. kl e3enk”* 6TGL12 March 2003 ,. 1 LASER SHOCK PEENED GAS TAJRBHME2GENG NE
SEAL, TEETH BACKGROUND OF THE | NVENTI ON Fiel d of the Invention This

invention relates to gas turbine engine rotor seals with teeth such as
| abyrinth seal teeth and, nore particularly, to such teeth having | ocalized
conpressive residual stresses inparted by |aser shock peening and repaired

seal s w t h [{ASKER SHOUK PEBYERRCASTDURBINE EINGINE SEABSIEREY Art A variety
of stationary and rotating seals, often referred to as the |abyrinth type,
are used in various parts of a gas turbine engine. During manufacture,
oper at i on, BACKGRQREND QF dHE NSEQIN, whi ch i ncl ude one or nore

proj ections or teeth connected with a support structure, can be worn or

damaged. 1t_.has cqQnme _common practice to repair in a relatively cost
effective rfdaﬁe?ag‘éﬁ{“é?%“?%pes of such seal teeth or projections by first
renovi ng the damaged portion of the tooth. The sanme material of the tooth

then is reaﬁﬁkiiﬁgeﬁﬁoﬁ%el’ﬁééjE@gﬁswgﬁg%ﬁ%@ﬁ% evgi'n | tebH 919(51{ qgoved,

such as by machining, to regenerate apparatus for

conduct i ng labytintlepealr téesh deslc rinbed partidul&ly Péd snchNeethd HaSingl Tdcdbized
Bertrand G- Robins, issued April 14, 1987. As is described in this and
ot her pat erfompresgiverfesiduahsiesses impartadeby desesrsheckipeeping andriepairedoved

in a reciprocati ner Lpio. and.out of a weld pool created by a heating
source sucl<d ‘é{ﬂﬁé@@‘ﬁe?&ﬂgf’we@gmﬁw d up the teeth. Poor weldability,
i ncl udi ng poor weld flow characteristics and crack sensitivity of the netal

from whi ch m@&r?tgjrpggRgatéa{A}pot h is nmade, characterizes seal teeth
repaired i'n this manner and often prevents repairs in a

A variety of stationary and rotating seals, often referred to as the
labyrinth type, are used in various parts of a gas turbine engine. During
manufacture, operation, maintenance, etc., such seals, which include one or

more projections or teeth connected with a support structure, can be worn or

damaged.

It has become common practice to repair in a relatively cost effective
manner certain types of such seal teeth or projections by first removing the
damaged portion of the tooth. The same material of the tooth then is
reapplied as by welding, with excess added material being removed, such as
by machxmng, toregenerate the tooth. Methods and apparatus for conducting
such repair is described in U.S. Patent No. 4,657,171 by Bertrand G. Robins,
issued April 14, 1987. As is described in this and other patents referenced
therein, a filler material in wire form is moved in a reciprocating manner into
and out of a weld pool created by a heating source such as an electric arc to
build up the teeth. -

Poor weldability, including poor weld flow characteristics and crack
sensitivity of the metal from which the projection or tooth is made,

characterizes seal teeth repaired in this manner and often prevents repairs in a
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12 March 2003 2 practical manner or limts the useful oper&maghl2o0bg of the
conponents thus repai zed. Accordingly, when damaged, the costly nenber may
be replaced rather than repaired. The wel dnent repairs fornms a heat
affected zone which is that portion of the base netal which was
nmetallurgically altered due to the welding heat. The heat affected zone

al so is ver ;a0Kkmagnst o t f : e tional
life of th rra g%g?r ed pgﬂofr Tﬂerg‘P%rdé,%hiﬂt&ééga%{lgﬂgg%ge%{ér%ﬁgaﬁémlg%%ve t he
crack sensifepaired. oActordimgil wafeheddadged ntheadsiip thembet hady bk rephicear t
itself. The present invention incorporates |aser shockdpeeri ng to

acconpl i sh rather thaa repairede The weldmenddepeairs forapna heahatfegted eove tvikichwi t h.
Laser shock, ering. or ser shock,pr.ocessi ng, it .S so,referred to,
e L eocsis el pRfidL el M festogetn Vnchavs Derhusiely dlietra dhe o Fess o
inmparted b k fJ f i ..l As shock
boori gt vaveRiRE ROACK HREHAD Aelid d6fetIEs ' yay A Sofeibe .o ]
lasers to pieedefope Tedakesdicasefiil dpteatsoridlaize opther iﬂeaic}ﬁ&e. Thetekgre, {t0

met hods disclosed in U S Patent No. 3,850,698, entitled "Altering Materi al
Properti es"is highly degirable lpimpros@ithe trackesensitivity of thedreashffectefravressi ng'

and U. S. Patent . 5,131,957, tifled "Material Properties". Laser shock
peeri ng, aswﬁnoee‘rl\g\af)&ﬁ tﬁ'ﬁ ptaﬁe‘t%?g ﬁiﬂ PEesenE Ly ention Mcopporades fasey %9?& a

| aser beam O r [ .

conpr essi ve%%g téﬁ&gﬁg@?ﬁlotﬁ%géﬁ%pg%@ﬁgygﬁpggo u@?%kﬁ%%ﬁg?ﬁ%ﬁ force

by i nst ant aflg@ewithhl ati on or vapori zation of a painted or coated or
uncoat ed surface. Laser peering has been utilized to create a conpressively
stressed protection layer at the outer surface of a workpiece which is
known to consi defaggnshaskrpesning ne lases shecnprogssingeasnirin plsecrefemed 40i gue
Failure as disclosed in

