SHOCK PEENI NG W TH OBLI QUE ANGLE LASE ND OF THE | NVENTI ON
This inverdSPoh42étates to | aser shock peenln nore particularly, to
met hods of sinultaneously |aser shock peen| opp03|te sides of an article
using offset |aser beans at oblique angles to the surfaces and to articles
havi ng sinul taneously |aser shock peened spots with offset centers on
opposite si cﬁmmﬁm&wﬂs OFF E’Fﬁ;ﬁAL%mEb LQ@@ER'S@K% mgﬁ

processing, as It is also re erre IS a process or pro UC|ng a region
of deep conpressive resi duUBBLIQUESANGLENpESERBEHAMSaser shock peening a
surface area of an article. Laser shock peening typically uses one or nore
radi ati on pul ses from hi gh power pul sed |asers to produce an intense shock
wave at the surface of an article simlar to nethods disclosed in U S

Pat ent No. 3,850,698 entitled "Altering Material Properties"; U S. Patent
No. 4, 401]ﬁ&@K@ﬂ@y@NﬁﬂoFq@§§n¢€EN¢KﬁEFOCGSSIng"' and U.S. Patent No.
5,131,957 entitled "Material Properties". Laser shock peening, as
understood in the art and as used herein, neans utilizing a pul sed | aser
beam from a | askiis heeantionuelatest to ;iasgwbeclca pscmogngﬁnldoamrczpaa‘n@dmby,e@su ve

ot ngenerPaBunet SRSl Rk posting epasEandoue 2B Shriage
vapori zat iffieOflagdr t baths! @V &dblighe téh%less W fReeaifaced AMdCaRt drﬂ&le£ Shikhgds tape
or paint) on that surface which forns a plasnma. Laser shock peening is

bei ng developléahcoesly fesery stk Ipecuedi spats with torﬁ%etgmtempblomposet%ﬁld% dfian d, sone
of which arge d| sclosed in the followwng U S. Patent Nos.: 5,756, 965
entitled a@ﬁ She Fly Laser Shock Peening”; 5,591, 009 entitled "Laser shock
peened gas turbine engine fan bl ade edges"; 5,531,570 entitled "D stortion
control for | agekerSiHek pR@ENEdr Gksr EMclallﬁ'Sce@ﬂﬁg% i€ QTRIS6 Sefefre® tadig .2dges™;
5 492,447 entitled "Laser shock peened rotor conponents for

t ur borrac hiptegeys for pra@ingingzgregion of de;wom&mvs medidyad dtressefrioyiatted bujrsercover ed
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more radiation pulses from high power pulsed lasers to produce an intense shock wave
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at the surface of an article similar to methods disclosed in U.S. Patent No. 3,850,698
entitied "Altering Material Properties”; U.S. Patent No. 4,401,477 entitled "Laser
Shock Processing"; and U.S. Patent No. 5,131,957 entitled "Material Properties”.
Laser shock peening, as understood in the art and as used herein, means utilizing a
pulsed laser beam from a laser beam source to produce a strong localized compressive
force on a portion of a surface by producing an explosive force at the impingement
point of the laser beam by an instantaneous ablation or vaporization of a thin layer of
that surface or of a coating (such as tape or paint) on that surface which forms a

plasma.

Laser shock peening is being developed for many applications in the gas
turbine engine field, some of which are disclosed in the following U.S. Patent Nos.:
5,756,965 entitled "On The Fly Laser Shock Peening"; 5,591,009 entitled "Laser
shock peened gas turbine engine fan blade edges"; 5,531,570 entitled "Distortion
control for laser shock peened gas turbine engine compressor blade edges"; 5,492,447

entitled "Laser shock peened rotor components for turbomachinery"; 5,674,329
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Laser peening has been utilized to create a conpressively stressed
protective I%yer at the outer surface of an article which is known to
consideraﬂﬁ? 148%4ase the resistance of the article to fatigue failure as
disclosed in U S. Patent No. 4,937,421 entitled "Laser Peening System and
Met hod". These net hods typicaIIy enploy a curtain of water flowed over the
article or sone other nethod to provide a plasnma confining nmedium This
medi um enali&l t R@hdRlRStAPe tOvdraPidiky siseRi [R¥¢8in ghoﬁtﬁV\@EM B2 ShkH&AS "HRA
produce the plastic deformati on and associ ate resi dual stress patterns

t hat constpecorered daskiSthoek peanting" Talbofwhichiare askigned torthg presémd dsssignesonf i ni ng
medium to confine and redirect the process generated shock waves into the

bul k of the material of onent .being . LSP' D cre t.he benef|C|aI
compr essi ve. 1 eSPHIATCeOTEdEs PO HiAed BUTHE 7 SOPBE P i Sl AEPar g e

expandi ng |8lefafMhel SR hitfaBe OF A Hriidld VARG s MR tdEshsidReabBP RAAEHNthe Thi s
conpressi ve shock wave caused by the |aser Pulse results in deep plastic

conpr essi \t@lsttlncaqustht artiche tac tatigoue daiture Th disslosedigt UcS.sRatent i¥o. ph B

residual str. Si ste mnth nodul e f e material. Dua
¥ ded o1 miniGtbgeser Aetmng st auh Mebhe ! eSSt HrichlS) SREY i ng

bot h si degyRhinadt Wtk ﬂb@re@%v&ﬂ’%e' GG o?%ﬂ?é étﬁeroxh@t%d 4@ p&d\ﬁd@ﬁ%ﬁa hie
conpressive residual stress in the materi al | aser beans are typically
bal anced wnnﬁmdgrmetdwrm nThis pedivet enatdés tihuestlasma tm:apiﬂﬂue a¢hiéve shockwansr essi ve

