WO 2009/105221PCT/US2009/001044 SYSTEM, METHOD, AND APPARATUS FOR REPAIRING
OBJECTS CROSS REFERENCE The present application claims the benefit of United States
Patent Provisional Application No. 61/066,286, filed February 19, 2008, which is incorporated herein
by reference. BACKGROUND Three-dimensional objects are generally difficult to repair in
environments where machine tools are needed to effect the repair. Some objects, such as compressor
blades and blademgisks£iblisks") also require precision repair withouictihesindvoduetion of distortions
and stresses into the object. While the present application was developed for use with gas turbine
engine components utilization in other areas of technology is contemplated herein. In many cases
manufacturer specifications for three-dimensional objects may be insufficiently detailed, or simply

unavailable, for pré¥STGRMEBETHE BeAPEIORTABATDHT AR HeRAR irRRtfRdsional object may not be

in complete conformance with a manufg\%ilre% EE%% E%H?{Q or drawing after a period in-service due to
changes in the part shape during use, € St gh'the part shape, other than specific local damage,
may be acceptabBle foieseet applisstiareaipa e bsAad Y st Se B8 drasi8ABinal manufacturer

three-dimensional specificati ay not.be appraopriate for an efficient @H Q‘g-ﬁl orn,
non-confoftRMGZSPY a%jg) %%étg’%(ieé? (!I:éa\t/’{a oﬁn%ﬁ%%ﬁ%évg% et%',n%?&ﬁé%, and épggratus for repairing
three-dimepsgi objects is therefore desirable. Page 1
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BACKGROUND

Three-dimensionat objects are generally difficult to repair in environments where
machine tools are needed to effect the repair. Some objects, such as compressor
blades and bladed disks ("blisks”) also require precision repair without the introduction
of distortions and stresses into the object. While the present application was developed
for use with gas turbine engine components utitization in other areas of technology is
contemplated herein.

In many cases manufacturer specifications for three-dimensional objects may be
insufficiently detailed, or simply unavailable, for precision repair to be performed from
drawings. A three-dimensional object may not be in complete conformance with a
manufacturer specification or drawing after a period in-service due to changes in the
part shape during use, even though the part shape, other than specific local damage,
may be acceptable for use. Thus, a computer-controlied tool path based on an original
manufacturer three-dimensional specification may not be appropriate for an efficient
repair of a worn, non-conforming or damaged part. The development of a system,

method, and apparatus for repairing three-dimensional objects is therefore desirable.
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SUMMARY Embodiments of the present application contemplates a system including a
three-dimensional object having a non-conforming region, and a photogrammetry device adapted to
scan the three-dimensional object. The system further includes optical reference targets and a
controller structured to perform functions of repairing the three-dimensional object. The controller
commands the photogrammetry device to scan the three-dimensional object, and calculates a nominal
surface location and contour for the three-dimensional object. The controller further commands the
photogrammetry device to scan the nonconforming region of the three-dimensional object, and
calculates a material removal tool path comprising a path adapted to remove material from the object
located beyond the nominal surface | ARY contour. The controller generates a solid model of the
damaged regicg}%‘ Othie 8;9{?8? ased on t{the olr;r}inal surface location and contour, and computes a

material addition to0 Fath accor%lfﬁrs o the 88 '?ﬁ’}o%%rﬂem%a ehs’eaaséﬁéeépd[f’?wg'ﬁgegent invention, there
is provideqhaé@@tmsmmb?mhamab@a&pmormﬁ@Fﬁ@&ﬁf@ﬁ@é%&d@%ﬁ%@@ptpur mapping the
object with a photogrammetry-device; generating a digital description of a nonconforming region of the
object wittfevicp ladarjedrtmseay tevivesitirespgnse! whibel cComaysieradpitiggrwivardds the digital

description incli?ésﬁa material removal toolaﬁath and a material addition tool path; repairing the object

based on GG ERSG FIBFS RS R P PESHRA Y Wl i A PESIRIB LS8R Rting a removal tool
according g, thennaterirldemavasionhRaaantheReraiing aaatesialagdition tool according to the

material addition tool path, wherein the operating a material addition tool is after the operating a
removal tqolo g R00l 06224 RCSEANSRE Q9D titvdnBiRBFoBIES GRIPCEION®BE 4 HE FIGURES Fig. 1
is a schematic block diagram of a system for repairing a three-dimensional object.

nominal surfacé location and contour for the three-dimensional object. The

controller further commands the photogrammetry device to scan the non-

conforming region of the three-dimensional object, and calculates a material

removal tool path comprising a path adapted to remove material from the object'

located beyond the nominal surface location and contour. The controller

generates a solid model of the damaged region of the object based on the

nominal surface location and contour, and computes a material addition tool path

according to the solid model.

‘In one aspect of the present invention, there is provided a method,

comprising: applying optical reference targets to an object; contour mapping the

object with a photogrammetry device; generating a digital description of a non-

conforming re_gion of the object with the photogrammetry device; in response to

~ the contour mapping, wherein the digital description includes a material removal

tool path and a material addition tool path; repairing the object based on the digital

descript.ion, wherein repairing the object comprises: operating a removal tool

according to the material removal tool path, and operating a material addition tool

according to the material addition tool path, wherein the operating a material

addition ool is after the operating a removal tool.
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Fig. 2 is a schematic block diagram of a controller that functionally executes operations to repair a
three-dimensional object. Fig. 3 is an illustration of a damaged bladed disk. Fig. 4A is an illustration of
a nominal surface location and contour for an object. Fig. 4B is an illustration of a manufacturer
specified surface location and contour for an object. Fig. 5 is a schematic flow chart diagram
illustrating a procedure for repairing a three-dimensional object. Page 3
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BRIEF DESCRIPTION OF THE FIGURES
Fig. 1 is a schematic block diagram of a system for repairing a three-dimensional

obiect.

