setitletedbndel® HAWCAN RY Lhal Hal Roniftiich we

claim
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 appafent to those skilled 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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16 2 Septenber 2004 CLAIMS 1. A nethod of machining a wgrkpiece 12b in a
mul tiaxis numerically controlled machine 10 conpri si ng:2 3°REBPFIGP YN said
machi ne 10 a nomi nal configuration of said workpiece defined by

coordi nates of said multiple axes; probing said workpiece in said nmachine
to determ ne othgatsl, L of said workpiece fromsaid nom nal configuration
-shifting said workpiece by said offset to correspond with said nomnal 10
configuration; and machining said workpi ece according to said nom nal

configuration. 2. A rding to clai.m |l further conprising probing
sai d wor kpi ece 12b fknryﬁétggdljﬁ%%w}m gff? 3 6e°5é?]éﬂlﬁiaﬁ’8}[tﬂﬁxfstn“6‘?r$’§@fy enrgliady
wor kpi ece fronmediige Hoeompaikingl5 confi gurati on corresponding with a

rotati onal5 axis 24 qf .said .iqach'.ne 3. A nethad according to claim?2
wherei n sdi d wor kpi EZEB 5aif machige 40 g gppur} configyraien of said gvoskpieqedlefimesed at
a pair of spacesbréipatdofp@itl Rluftighe 4xe§, 7. 12 on each of said sides to
determne said tilt offset, 20 4. A nethod according to claim 3 wherein

sai d probe points OPf°RAE Faifomepiniase inopridgnachingi e detgmias offset Ghposisaid t o
each ot her, ang.8aiete : ' mined at mdpoints between said
opposi te probe p%?ntg?sﬁbrgtgalg%%ﬁ{an{e%@g a@%gr ding to claim3 further
conprising fixturi ndifyeg daigomiopipice B txaid nffsdi tb woedpoel LAH e4id r edngihilon
about saig rot hg%}g{ionax' 24, and said probe points are spaced radially
apart fromsaid rotational axis. 6. A nethod according to claim11 further
conpri si ng probi ng maihthingsaldoi@kpiede2ocdrding &sasPidnii@ e M@raki@nt 0 det ermine
| ateral offset of said workpiece fromsaid nomnal conflguration
corresponding with a linear axis of said nmachine. 17 2 Septenber 2004

2. Amethod according to claim 1 further comprising probing said workpiece 12b in

said machine 10 to determine tilt offset of said workpiece 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.



7. A method according to claim6 wherein said workpiece 12b includes
opposite sides 34,36 and is probed at a point P 1-12 or? 2¢PP@Ret 2QHe of
said sides to determne said lateral offset. 5 8. A method according to
claim7 wherein said workpiece is probed at a pair of opposite points P1,7

on sai d opposi e si gageidd 28 tefm : ] ateral offset of
- sai d workpi ece t hereatt.3 9. AOltr(rjg} od&%?cégsg?lﬁlé}ai\ég{%%%lﬁ?%?%w&dﬁ Fppgyte

wor kpi ece is pPigtetd-3atand isiprobed at a poinf P1-12 opef laiss olofkaidaiies 85 Met@ ik
opposite si desla?eﬂal%ﬁ“s%?_ei ng correspondi ngly opposite to each other to
determ ne an average |l ateral offset of said workpiece thereat. 10. A nethod
according to claim9 further conprising fixturing said workpiece 12b in
sai d machisne 1§) forArot@'(tﬁii on bo.utrcfai d”rYgt ational axis 24, and said probe
points aré 15 spaced Fat FCPNgdaSap e saidovenkpisstals natied. at 2 lpairfof

met hod accor di opposiee mimi 1,1 oh WaiPposORIAES 4 8o RERRIR ' i 12b
in said machi n?e}. %{lg to determ ne 'It’b?f)t of f set %\?tosdz}?d mg'fl%g%lg%éé\%er%gr% gegi d
nom nal confi gUrAioRRiEsE theessbndi ng with a rotational axis 24 of 20 said
machi ne; and probi ng said workpi ece 12b in said machine 10 to. determ ne

| ateral offset of said workpiece fromsaid nom nal configuration

cor respondi ng i t h amethad agcordingstostair & wheraimerid werkp26e it ProbAd BBt fedlity of

accordi nggt o ¢l@fidpil i i r kpi i ncl udes opposite sides 34, 36
and is pr obedcdat a %?‘%‘\Fmaﬁcﬁﬁquoa?@%g’?n esS“%i-?‘i’gﬁ %ﬂ“%%wswgggﬁ@paﬁ%éq ¢a6hsi des
to deternine atker tb determinelan abdrsgetlate@hetfiesof suidtwinkpitc@echt at fewer than said

| ateral probe points to determne said tilt offset. 30 13. A nethod
according to claim 12 further conprising fixturing said workpiece 12b in

sai d machi ne 10. f oA methadl hedrdioutclsRl PrFRtabhBRahe #Xi i L g pr obe
points are 18 .2 Sgpt eﬁber 2004 spaced radi al | ?/Bapa ?K?’?ig%?asf%% get %glﬂgnal