waves pass through the materi al meach of, the, es..and are refl ected
back 11 omPrSUEh Rt piRcC fie Hasts et Rmation ang ahpcicled R dRRVEES T | oot ed

vaves tur fndiAstfulkGRSLAR RS- THIGRRIBE Rt mgfmﬁet% Shiiffe Aldikieto

refl ected waves, when the reflected tension ves fromthe both sides neet
at md- pownﬁﬁmenartdhedlsemﬁleaxoedss denreeated shock sanedbiatathe duibkroftthamatehial off r engt h
that the material can and a crac n be initiated at the md-plane
wher et he RABTSRRRbMAIAD Helorreas BE R o cagpEhts ISR fspetnar 17 hi oo
its engineering effectiveness is the formation of deleterious rel ease waves
that create tengel greshuf@biige fidif th@'r@;ﬁél‘i}de)&ﬁﬁﬁﬁ '}ﬂé@ﬂ@[rﬁ%a?ﬁ%&@@@lﬁ?' y
follow ng the conpressive front or may fesult fromreflection 2 3DV
14254 at aheck Waveintd the cqrppmﬁnt; eThisswatpedssyachoels wave cased by ghe taserf ace of
a conponent . bei ng, | as ck peened., V% n. mul t Ie rele Sg MﬁVﬁﬁ are

si mul t aneLF y’eb‘ﬁﬁpﬁ’gg‘f‘ipn asyp ﬁOIE?BWﬁ%H%ﬁ aing HE R38N n HC t er med
super posi Qs pldtiuge P4RRIAPQRIsEdsUnSbteheRTh kiR d%\éﬁﬁc RABYuIELILHR rhdtérial.

ef fectiveness of the beneficial conpressive strains or nmay even cause
tensile f rIatatl tsrcbdvmmhltzmebhsa lasanptwek meenifipiiscladgsesipolancously glrikihg botho
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peeni ng ar!;trbﬁt R the 'mALMI! aFhe' [B6Hr BeamY¥ a8 Bipidally b@lahé‘&?fn SRRMAmiMMIAL! | que
angle to the interior surface of the intérior annular region. U S. Patent
No. 5, 91 1 meg8eridletistheionc obbe ditialngpmpressiveciveieast paasngltreugit thehmateatslefromeam

applied to the rk |ece nd co trolli he shal f e be t.h | enses,
ngarlzerf lhﬁﬁm%ﬁ $ ‘??dﬁ ‘£ ang d§ d@gﬁéf giﬂwT Q}atus
and net hodgnHr&sive Sefleh. nqth@%ﬂedt&ﬁwatessw Gtd rtehQbn GRNE! Ol aﬂn&ﬁ@i

position and incident angle of the |aser beamand controlling the
pol ari zat |tcnS11arsttb$sroftthe reflested waves hehémthiedefiectédnisasion avaves fromstdd both such

i nci dent an The tent .t hes th an._.obligye incid ngl e aser
boaim havi M fasel &b i poims 48 BRCER e A RSOt S r8rtes T 4 el spot o
be ellipt 'tﬁﬁ'th@%térmtcaﬁ tt%uﬁeaﬁ&q%&eéanoée ﬁﬂ%cﬁatctﬁé”ﬁﬂﬁ iﬂ’ﬁnet\bﬁ‘erb figd dent
spot shape necessarily changes the energy density applied to the workpiece.

The pat enttwbshodkewatesadees t hat t he energy density per unit area conpared
to other areas on the sane surface creates a possibi Iity of non-uniformy

wor ki ng the na the | osi. g Sone . benetf.i o]

| aser shock pe @E ﬁﬁﬁ?%&nﬁ? h@l’tsé Wegrdﬁ ttg‘ﬁtvgﬂe%gdséﬁe

wor kpi ece fﬂﬁﬂat%ltﬁfélel%@é/rﬁfu‘é‘ r&é@d@lvﬁ‘dﬁs AR bichfeUbmdile Ytraid € ThBiréIbdsed wav¥®r kpi ece
from opposite sides at the sane tine, as used with a split beam | aser

system Susdy pposontgndously falewing et saneressedeaht onmap réspltdoss reflection n
cross-section, such as disks, blades, and ot her workpi eces of different
geonetries. In conventional split beangprocessing, there is a possible
effect of not having the | aser processéd portions on the opposite sides of
t he wor kpi ece worked identically, and at the same tine when elliptical
spots are utilized. Such nonuniform working of the workpi ece may cause over
or under working of the material or 3 13DV 14254 distortion of the

wor kpi eces, thereby, not achieving the goals of |aser shock processing.
FurthernDre based ‘upon the obllque angle along mnth the partlcular
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The invention is a nethod for |aser shock peening first and second surfaces
(54, 55) 013 Qppgg%te first and second sides (46, 48) respectively of an
article by1 DVt neously firing first and second | aser beans ( 102, 104)
at first and second oblique angles (110, 111) with respect to the first and
second surfaces (54, 55) so as to 4 13DV 14254 form overl appi ng adj acent
| aser spots (60) on the surfaces. The first and second | aser beans ( 102,
104) are fat hagrfasls Withiadpelrdcs tmismdichatoR ds Ge HeeohteN Qi fdcClof b cdrhponef the
first and second | aser beans ( 102, 104) inpinge the first and second
surfaces (8ing kBpr shodk rneenedhd Sdsonaultipler relrasen weves eatsoisimwtapgguslya?)