Fig. 2 is a schematic block diagram of a controller that functionally executes
operations to repair a three-dimensional object. |

Fig. 3 is an illustration of a damaged bladed disk.

Fig. 4A is an illustration of a nominal surface location and contour for an object.

Fig. 4B is an illustration of a manufacturer specified surface location and contour
for an object.

Fig. 5 is a schematic flow chart diagram ilfustrating a procedure for repairing a

three-dimensional object.
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WO 2009/105221PCT/US2009/001044 DETAILED DESCRIPTION For the purposes of promoting
an understanding of the principles of the invention, reference will now be made to the embodiments
illustrated in the drawings and specific language will be used to describe the same. It will nevertheless
be understood that no limitation of the scope of the invention is thereby intended, such alterations and
further modifications in the illustrated embodiments, and that such further applications of the principles
of the inventioqvgsﬂ%gﬁtled therein as would normally occur to one skilleddRsh@sart to which the
invention relates are contemplated and protected. Fig. 1 is a schematic block diagram of a system
100 for repairing a three-dimensional object 102. The object may be formed of a variety of materials
including but not limited to metallic, inter-metallic, and ceramic. In one form the material is a metallic
material. In another form the materiabisTaneediesoaterigdisuited for utilization in a gas turbine engine.
The object may be any of a simple to complex three dimensional object. As used herein, a complex
three dimensional object includes objects which are not easily specified by simple geometric shapes.

A complex three dimensional gg]j%%}%&. be considered complex due.to.shaping, inclusion of physical

features, dimenSiBning: OF other iRdicia o complexity generally understood to one of ordinary skill in

the art. FopexamRleradhieq dinaansionalokjest whtbcanecnisnase aunviliteadrauwifgees that vary in
three dimensional space is complex. In another example, an object having precise dimensional

tolerances:ndaspdrdfictmidegedviibmpied MitswxhmibrsaegaltiviyaTEIeR S B%xemplary, and objects

Page 4 _ o ]
J understood that no limitation of the scope of the invention is thereby intended, such

aiterations and further modifications in the illustrated embodiments, and that such
further applications of the principles of the invention as illustrated therein as wouid
normally occur to one skilled in the art to which the invention relates are contemplated
and protected.

Fig. 1 is a schematic block diagram of a éystem 100 for repairing a three-
dimensional object 102. The object may be formed of a variety of materials including
but not limited to metallic, inter-metallic, and ceramic. In one form the material is a
metaflic material. In another form the material is a metallic material suited for utilization
in a gas turbine engine. The object may be any of a simple o complex three
dimensional object. As used herein, a complex three dimensional object includes
objects which are not easily specified by simple geometric shapes,

A complex three dimensional object may be considered complex due to shaping,
inclusion of physical features, dimensioning, or other indicia of compiexity generally
understood to one of ordinary skill in the art, For example, a three dimensional object
with one or more curvilinear surfaces that vary in three dimensional space is complex.
In another example, an object having precise dimensional folerances may be

considered complex. The examples regarding complex are exempiary, and objects
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WO 2009/105221PCT/US2009/001044 having other features that makes manufacturing, servicing or
repair of the object non-simple is contemplated in the present application as a complex object. In -~
certain embodiments, the object includes a surface having a plurality of concavities, for example a
blade having a first concavity toward the blade base and a second concavity toward the blade tip. The
application will utilize the term object and it is understood that this term contemplates from a simple
object to a complexthres dimensional object unless provided to the qenft@fsnoslhe object 102 may
include any object having a three-dimensional shape. In certain embodiments, the object 102 is a gas
turbine engine component such as a bladed disk ("blisk™), such as a compressor rotor, turbine, or
similar object. However, the present application contemplates other types of components for gas
turbine enginpg amdrfaathertialdakiuserttantgag tsepiengrgiresir Phepsieshn®00 includes a
photogrammetry device 104 adapted to scan the three-dimensional object 102, The photogrammetry

device 1081y e BhES MR SERAMPEAIRIAR 2DARSIIEE8HE LoRFSIEBly moved in relation to
the object 102, Thgnph%gg a mneﬁ%gggiggﬁ;?gm%ggfgﬁm esaltigniasresolve details of interest
] \ 3

on the obj%&bfal , nelu mgjgg ail'’comprising features of the object 102 and detail comprising damage

that is to hg g¥akIateddRI ANiIRTeAFeioRchay nwesited tiabe eisarged forcotidacreasbns.  The
system 100 further includes optical reference targets 106. The optical reference tar%ets 106 allow the

photograntenetrtoebiede104 Toa anrjisaiioneifdee 12 arR RIFHSH LS IASRISHAE for describing
the object 102 and object damage digitally. The, syste Q inel troller 108 in
é ﬁxéegf ipkY %@nﬁ!g obje t?g %_B%Jﬂ%%x IW&Q%E#@%QQ{%? Ghfedl

communicBifdRTHERVERS e system 100. For example, the controller 108 commands the

photogrammetty, kAR Piothe Fe5221PCT/US2009/001044 device 104 and receives data from the

photogrammetry device 104. The controller 108 further communicates with one or more material

removal tools 1IGanbifsrt 62 reanimrede amr e ditdnoteciieRt PreREUEhEHRS: 108 may be a

computer processor and computer readable medium includin memori\grgtoré:},'gles gnd the controller 108
0

may compisEimemRadiaeticeb s aRERy Rartid 8RS WSIRE SR 50T RRATOr datalink communications to
perform the, fupeliaps-idhe comraller-3frasceriain fmhediranitatiejsankaliend(s performs

operations to repair the object 102 by commanding the photogrammetry device 104, and by

commandifng @ré@ateaiﬁbir@imvad;mmhﬂl&&anmnwmmma@tﬁﬂﬁﬁqmslwmimwﬂéﬁaiIed operations

for certain embodiments of the controller 108 are descrihed in the s,ggccg%rékrﬁfe%rgncing Fig. 2. Fig. 2
C

is a schenpiscabieHialieh wed ARSI WFTTEeRER $in AhGRPEXECUIE S fations to repair a
three-dimensional OBISE! 407 1% caalalias 105 speunendinibs phalagiainmetiyrdevice 104 to scan

{
the three-diliersiona (%Jectclo . For example, the controller 108 includes a photogrammetry device
control moghie#aAhakiaputs apticabyeferanrcentasg etotiatigiotcand s ovides ghistbgrammetry device

commands 206 _

controllably moved in relation to the object 102. The photogrammetry device 104 has
sufficient resolution to resolve details of interest on the object 102, including detail
comprising features of the object 102 and detail comprising damage that is to be
evaluated or an area/region that is desired to be changed for other reasons.