U.S. Ratent No. 4,937,421 titled, ;'L P i
Syst em and 1bBHRPCeSSER BIORNSIDEGA ispoap! FeahsospEotiye ot Thasss |

1 oned . ! ' i . e
modi um {0 CARPERED PSR sRock PR bulhc 0q 1 RS, 190 Bk
shock V\B-Vesgbéﬁ'@lgt bepiballk wbs trhaltiple efadedtionl palsenfione Highepdiger Paldad o

create the beneficial conpressive residual stresses. Laser shock peeving is
bei ng devel tgsets ftor prashiceaghnidke anavies son rthe hauréace  ofieb warkpiegensintilasl tb sone
of which are_ disglosed in,the_fol]ow U Patent . a3, 525,429, .

ont 11 ed -1 ethodnGBRdgstt ind So Frighs Wan 2806k Shufted ralicting sterigh ne

hi gh streng .3yl uh" 4 B3 4O L . G evi ng
For gas. ¢ ur b Sp el S XABRIE, 4,40 272 (A GlogO Tankt Shlock PRea Mg ouf?
peeved gas WSbPaeneND. 5:131957pémiided tiaterial Prépertied”, Laserishbekl pétni

shock peeved rotor conponents for turbomachinery' ; and 5,674,329, entitled
" Adhesi ve t asainsievstoed indbe artsinstas peasihergin, means| utiliging aHases begopfmary oF

THE | NVENTI Theéﬁrﬁgient i nvention includes aaﬁzt od of re.F),aifri n% an
annul ar met & 13S€T PEULEEEq REOAYSS &) SrQfHe M9ratiZed £omapressive foree Rl Ag
annul ar sup s AN oot $.on Sl $ Vi id s m
The proj ect ﬂﬁlrhﬁg‘sggﬁa ?s‘@ga%:éa%’gdp g%&erat %ra %ﬁ%eﬁc’gﬁé’g @Js ‘Hn%gé%gﬁgrom a
radi al l'y faciblgicm ol wapdrizationsoff 4 geinteld dheostedpmr tinagated suafaceci ldsed
shape. The nethod includes: renoving at |east a worn upper portion of the

proj ection freeming has been wilizeddioreyeatesy compressinely isagsses projectiomlayern t he
tub h bqndi f t.uh_end t f the, fi
Surface: metahi e GHehpte AhadsSiReR Matdhe EndRR: fotorRRermBly e eitase
he bondi ' @i <PloRb & Gh i
to the bon 'agrgg{sgg&geﬁﬁogﬁgk&%é ¢ tf&ﬁ@ﬁmhﬁk dsh@isPloskd Gh 1108, Patdrie

associ ated op ape, an rein an annul ar heat affected
zone is forngd, 4937400/ éntitledLidee Bderng8jysteni agd tMethod'di Tigese unétwels
during the netallurgical bonding;, renoving a first portion of the netallic
material to tygpicadlyeemplopa spetain oh waser lewsgeaaverithg werkpigcepraomeapther| aser
shock peevin n annul ar. first outer surface portion of the restored

oroj ection WRERG € Rrovide a & sRtdieE o FEPbne el rerdfedt e JufEeem |
radial direction over at least a portion of the heat affected zone; and

| aser shock peeving an annul ar non-heat affected zone portion of the stub
extending generally radially at |least a partial length of a distance from
the heat affected zone to the first surface. Atip of the stub fornmed by
the renoving of the first portion of the netallic nmaterial nay al so be

| aser



12 March 2003 4 shock peeved and a non-heat affected zone portion of the
stub,extending at least a partial length of a distance fromthe heat
affected zone to the first surface may al so be | aser shock pgeddargh 2062
restored projection may include opposite forward and aft facing annul ar
surfaces, the forward facing annul ar surface each having the first outer
surf ace portion of the tooth and the aPt facing annul ar surface having a
second outer surface portion of the tooth. The | aser shock peeving nay be
performed on the first and second outer surface Portions, preferabl

si mul t ane gaserptedTshock auaves Jhtgctke gud phihe metarigbst figomnenant beiag LSH t9 aser

beam wi t h cpdshd {h‘éib‘ne'ﬁgfié?él%ﬁ}p?%s%%éiaﬁé? sfbidki ve material on the outer

surface portions and | npar eep conpressive residual stresses extending
into the heat affected zone fromthe outer surface portions. The |aser

beams may be fibggt %F%Eerﬁiﬁgaﬁsr&é@gé@%gm&tﬂnQH?aﬁ;Slicﬁﬁbr{sﬂﬁ'tﬁé‘Sé’s fghe Wi th

respect to a radial plane perpendi cul ar to an axial centerline

about whi EROIPR dielshisamarofsfigbAte sisclesactinnibe follauina k) SitPaipntowss. 259 e t o
the sur  agher i a8l Snolk Bediihg birtReBHhEALcMerk MIUaAGRIRIGrIgHR gh Sroryth ! aCC

portion may be a metal of the heat affected zone of the stub, an ablative
pai nt coafotagallayrrepairapi646i89e, entied claser ahockmreningyfar gesitusking eagingwene | i c
article of 4t L Mgt [ Xdh 2 - | «
Suppor héﬁaﬁgﬁ?ig&ﬁ“ﬂiﬁ sﬁﬁﬁ‘f@éﬂm qg??%a? %@%g?%ﬁ%“ﬁ?%}%é%?gn
gener al | y S5r483i447) n reAsat s BeeNAd rofprecyRRPNENtS maschinestc pad ed
oper ati ng 5r@di g BSHRRY SR L& lih yh Ly lar first
surface and@(alh aés@gggtégﬁ%k‘lapgﬂé?’ﬂlgfr%f%}séeiﬁogﬁg%ﬁw%d%?éar%tﬁ , formed by
removi ng a worn upper portion of the projection, a bonding surface at a