t hrough which pass. first and sgcond aggs AX1 A>t<2r§} tdhat are.subsjglanti ally
normal t o FPRESHHIEE SRPBATHINSUPPE S B PRES PRI HEC0UERY 118% beam
cent er poi RSerpbBIRL Tl thbite waies frsiplreditd BRCMECtAERSssAbE thé fivdkfigad t he

| aser beans ( 102, 104) are fired with sufficient energy to formregions
havi ng corpmpsessive sirains oluahy evenasssedtensiiodractue bythintbe cempeonabhock peeni ng
extending into the article fromthe surfaces. |In another enbodi nent, the

first and.second | aser 10 104) are fired.such. that first .and
Second ceritE MEREe e o1 161 By SPaia eohedits nav ECHEA SPniceE heyidhitfie o
104) i npi R@Rcts MhidH hiy béndafeSPRAHEPéstmgs (54, 55) at first and second

| aser beam centerpoints (Al, A2) that aré |ongitudinally spaced apart and
transversely offset fromeach other. The first and second spots may be
substantial | y paBaPatent Nohé, 402447 dissloses tasgr sheockipeering g interier anpular nanner

to produce _f.irst amnd. second patterns .the first .and, second. surfaces of

the arti cresnbyGPHiRre 355 REthal 2BeMlichs el &R PustF Rl BEER  onves
of the fi rigtrigNshi@FAegioAPIUS. PaRAPNG! 51081890 TtBachks kohtrailify SRCRRMMeRA t er NS
may be formed by continuously noving the article while holding stationary

and cont i rnglgf vheflager hgam jappliedse theoworkpioss and eanirodlingthe shapeod thepeam

rel atively .constant periods between . the pulses ,wherein.the first and second
Surfaces SYO (oGRS PURRSES FdREHAHLT A ST QYBLe BT io S alh Qi e
conpri ses 3a@NheMo@H Als¥l08RY imtGudeBausar éfi ShetBi fof BarbIliaEoMe | posftioni g t he
stationary | aser beans on the surfaces such that on each of the surface

portions aogidentanglerdsholasemhbeahnsmt catodlingybe molarizptons and/er thetshape of f f er ent
ones of t seguences in the set. The .methqod incl ude, coat i t he
oUr Tace pdit FUEORATRACh Arcah PARuAD SR IFD PG LA PRI GRS g
sequences gblighd'chRht afdld RSér BdafShavivipda SREARDcrbASRLtOE dMseEtHehBY 6L s (A 1,
A2) that are longitudinally spaced apart and transversely offset from each

ot her is dhgimpasedpotntolbesellipticad randAbpt the aqonssyusages aif swolhriseshaoge 088he513 and

oblique | aser beams are disclosed in U S __Patent. l.igation Serial Number

061 771 asdnasnd aoLshas pesssarSfengts e dnefedi ERbisy el BEVPHHGE: prosent

assi gnee Ofhet pHitént FaftRdH teaches tHat e %g&?ﬂ defisify pér' @it 82 rdndHavedersbodiesent of
(0]

the invention, the invention is use r laser shock peering | eading or
trailing ewpesndhe spnse sufapé m@a@ﬁgim@silbiliaddanmunfomlsowoelﬂmg)gmnnaxemnt by
si mul t anequsl.y | aser. shock peeri essure_.gnd suction side.surfaces al ong
one of 1 na e TP S BE A ue A PRIt D d75s SHEK BPinen T 05 acer
beams, fininiBrhfdf dfaergP SpphicatonOd | £1UfrRPIGEE SmiY tAusLSPREE problehR,

surfaces so as to formelliptical shaped |aser spots on the surfaces,

over | appi mgrtistjackynwhen hitfing eavorkpigpefomagpnosdpsides atathd stng itimep, ahais¢daser
beans with .suffigient energy to form.regions having conmpressive residual
ctresses. Hih e S pfFarh dReE sur oy o SReh PP G ARt UG PHGeRi e 1 om
the surfaGgskpithl &f HiRtdréRlsesianalch a8 disisd MdeSauR] TP rwarkpRc&Xbendi ng
away fromthe edge and over the surfaces and transverse mnor axis and, in
a nore pardifferahtageometriasi e onvehtioned splitveaam pnocessing, thietd ista pabibleledfeet! | aser

spots overl.a about 50% and the | aser spots extend, ov t he edge.
Rel at i ve VI EHY g 35T Prorersed rorRionsan MifOPRRASIE F1de3 ethp VKPS e

whi | e the | GRe] idfdHRy i RS Ghnd 56 win S0GAH SURTRL AflizNtALhRAL Of the

invention is a method of | aser shock peering |leading or trailing edges of
gas t ur bi nmiferrgiwrekiog aflés werlipicecimen cause ever oraindeeworking efithe oxatdsationbout an
axis of rotation and having an annul ar space between adj acent axially
spaced apart forward and aft and rows of blades. This nethod | aser shock
peens leading or trailing edges that berder the space by simultaneously

| aser shock peering pressure and suction side surfaces along one of the
edges of the blades in one of the rows with circular cross-section | aser
beans, firing the | aser beans at a first oblique angle with respect to the
surfaces so as to formelliptical shaped | aser spots on the surfaces and at
a second oblique angle with respect to the axis wherein the second oblique
angle is sufficient to clear blades in the adjacent row of blades, and
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el ement by sinultaneously |aser shock peening pressure and suction side
surfaces alogg one of the edges of the blade with circular cross-section
first and!3 Ad>4 aser beans respectively, firing the first | aser beam at
an oblique angle with respect to the pressure side surface so as to form
elliptical shaped | aser spots on the pressure side surface, firing the
second first |aser beam at about a normal angle with respect to the suction
si de surf @egordiBn a6 e fdrkpietdsC Uhaeb hAavedchiedfs $BOLSalP bft RBerS WRddkoNn si de
surface, and overl apping adjacent eII|pt|caI shaped laser spots and