The system 100 further includes optical reference targets 106. The optical
reference targets 106 allow the photogrammetry device 104 fo navigaie the object 102
and define a coordinate space for describing the object 102 and object damage digitally.

The system 100 further includes a controller 108 in communicaticn with various aspects

of the system 100. For exampie, the controller 108 commands the photogrammetry
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to scan the object 102. The controller 108 performs a contour mapping of the object 102, in certain
embodiments by calculating a nominal surface location and contour 210 fer the object 102. For
gxample, the controller 108 may include a surface calculation module 208 that accepts data from the
photogrammetry device control module 202 and calculates the nhominal surface location and contour
210._The contour mapping 210 for the object 102 defines a nominal shape of the object 102, the
nominal shapedqeingashape that allows Page 6 © PCT/US2009/001044

device 104 and receives data from the photogrammetry device 104. The controller 108
further communicates with one or more material removal tools 110 and/or one or more
material addition tools 112. The controller 108 may be a computer processor and
computer readable medium including memory siorage, and the controlier 108 may
comprise multiple devices utilizing hardware, software, logic, and/or datalink
communications to perform the functions of the controller 108. In certain embodiments,
the controlier 108 performs operations to repair the object 102 by commanding the
photogrammetry device 104; and by commanding a material removal tool 110 and/or a
material addition tool 112. More detailed operations for ;:ertain embodiments of the
controller 108 are described in the section referencing Fig. 2.

Fig. 2 is a schematic block diagram of a controller 108 that functionally execules
operations ‘o repair a three-dimensional cbject 102. The controller 108 commands the
photogrammetry device 104 to scan the three-dimensional object 102. For exampie,
the controlier 108 includes a photogrammetry device control module 202 that inputs
optical reference target data 204, and provides photogrammetry device commands 206
to scan the object 102.

The controller 108 performs a contour mapping of the object 102, in certain
embodiments by caiculating a nominal.surface location and contour 210 for the object
102. For example, the controller 108 may include a surface calculation module 208 that
accepts data from the photogrammetry device control module 202 and calculates the
nominal surface location and contour 210. The contour mapping 210 for the object 102

defines a nominal shape of the object 102, the nominal shape being a shape that allows
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WO 2009/105221PCT/US2009/001044 the object 102 to perform a function of the object 102
acceptably, while changing as little of the basic structure of the object 102 as possible. In one
example, the object 102 is a centrifugal compressor wheel, where some blades 114 (see Fig. 1) of the
compressor wheel have moved (e.g. via "creep") during service use of the compressor wheel, but the
overall shape of the blades 114 is still acceptable for the compressor wheel to meet performance
specifications. n.the example, the contour mapping 210 of the objeckdf)gseigfimasithe nominal shape
of the object 102 to include the current shape of the blades 114 allowing repair to specific damaged
sections 116 without changing the bulk blades 114 and thereby introducing unnecessary stresses into
the object 102 or excessive repair expense  The contour mapping 210 for the object 102 may
comprise getermsining geaperns thectibjeattioatjerd agh aworrtkiryagb i €HB#IS &Rd extrapolating
and/or interpolating the non-damaged shape through any damaged regions 116. In certain
embodimdifits offteedasioavupppRT G2 PRI IR Rting, polynomial fitting, utilization of splines,
or similar descriptions of the.0 8853)@%?1"6%%% themRatsrialathehisst LARdR isepgsllar or otherwise

does not conform ?Beaeéaeﬂs}fb% or smooth shape. The contour mapping 210 may comprise surface

locations apgcomayEsdeithe ehiectaPBrebber avrtdtnvaanpiag @0 viwprirmtidiring entire object 102
and/or a relevant portion of the object 102. The controller 108 may store contour mapping information

210, for examipteuire afdbemamerassamuhpebeatiéie, overphaneBRoiRG kilﬁ%e(?&%‘r\%ﬁt&q; the

photogrammetry device 104 to scan a nonconformin jon 116.4 ea-damaged, worn, corroded,
mis-manuf&Eth aﬂ?cﬁ%‘f@?ﬁgﬂ‘@éﬁ%g{igw %qg%aqee%{ngf%ﬁ['ﬁ%u%ct%%ng, c;r otherwise non-conforming

region) of (N6 BageE ¢ Q@Q@ﬁ!ﬁiﬁé@b%@lﬂ@bﬁj%@ﬂ%@%ﬁ% thecepdiime ssigealftigect 102. The

controller 108 generates a digital description 212 of the non-conforming region 116 of the object 102.
The digitabgjestrigtieniienby iolntstars ditbed irissslirt alanpaEsdite sRegiicts of the

non-conforming region 116 that lie outside of the c ur mapping, 210; non:limjting, examples include
burrs, defiRG6R SARIRES 31 BB RANAL S Blgﬁg?adre i@g&%ﬁe{?ﬁﬁttﬁjéc beyond the

ion Olgt

contour map 2195‘5The398 QIJ%]{Qg Jgj@étggg%@gcggg\;ggggéiggﬁ%mn 212 of the non-conforming
region 11&0?? e O%Yect 1%% dUI’II’lg the contour mapping operations or as a separate process after the
contour mappinggpesatienmapping 210 for the object 102 may comprise determining a shape

of the object 102 through non-damaged regions, and extrapolating and/or interpolating

the non-damaged shape through any damaged regions 116. in certain embodiments,

the contour mapping 210 includes curve-fitting, polynomial fitting, utilization of splines,

or similar descriptions of the object 102 where the material of the object 102 is irregular

or otherwise does not conform to a design or smooth shape. The contour mapping 210

may comprise surface locations and contours for the object 102. The contour mapping

210 may include the entire object 102 andfor a relevant portion of the object 102. The

controller 108 may store contour mapping information 210, for example in a computer

memory location.