axi s on each <F &84 machias &9 feratation sboyhsaid ratationalracis 24aemd sdid pfobs ebiats atdh. A
met hod agsor dispied prdflipbpardFoniBal RicioRdi it 11t offset if firstly

determ ned, then
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

18



5 said workpiece 12b is shifted by said tilt offset, an ol.lowed. in turn
by determining said lateral offset and then further shdzf%‘?mﬁmggri%ﬁog

wor kpi ece thereby. 15. A nmethod according to claim 11l wherein said

wor kpi ece is probed along said nultiple axes to determne said offset in

fewer than all i @!rﬁi - 168, d,. accordi.n oclaiml 1
-further conpri gllﬁiﬁédjmggyb chlcﬁ%(%zd rsogﬁ(?lg&a\?\g? Bl e%:cg%{fjﬁgo gég%rglrml r?éh %abd @gi’"ﬂi

noni nal conf i glaesd |Oﬁ§ets repairing said workpiece with a repair 48 | arger
than said nom nal configuration; and 15 then probing said workpiece
adj acent said repair, shifting said workpiece by said offset, and machi ni ng

sai d workpi ecelat sainbticeipatording tddlgind] 25@hetein @R@1R 0BG AR HelcPn iRl Ghen
nom nal canfigurati i

n.thereat. 17. A nethod according to claim 16 wherein:
20 sai d wor kpi #eeVESHISFS EiS shiaecdiy %&C@F%ﬁfseb%@élwzg%@@mewwsaﬁl y
out war dl'y frome@enofﬂs&aﬂd@aknﬁym&%tﬂiﬁ@saﬂm&kgizé’éth&%ﬁ disk 12a is fixtured
in said machine for rotation about said rotational axis 24; and said

wor kpi ece bl ade is probed at a plurality of points spaced radially apart

from 25 said t at) ISt - et r.d] 10 .¢lai,ml17 wherein
sai d machi ne 1{)9i nc‘lku eSOdgéggﬁrtdfnljgﬁta 4)%%?1 lr\?ger‘?irg&%tdceud& E%%cetlgé’ﬁosqegtaiogﬁ Sialtq t wo
axes and nount wdliiplsraxes to detergine spidofiset ntfewérolml allaxid spultigeakesai d | at er al

of f set iswdet'erm' ned al ong one of said two translation axes. 30 19 2

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

bl ade 12b i ncl ldes Anmwtindacanding & o 1qerttepchpdiipai d two transl ation
axes, and said lateral offset is determ ned along one of said translation
axes extending t ang¥fitieghipng syd werkpicge 430 acsordmg to\saidporaiaalepnfigesion ng a

wor kpi ece 12b in a @pifdPoaidSwoipREd it b YepSiP B8 10bdr Bfhn sHBABMAGI a&ﬁ%@m&;g ng:
and
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

19



storing in said machine 10 a nom nal configuration of saig wor kgi ece
defined by coordinates of said nultiple axes; pre- machi%n %e@a rdQQ%rkpi ece
according to said nom nal configuration; 10 repairing said workpiece with a
repair 48 larger than said nom nal configuration; probing said workpiece

in said machi n®.t o Alelietiodl feoAESBllfh FRle R SR oL QTS ig-n | nal
-configuration;_shifting said \/\anrgkfl)ice_ce by sgi %ﬂ‘ gléﬁtpgege%g%d}egg d‘llfg” th
sai d noninal @& Aliiaehlte enkpth saidaoi transiptivni akevoadipiad datarh] SHie ;L epai 1
according to ShnHedhig I on, 21. A.nethod .according to claim20
further conprising: fi x%?r%%gg%g#%&&%lgﬁf)}fe(g%te'i‘aﬁg faﬂg‘?ai%ﬁ" e Rk f or
rotation about a rotational axis 24; and 20 probing said workpiece at a

pluralitysof i nt - aced radial]lly apart from said rotational axis.
22. A met hod %&or%%‘hﬁ °§B§§‘H¥'§& avmlf@g‘i‘?. Io?é’dfldl RlfiREs Bemerioally cetwlled
opposi t e si degnacBihg 36 commisingt Nng sai d probe points, and is probed on both

si des thereof for e arately ch determning a tilt offset fromsaid nom nal
configuration corr ESHBHE AY Tchine 48 iamomingl sanfignetionsd said worlipiecd defineciby

of fset from sabetdinaws sBshideRMipIgHEAL | On corresponding with a linear axis
normal to a radial axis from'said rotational axis. 20 NOM NAL SH FT

MACHI NI NG ABSTRACT Prepmaghining) sgid) vaskireee Fheordingriosald moatifil gorfguiafion;0f a

(300 ™ Tod Sorieni eomPrieid RolplBie Mo Kkepaic IR il st Smina enahigwaono. an
of fset (T, L) from piesingsnidnedrkpier inguidahicine &Rtk RIS & f (b oridiscet e

shifted by th f .o, cor.respond with the nom nal configuration. The
wor kpi ece i s ?ﬁglnsfa%g%ﬁ’?ﬁr%le%?nggﬂ%gﬂ]’ng to the nom nal configuration. Figure

2. 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