circul ar Pheessing. aielrthsmmrs, basspaonvibe yoblinue fangle r@ongwewlthaﬁ@rpame@tﬁv with

ff t h id t
hpar e PR gugtaydnuena JulA GO s FoearEne T SR ShEne
surfaces. 1a4§et Bt Bofv@ERLFA% &ffﬁ@%ﬁ@atenptvérm? 1hyeY et &aluwdagra&tmd of

| aser shock peening | eading or trailing edges” off gas turbine engi ne bl ades
nmount ed omeduce theomergyaapphed i the woskpi¢dse T habdngemanalattiepateht eatchides notand

h I bet t t f d and
a1 1 owa o8 B SGSH G SPHE TR ralbes iy nompcled BRGER SRR, o B Ber ©ne
space. Th's%y X nﬂf rE&ﬁ:@rthéhx%Kurﬂﬁﬁﬂ?tﬂ(ﬁaﬂie”ﬂaﬂ’i"edtén%téy' 0 aORGfkpidcBaly bor der

t he space taneously |l aser shdock peening pressure and suctlon si de
surf aces ahatifyingthe shapehod thnjg;mhedflasxeh endogyaphdse. i ﬁh@patemfteacﬂles toopass Wiet h

circular cropss-section Iaser eans ir the fir l aser beam at, a first
obl i que ayie G erFrEdeREh polen néodF%%@uﬂ% e P BEEY 3EAren 5 m
el Iipticaly, g(ﬁgﬁg&d {2S8lneRRE (S)gegﬁletrn:e e?fe S UfeSited! ﬁ? fidr i g({éd stfack Second

obl i que an th respect t axi s ereln t he secon ique angle is
suf fi ci entorientatibie an t}hﬂ md&hnt ared bleapadj(md&]mb lasenbedmbhradesy udeifuli fogldasere second

first | ase am at no e Wt ect to the i on side
sur f ace sé{“a‘g‘ PSS Sre@ﬁFSa?fr?hHﬁ%ﬂﬂ hyag‘lﬂ“egﬁ’ﬁﬁdggdﬂtof fectogs © aﬁia& e
surface angeat Wotd? (IBRPSE Lan! MrtddifiljadedBGET N t he
second oblra)?tce]geregcr?g gtgr% %ﬁ l?tg%%uﬂtw%(%dcloear(ggpg)es In t%e }gd agent row of
bl ades, anBLISIY hayipg ngoad moen spaekd i aphit calvs séfaplades mt@ralbypmcmnwddoxf iring
t he Iaser beans with sufficient energy to formregions having conpressive
resi dual é??@%@%saﬂﬁﬁhﬁﬁ%d“@thhe | aser shock peening extending into the
bl ade fromthe surfaces. Low energy | aser beans, on the order of 3-10
joules or perh e of
AR ‘%Y%%g@ly%h&?dw toHavd ; ];Qoéegyf(ﬁ?gﬁlq% gﬂsgfgtgartfgﬁethgts

| ow energy | aser eans I's or er o magni tu osed In 7/ 13DV
14254 Uni tiesinfultah@misipdbenthddk. peEn@Bih ﬂ)@ﬂopposltte siledusingeldiquShaek béaes/i ng

Usi ng Low Las ed Au 3, 1999 and.is assigned to the
pr esent aﬁaﬁgén%w tﬁ‘h Ps‘d\,@t“@rﬁra y lowe SrtB%FB ged JeRsils Hiess 8? %nce.
The presentadduenive’ nuétr%(lojnpt% maxHRuR O3 lloWhBIB tenIBE sRRAVRBY tiRNAateRaPIexi ty of

performng | aser shock peevi ng by allow ng crack free dual sided
si mul t aneosislsbdsghly stesiréble dée\beraple Tmehqmnmnr redwerlt)ssomf PECovbetesitsaodual

si ded simul taneous | eev met h |ch able to reduce or

ol § i nat o S TPERt gl PEREHINE SRS o e ot B e AeEERr he
reflected ?Hﬁnﬁ@ gam or al | owabl e tenslle stress of the
naterial. HQEnt?gn p?ov%%es a sinmultaneously dual sided |aser shock
peeved artlcle with fewer or no md-plane cracks. The invention can be used
to elimnate or reduce | oss of HCF benefits or effectiveness of the
beneficial conpressive strains fromlaser shock peeving caused by the

super posi t | | tion has been found useful to
provi de aI%@@Fﬁ$@%8gﬁﬁg§?yﬁﬁ%EE%EQQB§E¥§Fty of | aser shock peeved articles
and, in particular, |aser shock peeved | eading edges of airfoils gas
turbine engi ne TcadesntAds waMBthod THE lpEesRok peéN B Fir€ Mhnid Ssedoddagiiriceand mor e

cost efficient method to | aser shock peen surfaces of articles such as
| eadi ng ar(84:t $3i o r@gp@ﬁmgeﬁrsgagd tsdmiidn@d@ﬂné%nétsblrmsﬂ‘fdmﬂf &l gHcleoor

sections of enen sin ue eans aII r bl aded
rotor sect FBﬁ“fF?"‘éﬁ %3“ ﬂlfsf C‘L’Sc%{lsj ﬁ 4t r%tlloﬁyl d Sef{)%g) or

i ntegral | Youlgadaek1eh @ko,(1Bl) With r&peétne ﬂte/mspatndmeealdsmﬁed (zsn asi) sb @y of

bl ades integrally nmounted or formed on a drumrotor or disk respectively.