The controller 108 commands the photogrammetry device 104 to scan a nen-

conforming region 116 (i.e. a damaged, worn, corroded, mis-manufactured, design

specification change after manufacturing, or otherwise non-conforming region) of the
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The controller 108 calculates a material removal tool path 214, which is a path followed by a material
removal tool 110 that remeves selected material from the object 102, where the material is located
outside the nominal surface location and contour. For example, a material removal control module 216
interprets the contour mapping 210 and the digital description 212, and determines the material
removal tool path 214 that will remove hon-conforming portions of the object 102 that project beyond
the contour mag;& 13« 188 material removal tool 110 is a controllably spetabietenkfor removing
material comprising the object 102, and may for example be a milling tool, drill, grinding, EDM or other
tool adapted for removing material. The material removal tool 110 may comprise a plurality of machine
tools that collectively perform material removal along the material removal tool path 214. The controller
108, in certaincetimhodimehtsjaepaks e objdctie00B pemakandiisiaiiesaertempidbyal tool 110
according to the material removal tool path 214. In_certain embodjme 1S the digital description

212 includ&e L MERGHPEPaBIFSAbH o PHE SBEEt 1%, RIS IR HEte RIYE A 6Var ool path 214 includes
a tool Page, &, W AANMLIRGANIC UHEANMNIASERa R FRMAYAARIHgRSRIhesobject 102 that

project beyond the design specification. For example, the object 102 may be a blade for a turbine

rotor, whergdhredesige ofttheblade isapindmpzth after-imitimgfactomdeThelisiaderet. the object 102 may
conform to the contour mapping 210, but portions of the blade mar%/ roject bggond he design
specificaticiRraaine CHFF oeroIOs RN SRUs R aPRsiRabe BBRFOALTPRIEBRER BMSecting beyond the
design spegification. trol as0lid-model L8 phithenepraanforming region
116. The sto ?dCPﬁ(t)%dJer|nﬁ;2§tﬁg%8%ﬁ%ﬁ$§}r%§nmﬁg lon 116 r%a;f/abe deterﬁarr:ined according to the

contour maRpiREn:HMiRG eLgidH IPTeSsains106iRe: Migsingrrietaitd i #pfindodegiid)s Bor example, a
material addition control module 220 interprets the contour mapping 210 and the digital description
212, and detersenersta polidsmelksthe gapHiEhTRRABDERERIIPOS: conformed to, the object 102 would

substantially meet the nominaéiurfacF location and conto [o%}géthrbqgrgﬁ\ti‘qc rigt%%cgments, the solid
'the

model is determinBd BeBIi 1 AR R PP R 4RO Bt eXample, the object 102 may be a blade

for a turbing atar whesedbedesismplhe Rlads issbanoaskalignmraufacime Borpdlade of the object
102 may conform to the contour mapping 210, but the blade may not have material in portions of the

design spetificatiersribgioniciatsingedtolisdd 08 mostinaitideredasatiomarérignt8yportions of the blade
to build up the blade to the design specification.

In certain e{m&odimgyts the .%%Bller 108
commands By AmfiTEy RBEHE: SREH el 1%1'é’t8%}rrﬁ§’ge% Fetion PREPR Fdetermines the
solid model 218 of the nanz confossng regian 1B AFCoFRiBgLIodNe cPRIa Wath2pRingt210 and a prior

scan noting missing material. The solid model 218 may include the object 102, portions of
will remove non-conforming portions of the abject 102 that project beyond the contour

map 210. The material removal tool 110 is a controllably operable tool for removing
material comprising the object 102, and may for example be a milling tool, drifi, grinding,
EDM or other tool adapted for removing material. The material removal tool 110 may
comprise a plurality of machine tools that collectively perform material removal along
the material removal tool path 214. The controller 108, in certain embodiments, repairs
the object 102 by commanding the material removal toal 110 according to the material
removal tool path 214,

In certain embodiments, the digital description 212 includes a design

specification for the object 102, and the material removal tool path 214 includes a tool
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Page 9 WO 2009/105221PCT/US2009/001044 the object 102, and/or just the material additions that,
if provided, restore the object 102 to the nominal surface location and contour. In certain
embodiments, the controller 108 generates the solid model 218 from the digital description 212 of the
non-conforming region 116 of the object 102 generated for determining the material removal tool path
214. In certain embodiments, the controller 108 refreshes the digital description 212 of the
non-conforming,kegign1.L6 after the material removal tool 110 operatgsragsaigting:io the material
removal tool path 214 by re-scanning the non-conforming region 116. The controller 108 computes
a material addition tool path 222 according to the solid model 218. In certain embodiments, the
controller 108 repairs the object 102 by operating a material addition tool 112 according to the material
addition togdtpashstade Ihetioratef inlastdicon0m viat bR eohherises tha yesonwspesdaiRipted to deposit,
apply, or attach material to the object 102. In certain embodiments, the ma%erial ac%ciliqtﬁieon tool path 222

includes nitipteprisstis Spiert MRABIAIRSRIRIBIPEOPTYD e IRAMISE TSR RR AR Sddition tool 112
may add 3. spedified. amaunlL o (ickness of Akl ek RasS IR Ry hahadded material

conforms to a Specific’microstructure. For example, the material addition tool 112 may be a laser

powder deppsieimigelidat anpligsaisnelhonides tathersjuciaegwiditie dbjggt; which is then melted
and resolidified by a laser to apply successive layers of material to the object. However, the present
applicatiorspesitnatientacttthe tastse!jso iRl s R SIRISRNIMERITAH BERIAShts, the controller 108

includes a tool c,ontéol mg%e 2%4;2%&0@93%5 material addition tool commands 226 and material
removal tdSPESHIHRRIRTS IE SEESRITRT €8 Re Material addition tool path 222 and the material removal

tool path 214. IngeriainemPieRttheralefaldameyal teohpatdvAbdrangiegithe material addition