stub end PAMAARSGE rHEIRVENTSORNNUl ar first surface, and a tip. The tip is
formed by netallurgically bondi nlg a sufficient amount of , .
The present invention includes a method of repairing an annular metallic article

and the article which has an axially extending annular support and a projection extending
generally radially therefrom. The projection has an associated operating radial height as
measured from a radially facing annular first surface of the support and an associated
shape. The method includes: removing at least a worn upper portion of the projection
forming a stub extending away from the first surface wherein the stub has a bonding
surface at a stub end spaced apart from the first surface; metallurgicailly bonding a
sufficient amount of metallic material to the bonding surface so to allow restoration of the
projection to the associated operating height and shape, and wherein an annular heat
affected zone is formed in a portion of the stub adjoining the bonding surface during the
metallurgical bonding; removing a first portion of the metallic material to restore the
projection to the operating height and shape; laser shock peening an annular first outer
surface portion of the restored projection wherein the first outer surface portion extends
in a generally radial direction over at least a portion of the heat affected zone; and laser
shock peening an annular non-heat affected zone portion of the stub extending generally
radially at least a partial length of a distance from the heat affected zone to the first
surface. A tip of the stub formed by the removing of the first portion of the metallic
material may also be laser



metallic.material to the bonding surface and renovi ng a fit29¢anep200®n of
the netallic material to restore the projection to the operating height and

shape. 12 March 2003 5 An annul ar heat affected zone forned in a portion
of the stub bounded by the bonding surface during the netallurgical bonding
I ncludes a | aser shock ' peeved region having deep conpressive residual '

stresses i ngigckegedied asdh SHRBKaPRRNIEY RNeaFsHiG Mnﬂfea %}rﬁ% &&abdil! §et ed

zone froman annular first outer surface portion of t eat affected zone.

The rest or eldagy aj patiabdemgth dfaw edistapas ift@ngdrehedt! afféntedardgheand tid firftaci ng
annul ax surfaces which include the first annular surface portion and a
second annLﬁlmfaQﬁbe@Jﬁ%Bﬂ&S@h?hqc@deel y. The deep conpressive residual
stresses inparted by | aser shock peeving may al so extend into the heat

ff d f h d. .f ' f the h f d
Jone . and the fiPererRtd AiAHAR ruRkind e Rt siR, Rowerd b hear e
| aser shockapeeme burkdrds,! ALt atd g LAnTRY ﬁlﬁ&ebé‘adtgﬁg{ymg;%& fRgeved

such that the deep conpressive residual” stresses Inparte ser shock

peevi ng al soutertsemfhcerportivheftthp taotth dritktlie afttfacing swwdndswafacd kaviagrd ace
portions extend over the tip. The stub may further include a | aser shock .
peeved non- $RERNdpwies saufacs Rorfignt ofoieciootine Theulasemshorkepeening may beast a

partial |en I st.anc rom,t eat _affected zone 1o the fir
surface andgéﬁg%ags%f‘hetﬁgegﬁgtCMr ggg‘ﬁfg ?@?Fda‘éﬁa%% rRyions, n%‘:fk?réﬁfyby

| aser 5hOCksiﬁ%ﬂY&ﬁ&xﬁ%}.enﬂié‘ﬂasbf‘fsﬁoél@ﬁ)e@ﬁﬂi aRdludéd ﬁiﬁgﬁa@%t el Jag8y such
that the first and second annul ar surface portions ext over the non-heat
af f ect ed zobeampowithoruffitiBANGAEESo Adparizegblatbfe thterial emethie dutee bhifase ar e
nunmerous and include extending the life of worn parts that nay be repaired
usi ng wel dnBAEoRs apdninpant feeperprapaessive msidnalusteesses ewtanding dntorHae

Wi ch i s 1 enary aectil GertEit ¥ ofteRBUEARE PortiRh, TR 1iFts et pche
damage. Thi fir&®tnddflal t%xwa&faaﬁp%@&hsoat ARPRLCLRE BlS WIh PRy |igVeT S

the scrap rate of new parts whic e saved by the“present invention.

The present radiabrlane thay id g:erpéﬂdib‘tilarhto? @f3axiall wenterling rabioedswhidke thow
cycle fatigue (LCF) life and crack _grovvth rate capabili té to acceptable
| evel s of pRBVIRESPYPDARC ise sirgBmscribedt o it pal t ablisfues aggle ttar Hiensurfage ne

h | h.~Ih ' ' ff f ' .he h
such 82 seal.{aehh cIS BEESIL LAV SO0 OLCREL B ASEL 2 D L0 Ll
wel di ng dur qngetl itk AP affeclel®zdriRObftHe dtub, an ablative paint coating, or an

ablative tape coating.

The repaired annular metallic article of the present invention includes
an axially extending annular support having a radially facing annular first
surface and a projection generally radially extending therefrom. The
projection has an associated operating radial height as measured from the
radially facing annular first surface ana an associated shape. The projection
includes a stub formed by removing a worn upper portion of the projection, a
bonding surface at a stub end spaced apart from the annular first surface, and
a tip. The tip is formed by metallurgically bonding a sufficient amount of
metallic material to the bonding surface and removing a first portion of the

metallic material to restore the projection to the 6perating height and shape.