The bl ades are designed to operate in high tensile and vibratory stress
fields and | aser shock peevi ng enabl es,the blades to better w thstand
fatigue failure due to nicks and tears in the leading and trailing edges of
t he bl ades and, therefore, have an increased |ife over conventionally
constructed bl ades. The use of |ow energy lasers allows a | aser shock
peevi ng production line to be set up and operated | ess expensively conpared
to those suggested in the prior art, due to lower capital outlay. The line
couId be Iess conplex to develop, design and 8 13DV 14254 construct
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used in the | aser shock peening along a radially extendi ng | eadi ng edge of
a first stsge bI&fie in the BLISK illustrated in FIG 1. FIG 3 is a
cross-sectlPBYd#2¥ ew i | 1 ustration of the |aser shock peened conpressor

bl ade through 3-3 in FIG 2. FIG 4 is a cross-sectional diagranmatic

il lustration of the | aser shock peening nethod in FIG 1 through 3-3 of the
blade in FIG 2. FIG 5 is an alternative second nethod of |aser shock
peeni ng t Herm bVélappingGdjadobmd@sr Yute (60) 08 thlanfias eEThSHRE kndagondBisér suction
side of the blade with circular |aser spots. FIG 6 is a cross-sectional

di agr anmatbeams (1025 t1p4x argrfired sudhethabiesh andnsedrnd dentedines 4€bd, Ch2Fpfsthes

through 3-3 in,FIG 2. FIG 7 .i L. agr a tiC rspectiVve Vi

i 11 ustrat @fgﬁaﬂ}f‘ %oggﬁassahwsp@@% ﬂ)é?émﬁ‘é‘_ﬁ‘[é” Jrstiand P %%ﬁaess%@m ades
Wi th a thigf girdtRdndOdebRl 1ds&SEdand Baﬁ&paﬁ%%@g AP ufebhghwhicHepRR$ firfteardl ade
with circular |aser spots. 9 13DV 1425 IG” 8 is a cross-sectional

di agr ammatseeondlakes(A%t,i AX2)othat dve sestantialiy nomwahl it thedfirstznddsecondriu@aces t hr ough

3-31nF %t th2e'ﬁrst and second laser beam centerpoints, respectfully. The first and second axes

are offset and the laser beams (102, 104) are fired with sufficient energy to form
regions having compressive residual stresses imparted by the laser shock peening
extending into the article from the surfaces. In another embodiment, the first and
second laser beams (102, 104) are fired such that first and second centerlines (CL1,
CL2) of the first and second laser beams (102, 104) impinge the first and second
surfaces (54, 55) at first and second laser beam centerpoints (Al, A2) that are
longitudinally spaced apart and transversely offset from each other. The first and
second spots may be substantially parallel. The laser beams may be aimed and fired
in a manner to produce first and second patterns on the first and second surfaces of the
article having overlapping adjacent rows of overlapping adjacent ones of the first and
second spots, respectively. The first and second patterns may be formed by
continuously moving the article while holding stationary and continuously firing the
laser beams with repeatable pulses with relatively constant periods between the pulses
wherein the first and second surfaces are laser shock peened using sequences wherein
each sequence comprises continuously moving the article while continuously firing
the stationary laser beams on the surfaces such that on each of the surface portions
adjacent ones of the laser shock peened spots are hit in different ones of the sequences
in the set. The method may include coating the surface portions with an ablative
coating before and in between the sequences in the set. Offset first and second laser
beam centerpoints (Al, A2) that are longitudinally spaced apart and transversely
offset from each other is disclosed in U.S. Patent Application Serial Number
09/438,513 and oblique laser beams are disclosed in U.S. Patent Application Serial
Number 09/771,856 filed January 29, 2001 both of which are assigned to the present

assignee of this patent.



FIG 9 is an axial cross-sectional diagrammatic illustration of the third
method illustrated in FIG 7. FIG 10 is an enl arged di agrammatic side view
i |1 ustratiléRPVdA28he pattern of elliptical |aser spots used in the third and
in a fourth | aser shock peening nethod illustrated herein. FIG 11 is a
diagrammatic side viewillustration of a pattern of elliptical |aser spots
used in the first, second, and third | aser shock peening nethods for the

pressure side qf tﬁfst Qké}ﬁﬁla\;yFérﬁoodi%ehﬁoiaﬂ{é'1ﬁGérﬁ1'6HH¥HeCm§érﬂﬁmV1bQié/ed for
illustration of a pattern of circular |aser spots used in the second and

fourth | adaser sfmgklpepmagliaagmngmrhmdmgfedges bigas iarbinerenging dlafes tivaintedase. FI G
13 is a diagra tic side v ew illystra n of ,an alternat,ive gatt rn of
o near by o s Slainent, by SEpldnéaysty Tates Shadk preninth o sse i BEHiog

al ong a r adifales Wit SRUifMEe e@gr&@ Rfthd Bﬁd?mecn‘cﬂla} Qﬁ)sgk#cﬂén'db laﬁé rg%ﬁd in

FIG 1. FIG 14 |s a perspecttve view illustration o I rst stage blades in
t he exenplbeamys,dininy thetlagabeams bi oiquegingles BlithSt¢spheet tg tHeamefacasshsachks weened i n

a |l aser shock peening system FIG 15 is di agrammati c side view
i || ustr at o hr&wsﬂﬁbaéaea 13ser e3pofsp P dhe spefacss gtsfaim 1eetrdingent wélntlagler shock

peeni ng al I . ' de in
Pho Bl sk TTECaptEebas; dheEithl ey B BaRCARR tn okl b BRI
i || ustr at ihaningfcomppessive rrasidial Giressud dnpdreed by thpdaﬁr sbaudt peeningecxitasing shock
peeni ng along, a radially extendi ng | eading edge of a first stage
into the blade from the surfaces. The elliptical shaped laser spots have major axis
extending away from the edge and over the surfaces and transverse minor axis and, in
a more particular embodiment of the invention, the elliptical shaped laser spots
overlap by about 50% and the laser spots extend over the edge. Relative movement

between the laser beams and the surfaces is effected while the laser beams are being
fired.