Page 10 WO 2009/105221PCT/US2009/001044 '
116. The solid model 218 of the non-conforming region 116 may be determined
according to the contour mapping 210 and‘a prior scan noting missing material 118
(refer to Fig. 1). For example, a material addition control module 220 interprets the
contour mapping 210 and the digital description 212, and cﬁetermines a solid mode! 218
which, if the object 102 conformed to, the object 102 would substantially meet the
nominal surface location and contour 210. n certain embodiments, the solid model is
determined according to a design specification. For example, the object 102 may be a
blade for a turbine rotor, where the design of the blade is changed after manufactu;e.
The blade of the object 102 may conform to the contour mapping 210, but the blade
may not have material in portions of the design specification region, and the controlier
108 is structured to add material to portions of the blade to build up the blade to the
design specffication.

in certain embodiments, the controller 108 commands the photogrammetry

device 104 to re-scan the damaged region 116 and determines the solid model 218 of
the non- conforming region 116 according to the contour mapping 210 and a prior scan

noting missing material. The solid model 218 may include the object 102, portions of
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tool path 222 may comprise a single pass or multiple passes of the material removal tool 110 and/or
the material addition tool 112. Fig. 3 is an illustration of a damaged bladed disk 102. The disk 102
includes a non-conforming region 116, which is a damaged region in the example of Fig. 3. The
non-conforming region 116 includes a region with extra material 302 that projects outside a nominal
surface location and contour 210 of the damaged disk blade 304. The non-conforming region 116
further includes,g, gie@rwith missing material 306, wherein added materigbmamiestore the damaged
disk blade 304 to the nominal surface location and contour 210 of the disk blade 304. The added
material may bring the disk blade 304 to the nominal surface location and contour 210. In certain
embodiments, the added material creates a new configuration that the blade may not have previously
conformedtwithhjdeon exampite indidne aalarishgediimattoniciiydiderderasioridifedeitdiiieted, where the
blade is mis-manufactured, or where the manufacturer changes the ?g
0

_ ) & iﬁca}l%’?;@ }hﬁ)émminal surface
location ariel BB ABTINaHLTRERIQEAUS RIS PRkt She IR T BT AaR fe &

hever previously included.

Fig. 4A is gn llstiafion of AREinRS RUHARE IRGAHIBRAFEANPLEIAADHSH.eARIaMAgnap 210) for an

object 1027 The contour map 210 comprises a set of three-dimensional points (e.g. 402) describing the

nominal shagierof thefabiestidd 2 pprgiresktapie tiatdsriesy ¢ aftderapairoTHdoeop#ur map 210 has

features that, if implemented, bring the object 102 into compliance with agerfom% N specification for
[

the object 0%, IpuerHy FBRAEIARIEA BRellal 198 rirrlinaA AL ERTREIPERR &t 8tion. with

reference {p Fig. 4B, there is depi n : turer ficationysantour 404
iIIustrating¥§ec%gn SorHBR'S %%%ugnb(}ﬁa%rz?ﬁe?? EE@L&F@%%%& %{goég%%g% %

2009/105224 RGIEAISRARLUDBHD44umanuigetusearkie contaunr b0 firdmg thgiananafacturer, in the
example, reveals that some creep (e.g., compare 408 (Fig. 4A) and 410 (Fig. 4B) at the blade tip) has
changed the norfintatastienter dPBeowisietes opatsintRsidilion edpel itRR LR BRIRLER e wear or that the

worn object 107 IS, UL 3 Gompliance with & RerRIMancsiSPRAIERUR Mne object 102 by

operating & material addition tool 112 according to the material addition tool path 222.
The material addition tool 112 comprises any known tool adapted to deposit, apply, or
attach material to the object 102. In certain embodiments, the material addition tool
path 222 includes multiple passes of the material addition tool 112. For example, the
material addition tool 112 may add a spéciﬁed amount or thickness of material with
each pass to ensure that added material conforms to a specific microstructure. For
example, the material addition tool 112 may be a laser powder deposition tool that
applies a metal powder to the surface of the object; which is then melted and re-
solidified by a laser to apply successive layers of material to the object. However, the
present application is not fimited to a laser powder deposition tool. In certain
embodiments, the controller 108 includes a tool control module 224 that provides
material addition tool commands 226 and material removal tool commands 228
according to the material addition tool path 222 and the materiai removal tool path 214,

In certain embodiments, the material removal tool path 214 and/or the material addition

Page 10



The contour map 210 may be stored information such as point information in a table 412. The table
412 illustrates one illustrative method of storing digital data describing the object 102, and the table
412 illustrates one data set that can store the digital description 212 to a desired specificity and
resolution. For example, a compressor wheel 102 may have 12 blades, and a table 412 may include
25 surfaces (e.g. 2 sides of each blade, plus the disk surface), with enumerated points including
specified X, y, arfhahyaldgs for each enumerated point. In the non-lintimgsexampie, each surface may
correspond to a given number of enumerated points based on the required resolution to describe the
object surface and the damage. In the example, the photogrammetry device 104 provides
photographic information to specify the values for the table 412 to the desired degree required based
on the coneplexity 22thewbjeuirse 2 s theesre oliiRinagesks widhsdnatsHIEMIF region 116 being
detected. The illustration of Fig. 5 and the related descriptions that follow are exemplary and