BRI EF DESCRI PTI ON OF THE DRAW NGS The foregoi ng aspects arld Mame2002at ur es

of the invention are explained in the follow ng description,

taken in

connection with the acconpanyi ng drawi ngs where: FIG 1 is a cross
sectional illustration of a portion of gas turbine engine having a

| abyrinth seal with teeth which may be repaired in accordance with an
exenpl ary eihaanmlarthest afﬂ&etedeit oomedna apextion ofi thestuh boungedbyithes an

32'5;"‘[ o i nb e e Firineathé ToelafuseieRt Bornihel indlufl o aasegta}@cL?LﬁQQ
The. presentPIesa e **Ev&%%r%? &Wetﬁg@%sﬁéﬁﬁiﬁ%%%%g s Ry 14 ©
suf fici ent gRUNbediingBbdbhdingBit6 thal hda® dfhRted ¥bné TrdthGin Jint@40fiadtl oW

restoration of the seal tooth i n accordance with the exenplary first

enmbodi nent wdter lsarface pontion of¢he iheat affected4zariel UBte rdséoredepmyjectipnsmay of

the netallic material to di rr§n5| onal |y rgst ré seal tooth and | aser shock
I3 I

peering of BAvfeAPpositecsererabiefqrivardcan

?'gtgt: E”Ztﬂoi‘i R e AR AT BRRicH abTR SEOT BR AR sl

4. FI G 7|sgsche t|c perspective illustration of the se

cing jarmydar shetaces rhish

est ored seal

gp{ té??fat lve

Vely ek e céxﬁ?réé’sﬂ%'l‘%él@l@tﬁl biteds8S 1l sfteaq?l laTSQPMbdkn FI G

nmount ed i n pedrdagrmapadso prenidninte ythe dreat affectedr zimm:émmtthetsleeomck@méxary
enbodi nent of the present thlzventlon FIG 8 |s %?ematlc |Ilc|i|strat|on of

hat qaffected zone.and

the | aser sHYERHPRIHRY off

st and secon

surface portions are preferably laser shock peened simultaneously. The tip
may also be laser shock peened such that the deep compressive residual
stresses imparted by laser shock peening also extend into the tip and the first
and second annular surface portions extend over the tip. The stub may
further include a laser shock peened non-heat affected zone portion of the
stub which extends at least a partial length of a distance from the heat affected
zone to the first surface and includes the deep compressive residual stresses
imparted by laser shock peening extending into the non-heat affected zone
portion such that the first and second annular surface portions extend over

the non-heat affected zone portion.

ADVANTAGES

Advantages of the present invention are numerous and include
extending the life of worn parts that may be repaired using weldments or
other high temperature metallurgical buildups. The present invention may be
used for dimensional restoration of seal teeth which is required due to
manufacturing errors, wear, and other types of damage. This not only
extends the life of repaired parts but also lowers the scrap rate of new parts

which may be saved by the present invention. The present invention may be



FIG 9 is a schematic illustration of a pattern of |aser sl2dd&et 2082ved
spots on the tooth the seal in FIGS. 1-7. DETAI LED DESCRI PTI ON OF THE

| NVENTI ON I n accordance with a preferred enbodi nent of the present
invention, FIG1 illustrates a nethod ofé repairing an annular netallic
article exenplified by a gas turbine engine rotatable annular |abyrinth
seal 10 whi gfeday heremsedirr wdeyrls afipuef (UAR BRgiaRE cfack BEOWHDGate
conpartnment of the. engine as well as in various other sections of the
engi ne. Thecapadilityota acdeptile deneln of predopslyj enadeeptalde rotading parts adf & he

projections are often referred to with respect to gas furbjne engine,

| abyrinth s&a$ F“ng‘ﬂ%ﬁ%ﬁ@ sughiagsegt t&ﬁg\r ﬁ%ﬁ%n&m‘@nt?%?éfmidﬁ Syl ar
struct ural t i I tr R t Ny i heunscri bed
2bout  an- ax gkt B6of MG Rhy Dl AP By M RE ol bOLARETEEE

mai ntenanceag)@vélaﬁtgs&@iﬁ %bﬁi@&u%%@ﬂ%%?i _worn or danmaged as indicated
" by the damaged sectl on 1% of one of the teeth 12. The teeth 12 have an
associ ated operating radial height H as neasured froma radially facing

annul ar fi r BRIEBDEMRITTON OfeTHEIPBAWINGSnd an associ ated shape S
i ndi cated by the cross section of the tooth 12. The nethod of the present

i nvention includ renovi,ng at | eas n_uppe ortion 20 of the tooth
12 and. as i11 usiTSHEHEGERepecks ang pretgeanitbh ot YB bveBlonase sxalnsdm « he
first surfa &l ongu o f st ub., s nﬁ% end
26 spaced aggrt%éfromv?ﬂg ??s'.rcg@ sur’ftgggn%é, e é?‘?’ﬁné‘“%%?‘?%@&g a %ﬁg
sufficient ammgg)‘fvhgm;al lic material 28 is netallurgically bonded to the
bondi ng surface 24 so to allow restoration of the tooth 12 to the

associ ated operating height H and shape S. An annul ar heat affected zone 30
is formed in a pdié: dnisof arpes sectiprz} iBustaden f arpartiosi af mgganduthingi ng

surface 24 during. he net aiﬂ)ur. i.cal l?ond' ng. Jhe ul ar heat affected zone
30 i s indi c5ABHY NAYRE & i cseal At desty wekithy rmiay, B¢ repaied, in