A second exemplary embodiment of the invention is a method of laser shock
peening leading or trailing edges of gas turbine engine blades mounted on a rotor
element circumscribed about an axis of rotation and having an annular space between
adjacent axially spaced apart forward and aft and rows of blades. This method laser
shock peens leading or trailing edges that border the space by simultaneously laser
shock peening pressure and suction side surfaces along one of the edges of the blades
in one of the rows with circular cross-section laser beams, firing the laser beams at a
first oblique angle with respect to the surfaces so as to form elliptical shaped laser
spots on the surfaces and at a second oblique angle with respect to the axis wherein
the second oblique angle is sufficient to clear blades in the adjacent row of blades, and
overlapping adjacent elliptical shaped laser spots and firing the laser beams with
sufficient energy to form regions having compressive residual stresses imparted by the

laser shock peening extending into the blade from the surfaces.

A third exemplary embodiment of the invention is a method of laser shock

peening leading or trailing edges of gas turbine engine blades mounted on a rotor



blade in the BLISK illustrated in FIG 1. 10 13DV 14254 FIG 17 is a
Cross-sect.i onail gghem&ti c illustration of a portion of the bl ade
iIIustratilﬁg\{ HE>bf fset obl i gue | aser beans and of fset |aser shock peened
spots of the exenplary enbodi mrent of the nethod of the present invention.
FIG 18 is a diagrammatic illustration of elliptical offset |aser shock
peened spots. FIG 19 is a diagrammatic illustration of circular offset

| aser shocleniae "b?dsﬁlﬁﬁﬁﬁeouﬁﬁ-ﬁééelf %@oéﬁ%@&hﬁ’g ks a-BHEsdcfiMEWe%faEésﬂSt rat ed

in FIG 1 is a blfaded rotor section 8 having an axis of rotation 9 which
coi nci des alingtong afshe edgesrof the blate vathgéirnalatvoess- sec&mmﬁnst alablsebynélaser

t |1 bl aded di BLI 10, h ||
L oo ey S respettnaly fing T rsF iaier hh, Acarn oblue B R WIR isbect 19 the
ref erred el tdcsiuind so 85 @0 ork] BELI ShaSRTESASH0l B MIeAbl s

annul ar space 13 extends between the axially adjacent spaced apart forward
and aft roudak?fisging thedseobnd fisst Bdsaxibeand 68abokba npiteal pmgleowitls respedt o shepat ent |

the BLISK 10.is .representative of integrall | aded r ot or, el errents and t he
bl ‘ades T08UCa B BGRR 5 £40 JPrmbIHaar ahanEA e GRAS, S8 PUBOSE d 1 om
the BLI SKglffacel AR Blverthppite alijabist 'digittal Shdpe@Iaset spots afi‘i'adm?cu'lﬂ?%kﬁéﬂi in a

fixture 15 which is attached to a six-axis conputer numerically controlled
(CNC) manilpet apats réspectiviie andirfirng titeolasd2eans pethtsufficient| @segy whéwin peeni ng

appar atus and system 101 whi ch |§ il lustrated g(m}e Hartlcugarl in FIG 14.
The i nventF@AnS BAIRG CPRRIASEVE Goidal Sugpssumppred buiithe 55k shork berbinc

bl ades as § o) d6fced N i Nvention may be used to | aser
shock peen\ﬁﬁk}gmgi %@gﬁlﬁgﬁeémgbévangggor ot her articles of manufacture

whi ch I end thensel ves to sinultaneously | aser shock peeni ng opposite sides
of the articl eAMﬁmhtlDbienqﬂwyleaﬂ@dlmennﬁ thKRefventiomiy 4 mefo@f 13searstiok each

conpressor bl.a ﬁ 08 ha n airfoil 34 e tendi*r’]a% |n t he cho dw se direction

S
bet ween a PEERiRg EE‘%&ﬁch&e%P 2Py Hdina FoetE Rpdesyaounied Opja 'k hor d CH
of the ai rfhdnt 'éi‘}clhﬁsch'B@d hb(ﬁﬁ af ek WeFotalbn hﬁ@ﬁéﬂgg !eu?aﬁﬂﬂarts?ﬁéé het@e&ige TE
at each cross-section of the blade as illustrated in FIG 3. The 11 13DV
14254 pre%mnmtan&lbup&aedmpsntdwa@awdmﬁ@s oﬁlﬂp@st hetein thefedgdsebednig f oi | 34
ext end be#\%ent elealng eandtr Llin 51 End TEof t he