numerousteRhE1AA4eIdRE BALeahesiiiRanes. Eur example, operations may be modified, combined, or
subdivided, andgifferent aiahlRs. SaesmeySibad Wisionals TiesisiaoEmoysdems, flow charts

and/or algorithms’are contemplated. Furthermore, portions and/or combinations of the illustrated and
describedehastsfantirajgegithmseandioh \aaidtmagathezpionrindperxprvdeat gvaridhi8 embodiments,
although no portion, whole, or combination need necessaril %t%g_\ﬁ?resent. Also, %he operations may

reside in PGSATONRICS SeRIOM TSP Eer 2680810 TTH e SBRRIRIE firmware, logic or
combinalions, gt poriens NIFFEQ! ANk BYRE B PEABSF Bt SxEGuicAedacand/or stored in whole

or part, in Or on different components, devices, or codes, separately, simultaneously, concurrently,
and/or in arHEne AESARPHIES BERIND sanfiguratiotesrmagousviibmiisia onsati@ided, Operations may be
performed as a computer program product operating on a computer readable medium. Fig.5is a

schematio'q‘miemﬁedia@r@ﬁ?'iI¢@§t?§§fﬁg°-éhﬁr@@@§9ﬁ€ ﬁ%%?? éifﬁw@%mﬁﬁmgionm object 102.
The procegure 00 1cluces 4 oer2Uan 302 B roue ARISIBUIIEIBAEVERApS nd an

al reference targets 106 to the object 102. The procedure 500 further

includes ag QReJLiNRORIRSARINHERRANM ahiess 102 with thephatograouneinsdewice 104. The
procedure 500 further includes an operation 508 to generate a digital description 212 of a

nonconforavitky regiereildeatfshaojectfibpaligthitrttimhblastsr s8Ry 283 The procedure 500
further includes, in certain embodiments, an operation 5t10 to d%te%r%i%ee %&hlgr the non-conforming

region 116HIBHIEE: 165 FEYTIRESRERASFIAABTAR™ O HIRE OB 2ct 102 Tequires material removal,
the procedire S00JNGIUAes ApREBHARAR IR CARL iR R B ale Hadremiamal iehgath and an

operation 514 to command a material removal tool 110 according to the material removal tool path
214. In certainpesifiadimahtsnthinpreodder dosalhatiaciteidds maiegrsratiéh 16 to refresh the digital
description 212, and an operation 518 to generate a solid model 218.

_conditions the disk blade 304 never previously included.

‘Fig. 4A is an illustration of a nominal surface location and contour 210 (or,

contour map 210) for an object 102. The confour map 210 comprises a set of three-

dimensicnal points (e.g. 402) describing the nominal shape of the object 102, or the

shape that is desired after repair. The contour map 210 has features that, if

implemented, bring the object 102 into compliance with a performance specification for

the object 102, but may not be identical or equal to an original manufacturer

specification. With reference to Fig. 4B, there is depicted an example of a manufacturer

specification contour 404 iltustrating a contour 406 of the object 102 at a time of
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If the object 102 does not require material removal, in certain embodiments the procedure 500
continues with the operation 518 to generate a solid model 218. Page 13 WO
2009/105221PCT/US2009/001044 Based on the digital description 212 (first and/or refreshed) and
the solid model 218, the procedure 500 includes a conditional operation 520 to check whether the
object 102 requires material addition. If the object 102 does not require material addition, the
procedure 500,£nds,Mf,ihg object 102 requires material addition, the precegurens@0 includes an
operation 522 to calculate a material addition tool path 222 and an operation 524 to command a
material addition tool 112 according to the material addition tool path 222. As is evident from the
figures and text presented above, a variety of embodiments according to the present invention are
contemplateshutacoegairhentdntalinidstspe dys ranifasiucers in Bresgrakhit ey uedce, a

three-dimensional object having a damaged region, and a pluralj ical reference targets. In
certain enﬂ?@tﬁrﬁ@ﬁ%g,etﬁe KEREs ﬁ*ﬂﬁdﬁ’@s%bﬂ?ﬁrgﬁgr(éjf?at%zﬁ%r%%ng&s% %?('ép 5jpl}ﬂlao%togrammetry device to

scan the o%gct aé]‘f?] qugl%ﬁ%ﬁesﬁtﬁgegag Jﬁgg%gg%@ A anaus infyRatinadtifeeebiestudncluding a

nominal sUrace escription o ect at the damaged region. In certain embodiments, the
controller gRENPANASHRaBROtOBAMInaiRyud el icentdiztanitieadmiegedseghshitaftittevelop a digital
description of the damaged region. In certain further embodiments, the, contrc%ller.calculates a material
removal tool patfirszesatPuime HomA4 P FrRied BESERIRE T UERFIHE BigTAIMREEBton, and commands

a materil v gel sccoreing, 0 e oaloil o Yaligal b egRaladurher embodiments, he

d 'ﬁea otogrammetry device to scan the damaged region and refresh the digital
descriptioy@f dhs-damagsstregionniniceraie £mindinmesis)éhiatcetivlie cavstpatds a solid model of

the object, at least over the damaged region, calculates a material addition tool path based.on the
solid modeigitetl Ragiptieh 212 to a desired specificity and resolution. For exampie, 2

compressar wheel 102 may have 12 blades, and a table 412 may include 25 surfaces

(e.g. 2 sides of each blade, plus the disk surface), with enumerated points including

specified x, y, and z values for each enumerated point. In the non-iimiting example,

each surface may correspond to a given number of enumerated points based on the

required resolution to describe the object surface and the damage. In the example, the

photogrammetry device 104 provides photographic information te specify the values for

the table 412 o .the desired degree required based on the complexity of the object 102

and the type of damage in the non-conforming region 116 being detected.