Cndi cated b X b ; )

i ndi cat ed byecgoddabigé WaRhsas gﬁfzg@ﬂﬁg@%&ﬁn@%%n&é ﬁié(jﬁsa %mé;'?géstehrg

first portion 32 of the net erral 28 1s renobved to rest

tooth 12 toihventigrer ati ng hei ght H and shape S and forma tip 34 of
restored tooth 12. The first portion 32 is indicated outward of a tip
dashed line T. The netallic material 28 is netallurgically bonded typically
with a wel di ng prid&edsisan enlargest perspectivie view dHustatng slamagedlabysighwni ch
to produce wh i eferred to.as a wel dnent ot her high tenperature

met al | ur gi czf’legi)'ﬁfeﬁhf% tﬁ?&ﬁ?%ﬁﬁ%&e F‘Pl%mfeisﬁa I?Igf‘llmmad. Referring to FIG 4,
an annul ar first outer surface portion 40 of the tooth extending over at
least a portion ofIG.hg ile@tratdst esintitigZ anetudP fidm! assdalshirtl RewIed.2 in

i ndi cated by | aser shock peered spots 45, preferably after the renoving of
the first pacconiage with ahexeppdaty firstetdadimens of thepresenhinyentigs. opposi t e
forward and aft facing annular surfaces S1 and S2, including the first '
outer surface poglg,ﬂcgn 4Q.and an annpul ar, SﬁCO d éut er_surf.ace porti og 4
respectively, an ed) ales, pe £¥8 }?agoﬁ Nee geBh FBPHG (0L he
first and s : . 1, Q@S ' pr st
and second qi e HAbHSH ] BRS04 530594 Ul HERSPARA YL s fote T

| aser shock ipRRY6EAceHitRIROERHplAS firkl atabbaiment of the@refenttitvertion.34 may
al so be | aser shock peeved in addition to the heat affected zone 30 by
extending the first and second outer surface portions 40 and 41,
respectively to cBier 4iBlustiates eremovingr some aobt e wetallic napateral ¢ e
present invepiion.whi,ch further .extends ,the fisst, and . 12 hH

Becond out er SureiEERY resthi il WRBTahd e Bk, Bening SLHIIGAY Hested .o
af fected zongor?{r{t@444 of the stub 22 which is extends at |east a parti al
| ength P of a distance D1 between the heat affected zone 30 and the first
surface 18. The partial length P defines a volunetric regi on extending

bet ween the first Fi@ashdldustrates la firstl altesretioredladers bizock prening miathosd ofithe
second dashed, line is between the first dashed line and the first surface
18. 111 ust r aflimnensioppldprestorggsegl tapth in Fer4dshock peering system 101 for

| aser shock peering the teeth 12. The annul ar |abyrinth seal 10 is nounted
on a fixture 15 which is attached to a five-axis conputer nunerically
controlled (CNC) mani pul ator 127, such as one comercially available from

t he Huf f man Cor poration, having an office at 1050 Huffman Way, C over, SC
29710. The five axes of notion that are illustrated in the. exenplary
enbodi nent are conventional translational axes X, Y, and Z, and
conventional rotational axes A and C that are well known in CNC machi ni ng.
The mani pul ator 127 is preferably used to nove and position the seal 10 and
to effect |aser shock peering "on the fly" in accordance with a |aser shock

L, oy S - o ~ ~ 2 a2




12 March 2003 10 be directly fired on first and second outi2iMasch 20Gke
porti-ons 40 and 41, respectively which are uncoated and the ablative
material is the netallic material of the tooth 12 through the curtain of
flowing water 121 in which case a small portion of the surface materi al

wi |l be ablated away. The | aser shock peering inparts deep conpressive
residual stressefIGnballastraesra 58 AR&MAtve d8ssHRiRk éé{iﬂ%rtﬁeﬂwdoof he
heat affected zone fromthe forward and aft facing annul ar strfaces S1 and
S2, respect theetlimeritienaliys pastdredraeall @@ tivity Fe. 4.i red normal to the forward
and aft facing annular surfaces S1 and S2 respectively at a first oblique

angle Al incline ith.respect to a radigl plane 121". ternatively, the
| aser beans 102 %ﬁ& E)J;wf ar g"ﬁ‘%%@@ﬁﬁ?ﬁ‘ﬁ% lhb‘FWéFﬂ“a?fd tseg]aé’f r@c’ir@lul ar
surfaces S1 el ivealy, ) i | i secqnd nore
ncl i med obFRUeigi € HEF Shitk Peefthg WAk A5 REhce MRprhe HEREM ane
RP at a sha@hqy&{in@,gbpﬂqé;gfbsgﬁgh{viehﬁbnpbl ique angle Al. The enbodi nent
which fires the | aser beans-102 oblique to the forward and aft facing
annul ar surfaces SI and S2, respectively, forns the | aser shock peered

spots 45 in an oWHG. 8 impechdmatic ilhistratiooudfdhe dases shede peeningaf FIGb®ans
intersect the annular surfaces at an oblique angle. Preferably, the seal 10
i s continuously ed .or_ rotated out .the axial centerlin ile the
stationary hi gh By et MgSaen otk pRleBh 8 Jhss Horked desied f e

t hrough the i O 2% on the forward and aft facing
annul ar surfsggfests %ﬁ%ﬂ%%&%ﬁ?ﬁ;\%eﬁzg and form ng the spaced apart

| aser shock peeved spots 45. The curtain of water 121 is illustrated as

bei ng suppl IBET AYLEDJOESERIFTICGIN ORTEE INVENTION at the end of a

conventional water Supply tube 119. ‘The | aser shock peering system. 101
has a conventional generator 131 with an oscil | ator %33 and a preanplifier