A rfoil. B0 HAESE e PR | 1 hi BTt ok GReet [ MInZOREt | on as
i ndi cat ed L t he
airfoil. ﬁgh@{ éa(%\g }4(])%%%5536?3}1? 'sl%{gibn ﬁ?ggaﬁg%l?g%%tsﬁﬁgé&% r%%ugﬂl( ong the
| eadi ng edgé sudfionfsidehairfaces dong Gk dfrthm@dsaﬁeahe?)lﬁiadﬁs ihloae af tlfemobvstmt}a tip 38
of the airfoil. The | eading edge Ct'r@”fo has a wdth Ws ch thai t he

| eadi ng edyEUISBEIFYRECHAN dah REEs Mg B firstaser bep@ 4 RafirshRYligEcanelal ong
the | eadi Rgge c?fo ih'%%r@ésﬁxfe%'nde s°tr’11facér Et?asfitor fo?nh'ellﬁﬁlcﬁllﬁi %Ec!)lefs& $o i gpi ficant
tensile stress el d due to centrifugal forces generated by the blade |08
rotating dbe ipmgstungmdﬁe sofapeaaridoat a Teeorsd pblique @plé svith sspeubip thetaxio

vi brations ener ted d e ne o r.ation, and. the.nicks.and tear

oper at e aé”l%r @i/ﬁq"@n‘rﬁw&f "“&ler B ‘f‘?&rtg g’éﬁf‘leﬁbn the AdacERLIOVS Eess
concent r atyjag, f?ﬂiﬁ)%uﬂl@ e ﬁrIPlaQ&LHETa{%{ atfef%hﬂér"ﬁoxfrﬁau'a!dgfé With P&g&dt%%heof the
bl ade al ong possi ble crack 1ines that can devel op and enanaté fromthe

ni cks and stetiorsside shefast scmae toffoon cireslar shaped lasergpbar on dnbeutitiorrdide of t he

i nvention IlthUSt ted her h}ga Iaser shock geen%d patch 145 is pl aced

al ong a poPtpesnanst at yacqon ug @gele| it gespect; iRethe feis WasRI thekseaily ¢ ear s

may cause I f e Y. u h

exenpl ary Ognﬁgédlald o 1 s %ﬁ%legt ?ﬁ Tlgfg g?tg ee41n hthgdefd éfce{}ta}rér)lﬂ/ag%lb%/ 19 §r ofﬂﬁldt he tip

38 a port |cmarl&ppm:g ad;aberrhgﬁilhpttcabfshatﬁeé laseadipoty adig Bribg. thd Hasepbesmsivdtlsi de 46

and the suc% on side 48 _ have p syre side and syction side surfaces 54 and

55, respecttif ‘S}en%gYFﬂ f?“PHEglP%% VIRg CAMPIRSEYFIgSIgUAl SHessasIRATEr X Re | aser
shock peengad: YaddkOpddithe BlibiRtinDnib i BIR8 Rm ' SHEIRL. 1BhP et PoRer
regi ons 56 havi ng eep conpres Ive resi stresses I nparte the | aser
shock peerbeams,(drSHE orddrid@- D0 jdules qrrpesteapt every and ramge @f tlel(djoubdindyl he
inwardly fromthe pressure side and the suction sjde surfaces 54 nd 55
when t hey Bifd |B§é1§e ehlxk epaan daser igpansyplothiy prdes elymaghjtudsds disslosed st r at ed
along only a portion of the | eading edge section 50 but may extend al ong
the entire length L of the |eading edgg LE or longer portion thereof if so
desired. 12



13DV 14254 Referring to FIGS. 1, 17, and 18, first and second oblique | aser
beans 102 and 104, respectively, are arranged or ainmed to simultaneously

| aser shoé}?Db’eléﬁs‘l he | ongitudinally spaced apart opposite suction and
pressure sides 48 and 46, respectively, along | eading edge LE of an airfoil
134 of the blade 108 within the patch 145. The nethod forns pairs 157 or
coupl es of offset first and second elliptical shaped |aser spots 60 and 63,
respect i vealpftedistated RaterkNo, 5932, I20MBRRRA "Phdeb SBbISPIenlrg Sdin@ NewIaRARd
circular spots 168 and 169 formed by | aser _beans that "are substanti‘ally
nor mal t o ltakes" . swhichdssved diugystl RJOP9 shddk agsegneddo thth presérft sesighéer off thisnd
second el |l if)t'ggipi shaped I&ﬁer.néﬁotf 60 and 63 in each pair 157 are

| ongi t udi ®4 epk, éé%cap%%%ﬁe TR GCtdiRal di stance LD and transversely

of fset fromeach other as indicated by a transverse offset OS5 with respect
to the |ongit udiRresdhindditon MRl BWet tHe dost, tihie, mhd poWREandWERPIERR, b 2

nmet hod for | aser shock peening first and second surfaces on opposite first
and secongegoneiag lessp eutck\pebying by ahlowing ciaek fxe dpali sidedcsimntanedohisibtserat ed
herein by fhe blade 108 and its an airfqil 34. The pethod includes