The illustration of Fig. 5 and the related descriptions that follow are exemplary
and numerous other variations are contemplated. For example, operations may be
modified, combined, or subdivided, and different variables, states, events, conditionals,
tests, logics, systems, flow charts and/or algarithms are contempiated. Furthermore,
portions and/or combinations of the illustrated and described charts and algorithms
and/or variations thereof may be present in various embodiments, aﬁhough no portion,

whole, or combination need necessarily be present. Also, the operations may reside in
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WO 2009/105221PCT/US2009/001044 the digital description, and commands a material addition tool
according to the material adédition tool path. In certain embodiments, the three-dimensional object
is a bladed disk. In certain embodiments, the nominal surface description is not identical or equivalent
to a manufacturer specified surface description for the object. In certain embodiments, the damaged
region occurs at a blade tip, In certain embodiments, a method includes providing a

photogrammetwodﬁ Jﬁ%ﬁpd applying optical targets to an object. The@hjgehmayde a complex
three-dimensional object. In certain embodiments, the method includes generating a contour map of

the object, and generating a digital description of a damaged region of the object. In certain
embodiments, the method includes checking whether the object requires material removal, and
calculating,g,malerisbte e Wk inslgnathid sheootjeetives irpsinasdhieed gl AR P e Effain
embodiments, the method further includes commanding a material remgval Eool according to the

material resrveabtdotisatiehiepeeRciing oedigitdr e SERplioR 8f te'tisRaged region of the object.

In certain further embodiments, the method includes aenerafing a salichiyogied/based on the contour
map of theCBBE%%fegﬁsd C{ﬁ‘é'cﬁ?gi?5|C8§§(S;ﬁﬁ?§r’}a%°%%h% damaged%gion of the object, and checking

whether thg.bierldaauirasmatesimadgitan: esusaionernbtoisitrisolf Beeptjent rflires material
addition, the method includes calculating a material addition tool path, and commanding a material
addition tobk aedondimtptoathenpatsriRIcatRmtRIAtS IpSTRINT oA RABRHIESHSRAIRRSA has been illustrated
and described in detail in the drawings and foregoing description, the same is to be considered as
illustrative BRE#Bt restrictive Page 15 WO 2009/105221PCT/US2009/001044

Fig. 5 is a schematic flow chart diagram ilustrating a procedure 500 for repairing
a three-dimensional abject 102. The procedure 500 includes an operation 502 fo
provide a photogrammetry device 104, and an operation 504 to apply optical reference
targets 108 to the object 102. The procedure 500 further includes an operation 506 to
contour map the object 102 w'ith the photogrammetry device 104. The proce;ture 500
further includes an operation 508 to éenerate a digital description 212 of a non-
conforming region 116 of the object 102 with the photogrammetry device 104. The
procedure 500 further includes, in certain embodiments, an cperation 510 to determine
whether the non-conforming region 116 of the object 102 requires material removal,

If the object 102 requires material removal, the procedure 500 includes an
operation 512 to calculate a material removal tool path and an operation 514 to
command a material removal tool 110 according to the material removal tool paih 214,
In certain embodiments, the procedure 500 further includes an operation 516 to refresh
the digital description 212, and an operation 51 8 to generate a solid model 218.

If the object 102 does not require material removal, in éertain embodiments the

procedure 500 continues with the operation 518 to generate a sofid model 218.
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in character, it being understood that only the preferred embodiments have been shown and described
and that all changes and modifications that come within the spirit of the inventions are desired to be
protected. It should be understood that while the use of words such as preferable, preferably,
preferred, more preferred or exemplary utilized in the description above indicate that the feature so
described may be more desirable or characteristic, nonetheless may not be necessary and
embodiments lgeking the,same may be contemplated as within the sgepg:ebihieinuention, the scope
being defined by the claims that follow. In reading the claims, it is intended that when words such as
"a," "an," at least one," or "at least one portion" are used there is no intention to limit the claim to only
one item unless specifically stated to the contrary in the claim. When the language "at least a portion"
and/or "a portiorgdsedsgitibeitieandzanripido dd 2(fist tod/aneforstis patidd-Ravidmeds! specifically

stated to the contrary. Page 16 What is claimed: 1. A method, comprising; applying optical
reference Bifydie RESAMIGEA0 dsgar mepsisitigileRsRianari 1 Bﬂ%ﬁ%éﬁﬁﬁ‘ﬁﬁ%ﬂy device; P

Sereraln SISl AETRIRInN AL mnse s oSS g protogramery
; pping, wherein the digital description includes a material removal
tool path aggh@dmaterinbasiditiosotpehgathy the object 102 requires material addition, the

procedure 500 includes an operation 522 to calculate a material addition tool path 222

and an operation 524 to command a material addition tool 112 according to the material

addition too! path 222.

As is evident from the figures and text presented above, a variety of
embodiments according to the present invention are contemplated. In certain
embodiments, a system includes a photogrammetry device, a three-dimensional object
having a damaged region, and a piurality of op’;ical reference targets. In certain
embodiments, the system includes a controller that commands the photogrammetry
device to scan the object and generate surface location and contour information of the
object, including a nominal surface description of the object at the damaged region. In
certain embodiments, the controller cornmands the photogrammetry device to scan the
damaged region and develop a digital description of the damaged region. In certain
further embodiments, the controller calculates a material removal tool path based on the
nominal surface description and the digital description, and commands a material
removal tool according to the material removal tool path. In certain further
embodiments, the controller commands the photogrammetry device to scan the
damaged region and refresh the digital description of the damaged region. In certain
embodiments, the controller computes a solid model of the object, at ieast over the

damaged region, calculates a material addition tool path based on the solid model and
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repairing the object ba_lsed on the digital description, wherein repairing the object comprises: operating
a remoyal tool according to the material removal tool path, and operating a material addition tool
qccordmg to the material addition tool path, wherein the operating a material addition tool is after the
operating a re_moval tool. 2 The method of claim 1, further comprising generating a solid model of the
damaged region qf the object according to a manufacturer contour specification, and wherein repairing
the object furtthM%lcomputlng the material removal tool path ascovstimgdedie solid model.
3. The method of clalm _1, further comprising generating a solid model of the damaged region of the
object‘ based. on the digital description, and wherein repairing the object further includes computing the
material addition tool path according to the solid model.

the digital description, and commands a material addition tool according 1o the material

addition tool path.

in certain embodiments, the three-dimensional object is a bladed disk. In certain

embodiments, the nominal surface description is not identical or equivalentto a

manufacturer specified surface description for the object. In certain embodiments, the

damaged region occurs at a blade tip.