Il ]
139A and a beam dpuddcerdange wihch preteseed embpdimantpf the presead Anventign. nt o
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control | er Iktéundya slemftisfthetenginelin abearing comparthentef thesngirshaciwellesr i ng
system 101 to fire the ' ' |aser beans 102 on the coated surfaces 155 in a
control | ed riBnysiousethereseckions ofathe enginencbhe sealpll dngludgs oxenohHmaneowi ng

t 121. The.paint, t , h bl.at i [ ' '
251 ot ed by (HOIORs RRPS o dheTrolyoh: e RGN rERrre 1 PA defbrude
waves on t hegQubgbisdleh Rt é&gl,oéxtéﬁtﬁn?eﬁédiﬂl)f AR RA R Card Bxialliyner
abl ative materials nay be used to coat the surface as suitable alternatives
to pai nt. Thedendirg ammlamstiructairal suppart @4 nfhelannuldmstrudnral dupporelpisast i c

tape as disclosed in U S Patent . Nos. 5,674,329 and 5,674, 328. These
shock waves GiF@upscrifechabeut anaxialsentasline (dr.  Dwring gsgHactyre. qraragon,

curtain of f i 0d. 1 ener.at ravel Lj v ssure
curtarn, of (RN ARheled BF 48 SRIETR Snb ANE) Ehi%e hRGK U9 SRR
portion 40. {H&ﬁcaaalugiu@eclﬁﬁs 88y 106f bhe sE i RekYRY e ThdabahM 2 Ravdre
depth and intensity oOf corrpre§5| ve stresses. The ablative coating is used
to protect tar assogetedsopératingaratiial height Hyeseneasired fsom. a Tadiallysfacirigeam
hock i nd dd [ i dual st | | bqut 50-150
KPSI (Ki | o PRORHIATSust Sarderestd ot e sxmRordilfqrel anrssosiased shand Srindicatsst «  on
40 into the h 12 to a d h. of ut 20-50 mls. Suitable materials for
the abl ati vegggé?f:ﬁogssfgcqoﬁﬁﬁlﬁd O[Bl’l?ig‘ti c such as vinyl plastic filmand
foil. One suitable source for the tape is Scotch Brand No. 471 Plastic Film
Tape which can be ThadnéfHdd 6f thedsres@MIRRBARSN MdlitdePtanbiinghadéasia wehout 4

mls thick, and has a rubber adhesive |layer, about 1 ml| thick. The
abl ati ve coauippgr paytioh 20 df¢he toathd 2fadnaefllustratpd inFIGotformingih stuly 32

| ayer which may bg used with syj t abl e adhesi ye terial lied directly
to the formaﬁﬁy%ﬁ’d“&@f”?f)’a@ﬁgathﬁ%ﬁtaﬁm aer Hta §1g§m§mszsq12§%e%f Pb@ﬁﬁb The
tape shoul d be rubbed or otherw se pressed against the netallic material of

the tooth 12 to renove bubbles that may remain between the tape and the
forward and aft facing annul ar surfaces respectively.
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I nvention includes .continuously rotating the annular seal 10 while
continuously repetitively firing the laser beans 102 on the forward and aft
faci ng annul ar surfaces S1 and S2, respectively, to form overl appi ng | aser
shock peeved spots 45. Several passes nmay be nade with offset spots 45 in

each pass. eFRLEd Xp LAt afg TPOVR, ] I g n hﬁﬁ:ﬁé
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- all linear| puvarhed.a tiphdashed: line Ts The miptadliomaterial 28 ds metallurgically see
U S. Patent,Nos.: 5,591 009, 5,674,329 d 5,674,328., While th f d
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Referring to FIG. 4, an annular first outer surface portion 40 of the
tooth extending over at least a portion of the heat affected zone 30 is laser
shock peened, indicated by laser shock peened spots 45, preferably after the
removing of the first portion 32 of the metallic material 28. The tooth 12 has
opposite forward and aft facing annular surfaces S1 and S2, including the first
outer surface portion 40 and an annular second outer surface portion 41
respectively, and the laser shock peening may be performed on both of the
first and second outer surface portions 40 and 41 respectively. The first and
second outer surface portions 40 and 41, respectively, are preferably laser

shock peened simultaneously.

As illustrated in FIG. 5, the tip 34 may also be laser shock peened in
addition to the heat affected zone 30 by extending the first and second outer
surface portions 40 and 41, respectively to cover tip. FIG. 6 illustrates another
embodiment of the present invention which further extends the first and



Claims: 1. A nethod of repairing an annular netallic arti®d¥archd008avi ng an
axi al ly extendi ng annul ar support (14) and a projection (12) generally
radially extending therefrom the projection (12) having an associ at ed
operating radial height (H) as nmeasure@ froma radially facing annul ar
first surface (18) of the support and an associ ated shape (S), the nethod:

Corm e a YecdRalsnd sBrack SRorBlls WP EAd DAL liedtily, Mo edVerti dihedt (1 H)
stub (22) atepe%téa %ﬂé hacst §e4dtupt 22 wiikh 8Nekibr@y a§9@£s?da i41 from

the first surface ( metal lurgically bonding a sufficient unt of
metal lic riahgtti & o( 28dxstm¢eh‘é)1bbetd.reeg dher heateaf(fé@t):dsmm%mrdl toavfirst
restoration of the projecti on 12) to the associated operating height (H

and shape S(usfacsna whdhei pagiala rP rdefinest f evelaanotsicerqgion exendinged in

e S AR OB LR A O 7,

restore thﬁasq{eg‘l 185 isBetivkéh mgfﬁ&edagﬁeaﬁhbwdweqﬁfst §ldra@nel shape (S)

| aser sho peeving an annular first outer surface portion (40) of the
restored projection (12) wherein the first outer surface portion (40)
extends in a geHh:szmrat@d i FIGS. Band 8tis adaseyshock peenistg syspon fllbfovksehe heat

Zone port .Z%}wcem“e 2 e Gt 12o8Re Rraar J ot s5at/0 aanarnledioniast
Phe rrst optech r’%ﬁfﬁ‘ 15 ARRER O F flrey a?‘ﬁéﬁ‘%‘ﬂgﬁ‘ff‘a’?‘%*%‘@d SR <i n

| aser shoc}CNEYVinithipuldtdr (B2, SfcH he @RkakbhfnéRiAly availdBle berthhét ub
(22) whereln the tip (34) is f or med by the renoving“of the first portion

(32) of thIaqu&nahI Corpm‘aaonalhayﬁ@ an3offige regt 15 hh:f&hanrﬁéldyp iCloven, BQA

wher ei n: r est ojectiqgn (12 S op e forwa and aft_facing
annul ar suE %g 2) axes t&{a\ 2363 afg ’cﬁ-{d@ ‘5\/a‘1“d the cexemplagYIl ar
surface (S f f t he
restored p%%]}bec on ﬁ%&%@%@@%&%&%ﬁ%ﬁSﬁw aceﬂiéslé@m élﬁufes t he

annul ar segotatiodd! @ixes UAT afid EOERAtOAre( del) kebwbdnr m@rmdcmmgctme (12),
and said | aser shock peeving is perfornmed on both of the outer Surface

portions (atanipujater A2V tiarprefesably usedatarendwedand positionethd seall1d and taher ei n
sai d | aser oc eeV|n further co i f|r|n at lea e | agser 6 beam
(102) wit hegé;F lf%ﬁp Qfg‘v@f?e’ﬂ’é‘&/a%n&)‘ eﬁxﬁmtwe dancer Wdﬁ‘ @1%@95 %&?Ckhe
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provide laser shock peening "on the fly" in accordance with one embodiment

of the present invention.

The laser shock peening is illustrated in FIGS. 7 and 8 as including
firing at least one and preferably two laser beams 102 with sufficient power to
vaporize ablative material of an ablative coating 161 such as paint or
preferably adhesive tape as disclosed in U.S. Patent Nos. 5,674,329 and
5,674,328. The ablative coating 161 is placed on the outer surface portions of
the heat affected zone and the laser beams 102 are fired through a cle'au'
containment medium which may be a clear fluid curtain such as a curtain of

flowing water 121 produced by a flow of water 122. The laser beams 102 may



5. Anethod as claimed in claim4 wherein the | aser beam’21M2ichiZ008i r ed at
different inclined angles (Al, A2) with respect to the radial plane (RP)
that is perpendicular to an axial centerline (CL) about which said annul ar
support (14) is circunscribed. 6. A netlod as clainmed in claim5 further
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facing annular surfaces S1 and S2, respechvely, forms the laser shock peened

spots 45 in an oval shape since the circular cross-section laser beams intersect

the annular surfaces at an oblique angle.

Preferably, the seal 10 is continuously moved or rotated about the axial
centerline CL while the stationary high power laser beams 102 are
continuously repetitively fired through the curtain of flowing water 121 on
the forward and aft facing annular surfaces S1 and $2, respectively, and
forming the spaced apart laser shock peened spots 45. The curtain of water
121 is illustrated as being suppliéd by a conventional water nozzle 123 at the
end of a conventional water supply tube 119. The laser shock peening system

- 101 has a conventional generator 131 with an oscillator 133 and a pre-
amplifier 139A and a beam splitter 143 which feeds the pre-amplified laser
beam into two beam optical transmission circuits each having a first and
second amplifier 139 and 141, respectively, and optics 135 which include
optical elements that transmit and focus the laser beam 102 on the forward
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o laser beams 102 on the coated surfaces 155 in a controlled manner. Ablated

material is washed out by the curtain of flowing water 121.

The paint, tape, or other ablative coating 161 material is ablated by the
laser beam 102 generating plasma which results in shock waves on the outer
surface portion 40 of the heat affected zone 30. Other ablative materials may
be used to coat the surface as suitable alternatives to paint. These coating
materials include metallic foil or adhesive plastic tape as disclosed in U.S.
Patent. Nos. 5,674,329 and 5,674,328. These shock waves are re-directed
towards the outer surface portion 40 the curtain of flowing water 121 to
generate travelling shock waves (pressure waves) in the metallic material of
the tooth below the outer surface portion 40. The amplitude and quantity of
these shockwaves determine the depth ar.1d intensity of compressive stresses.
The ablative coating is used to protect the target surface and also to generate
plasma. The laser beam shock i1.1duced deep compressive residual stresses are
generally about 50-150 KPSI (Kilo Pounds per Square Inch) extending from
the outer surface portion 40 into the tooth 12 to a depth of about 20-50 mils.