In certain embodiments, a method includes providing a photogrammetry device

and applying optical targets to an object. The object may be a complex three-

dimensional object. In certain embodiments, the method includes generating a contour

map of the object, and generating a digital description of a damaged region of the

object. In certain embodiments, the method includes checking whether the object

requires material removal, and calculating a material removal tool path if the object

requires material removal. In cerain embodiments, the method further includes

commanding a material removal tool according to the material removal fool path, and

refreshing the digital description of the damaged region of the gbject. In certain further

embodiments, the method includes generating a solid model based on the contour map

of the object and the digital description of the damaged region of the object, and

checking whether the object requires material addition. In certain embodiments, if the

object requires material addition, the method includes calculating a materal addition

tool path, and commanding a material addition tool according to the material addition

ool path.

While the invention has been illustrated and described in detail in the drawings

and foregoing description, the same is to be considered as illustrative and not restrictive
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Page 17 4. The method of claim 2, wherein repairing the object further includes computing the
material addition tool path according to the solid model. 5. The method of claim 3, further
comprising refreshing the digital description, and generating the solid model of the damaged region
further based on the refreshed digitial description of the object. 6. The method of claim 1, wherein
the non-conforming region comprises at least one non-conformance selected from the group

consisting of ohjsct damage, object wear, object corrosion, and objecttasigmspecification change.
7. The method of claim 1, wherein the object comprises a complex three-dimensional geometry.

8. The method of claim 1, wherein the object comprises a surface having a plurality of concavities.
9. The method of claim 1, wherein the object comprises a bladed disk.
in character, it being understood that only the preferred embodiments have been shown

and described and that all changes and modifications that come within the spirit of the
inventions are desired to be protected. It should be understood that while the use of
words such as preferable, preferably, preferred, more preferred or exemplary utilized in
the description above indicate that the feature so described may be more desirable or
characteristic, nonetheless may not be necessary and embodiments lacking the same
may be contemplated as within the scope of the invention, the scope being defined by
the claims that follow. In reading the claims, it is intended that when words such as “a,”
“an,” “at least one,” or “at least one portion” are used there is no intention to limit the
claim to only one item unless specifically stated to the contrary in the ciaim. When the
language “at least a portion” and/or “a portion” is used the item can include a portion

and/or the entire item unless specifically stated to the contrary.
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10. The method of claim 9, wherein the non-conforming region is at a blade tip of the bladed disk.
Page 18 - 11. The method of claim 1, wherein contour mapping the object comprises generating a
nominal surface location and contour for the object. 12. The method of claim 11, wherein the
material ravienal teokeath further comprises a path adapted to remove material from the object that is
located outside the nominal surface location and contour. 13. The method of claim 11, further
comprising generating a solid model of the damaged region of the object based on the digital
description, the sbftiMWS: E8RMBIFEIAY a model of the object in conformance with the nominal surface
location and contgupyiog tindicabetieand tadgetein sephikny the object further includes computing a

material addition{gqhpathacargreinsiacthais dlishmogahansORelaling a material addition tool
according to the material addition too g? 14. The Fnethod of clairp é wherein the object is a
. S

gas turbine engifEESRIBE LRS! dep ptf%g HetnBATPARIR RS FHH9RiF B PRISENY idudes
changing &ipsdetrvotaine dsyjestinbenenacdefdet ceger Mepping, wherein the digital
description includes a material removal tool path and a material addition tool path;
repairing the object based on the digital description, wherein repairing the
object comprises:
operaling a removal tool according to the material removal tool path,
and
operating a material addition tool according to the material addition
tool path, wherein the operating a material addition tocl is afier the

operating a removal {ool.

2. The method of claim 1, further comprising
generating a solid model of the damaged region of the object according to a
manufacturer contour specification, and wherein repairing the object further

includes computing the material removal tool path according to the solid model.

3. The method of claim 1, further comprising generating a solid modei of the
damaged region of the object based on the digital description, and wherein repairing the
object further includes computing the material addition tool path according to the solid

model.
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4. The method of claim 2, wherein repairing the object further includes computing the

material addition tool path according to the solid model.

5. The method of claim 3, further comprising refreshing the digital description, and
generating the solid model of the damaged region further based on the refreshed digitial

description of the object.

6. The method of claim 1, wherein the non-confarming region comprises at jeast
one non-conformance selected from the group consisting of object damage, object

wear, object corrosion, and object design specification change.

7. The method of claim 1, wherein the object comprises a complex three-

dimensional geomefry.

8. The method of claim 1, wherein the object comprises a surface having a

plurality of concavities.
9. The method of claim 1, wherein the abject comprises a bladed disk.

10. The method of claim 9, wherein the non-conforming region is at a blade tip
of the bladed disk.
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11. The method of claim 1, wherein contour mapping the object comprises

generating a nominal surface location and contour for the object.

12. The method of claim 11, wherein the material removal tool path further comprises
~a path adapted to remove material from’ the object that is located outside the nominal
surface location and contour.

13. The method of claim 11, further comprising generating a soiid model of the
damaged region of the object based on the digital description, the solid model
comprisi'ng a model of the object in conformance with the nominal surface location and
contour for the objéct, and wherein repairing the object further includes computing a
material addition tool path according to the solid modei and operating 2 material

addition tool according to the material addition tool path.

14. The method of ciaim 1, wherein the object is a gas turbine engine
component.

15. The method of claim 1, wherein said repairing includes changing a portion
of the object absent a defect.
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