Suitable materials for the ablative coating 161 include plastic such as
vinyl plastic film and foil. One suitable source for the tape is Scotch Brand
No. 471 Plastic Film Tape which can be had with a black pigmented vinyl
plastic backing, about 4 mils thick, and has a rubber adhesive layer, about 1
mil thick. The ablative coating may also be in the form of a tape without an
adhesive layer which may be used with a suitable adhesive materia} applied
directly to the forward and aft facing annular surfaces S1 and S2, respectively.
The tape should be rubbed or otherwise pressed against the metallic material
of the tooth 12 to remove bubbles that may remain between the tape and the

forward and aft facing annular surfaces respectively.
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. repetitively firing the laser beams 102 on the forward and aft facing annular
surfaces S1 and S2, respectively, to form overlapping laser shock peened spots

45. Several passes may be made with offset spots 45 in each pass.

An exemplary pattern of stacked rows of overlapping laser shocked
peened spots 45 are illustrated in FIG. 9. All the laser shocked peened spots
45 with their corresponding centers XC lie along a row centerline 162. The
pattern of sequences entirely covers the laser shock peened portions the
forward and aft facing annular surfaces S1 and S2, respectively. The laser
shocked peened spots 45 have a diameter D in a row 164 of overlapping laser
shock peened spots. The pattern may be of multiple overlapping rows 164 of
overlapping shock peened spots 45. A first exemplary overlap, illustrated as
about 30%, is between adjacent laser shock peened spots 45 in a given row.
The overlap is typically defined by a first offset O1 between centers XC of the
adjacent laser shock peened spots 45 and though illustrated as 30% it can vary
from about 30%-50% or more of the diameter D. A second overlap is between
adjacent laser shock peened spots 45 in adjacent rows and is generally defined
by a second offset O2 between adjacent row centerlines 162 and though
illustrated as 30% it can vary from about 30%-50% of the diameter D
depending on applications and the strength or fluency of the laser beam. The
pattern is referred to as stacked because the centers XC of adjacent spots 45 in
adjacent rows are all linearly aligned. Other patterns are disclosed in the
references, see U.S. Patent Nos.: 5,591,009, 5,674,329 and 5,674,328.

While the preferred embodiment of the present invention has been
described fully in order to explain its principles, it is understood that various

modifications or alterations may be made to the preferred embodiment



109 ()-"! @109 ()- WA EyGzG{ G GGG Hr S40/ Y 10% U& % U&!

U& ()- 10(( 10(( 10((!'*M 10% (& ()-G !Ys! 109 P 10NOOOO}/OU&()-!10%

10UU 10UU! KF&O! 1094JU& ()-%1%5%) uf&')()- &giooo/o/ﬁf&'&(§2 !%HLL LMPLO 10
13

without departing from the scope of the invention as set forth in the

appended claims.
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'FF"10%& (9,- FFA 1R&#dd) of repairing an annular metallic article (10) having an axially

extending annular support (14) and a projection (12) generally radially extending
therefrom, the projection (12) having an associated operating radial height (H) as
measured from a radially facing annular first surface (18) of the support and an
associated shape (S), the method comprising:

removing at least an upper portion (20) of the projection (12) forming a
stub (22) extendiﬁg away from the first surface (18) wherein the stub (22) has a
bonding surface (24) at a stub end (26) spaced apart from the first surface (18),

metallurgically bonding a sufficient amount of metallic material (28) to the
bonding surface (24) so as to allow restoration of the projection (12) to the
associated operating height (H) and shape (S) and wherein an annular heat
affected zone (30) is formed in the stub (22) adjoining the bonding surface (24)
during said metallurgical bonding,

removing a first portion (32) of the metallic material (28) to restore the
projection (12) to the operating height (H) and shape (S),

laser shock peening an annular first outer surface portion (40) of the
restored projection (12) wherein the first outer surface portion (40) extends in a
generally radial direction over at least a portion of the heat affected zone (30),
and

laser shock peening an annular non-heat affected zone portion (44) of the
stub (22) extending generally radially at least a partial length (P) of a distance
(D1) from the heat affected zone (30) to the first surface (18).

2. A method as claimed in claim1 further comprising laser shock peening a
tip (34) of the metallic material (28) on the stub (22) wherein the tip (34) is formed
by the removing of the first portion (32) of the metallic material (28).

3. A method as claimed in claim 1 wherein:
the restored projection (12) has opposite forward and aft facing annular
surfaces (51, S2),
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portions (40, 41) simultaneously.

4. A method as claimed in claim 1 wherein said laser shock peening further
comprises firing at least one laser beam (102) with sufficient power to vaporize
ablative material (161) on the outer surface portion (40) of the heat affected zone
(30) and impart deep compressive residual stresses extending into the heat
affected zone (30) from the first outer surface portion (40) of the affected zone
(30).

5. A method as claimed in claim 4 wherein the laser beam (102) is fired at
different inclined angles (A1, A2) with respect to the radial plane (RP) that is
perpendicular to an axial centerline (CL) about which said annular support (14) is
circumscribed.

6. A method as claimed in claim 5 further comprising laser shock ,peening an
annularly extending tip (34) of the metallic material (28) on the stub (22) wherein
the tip (34) is formed by removing the first portion (32) of the metallic material
(28) and laser shock peening an annular non-heat affected zone portion (44) of
the stub (22) extending generally radially at least a partial length (P) of a distance
(D1) from the heat affected zone (30) to the first surface (18).