STl ¢ anaobaT PN g N SenL e oo RV e udl i STOAneoRs T ohodk and
second oblpgifs ARAAWHiLis ableltoedikelo SRGHad Rid Band badks BNRvRARLRL
surfaces so as to formoverl appi ng adj acent |aser spots 60 on the surfaces.
The first cambiredctonsilel stems dfcthesefll@2¢d Wottesabelofi thedmexigium hat alfawable and
second centerlines 1, C. the f.irst and secqnd | aser be 102, 104
ot nge. ¢ Retp SE ghthedbecria- Shetnealonroviise SR Raeedhatv SRS psim
cent e1 POl Ghécidpebned rtibRIAHIRWR bE o RA®Plah ikkaNhSRTAMrRReAR (oX2 L hat
are substan(?ﬁ'kgh?e norlrral to the first grﬁ% scecond surfaces at tChe 1I;I‘St and
second | astimiimeanoc eedvee plussit of HES plaiefitsl loy . effdotivénesst ofarthe semefidalaxes are
of fset and the | aser beans 102, 104 are fired \gtn suffici ent fner_igy to
form regi 6H§1PFFé§%Vﬁétr@Bﬁg¥0§s sgieshogk ipaening saysed dythe sppepesiian of teasifeaser
shock peenj e LOF: o i f . er
enbodi rren?%d%tg?iexltfh ?? g%’aglr? q{sagc%egg f?gﬁsde?éegtga{?gﬁgfg@? %géglgfegéﬁért;b g@f:h t hat
first and capabilitgt of dastesHock @serfed brtidle2amlf irt peetiéulars tasemshosle peenetd llemling beans
102, 104 i inq%e,%hf fi rs{), and ,segi)aad surfaces at first and second | aser
beam cent §FE Hedioilsgas Rybing sneige Bladesad #fhal | y spaced apart and
transversely offset fromeach other. 13 13DV 14254 Illustrated in FIGS.

1, 2, and 4 is 181 RERHPIMEMNiORTD Q% Hnd Hord chitlcBiciRiRQRoPlo 108 shawent i on
for | aser shock peéening, the leading edge LE or the trailing edge TE of the
gas tur bi rpeeemgiaves bf artieks 50¢h avlendieg and tmilingt clgeepasntertiing bhgis¢ blatledd as t he
BLI SK. The nethod is iIIustrated1 for the | eadi ng edges LE z{gthe forward
row 12 of REHAted,AR BT SECHAN (Fse i’@gmér}ﬁ“}gsoglwei lesgsi Beams- ¢ AR g hg edges
TE of t he ided BiicthoRr dbiforPlsalSrekifid 1818 EhRAMIL ARG (BRY gneous! y
| aser shock peening the pressure and suction side surfaces 54 and 55 within
t he | aser istagaly fdatedddiplat(BRISIK hatioggwoner oford kpackd agarigrosvsdoft bladés ng
edges LE and TE of the bl ade 108 w,th ci rculg.r cross-.sq%gt 'Lrgné)lflid%st and
,IS]F The bla

second | adRiFEREY RO A PrEd On A Aoy FQtorPY, disk resprgtiy 285 at a
first obliguendQ &ratd th mgh RerlsRS BRE Vibr Aoty Grel £V RS BBG shUat p&hisy de
surfaces 54 and 55 'so as to formelliptical shaped |aser spots 60 on the
pressur e &nablesuitite bladesi webeatter fvathstnd detigucafaguregduedjo aicksniand learelis ithet i cal
shaped | aser,.spots 60, and fifing the |aser beans with sufficient energy to
Form reg dTRIG e lbss b I HES, i Gerdlote baV e n REt By 1T Phoe:
shock peer&kﬂ@en%hﬁ[}ﬁéo%tr&é@écfblhﬁl% bl ade 108 fromthe pressure and suction
side surfaces. I n tthe exenplary enbodi nent of the invention, overl apping
adj acent ones of the elliptical shaped | aser spots 60 are formed in

di ff erent | i nedihepasstbvwoénergielasars slloverrilasesbock peasimg poeduction Gige tmbk 104
over the pressure and ction side surfages 54 and 55 sugh that every other
of 11 pt i calCCHRpkenealed leshexpeas veIY cpmewiedd dioke SUkBSTad i HerREOE aFfedRinds.
Thi's is ilghyshbatghal Bulthy> Tht fift Wi et REs 8bhbRY ©aleva AP YdsibASSd SPOt S
60 formed 1n a first pass 61 and the elliptical shaped | aser spots 60
formed in a second pass 62 are so indicated by appropriate and
corresponding nunerals in the FIGS. Each of the elliptical shaped |aser
spots 60 have nmjor axis 64 extending gway fromthe leading or trailing
edges LE and TE over the pressure side and suction side surfaces 54 and 55
within the | aser shock peened patch 145 and transverse mnor axis 66. In a
nore particul ar enbodi nent of the invention, the elliptical shaped |aser
spots 60 forned in the first pass 61 overlap adjacent spots forned in the
second pass 62 by about 50% wi th respect to their mnor axes 66 as
illustrated in FIG 11 (i.e. the mnor axes overlap by 509 and the |aser

. r o o o o . a A A NI~ 7



13DV 14254 surfaces. The second | aser beans 104 is fired at the suction

si de surfggE“PS gé a substantially right angle 112 so as to formcircular
shaped | a §ﬁ@ 80 on the suction side surface. The | aser beans are
fired in two or nore passes such that every other elliptical shaped |aser
spot 60 and every other circular shaped | aser spots 80 are |aser shock
peened in the sane pass. The |aser beans are fired with sufficient energy
to form r egh@Aft B&alsiafie Mefhoddbr h \PrélentCiATEH A sdedifeRB laddtHeaml WEMOEE
inparted by the | aser shock peening extending into the blade 108 fromthe
pressure anigreoningilensesfatdassubdancewpg. and 55. The el |iptical shaped |aser
spots 60 on the pressure side surfaces in the second nethod is
substantially the same as those illustrated for the first nethod.
[llustrated in FIG 12 is an exenplary enbodi mrent of a second nethod of the
invention for | aser shock peening the | eading edge LE or the trailing edge
TE of the BRIERDESCREPTHOY OF THRDRA WOSGRoUNt ed on a rotor el enent
illustrated as the BLISK. The second nethod is illustrated for the |eading
edges LE of the forward row 12 of the conpressor blades 108 and is

appl i cabl e to tlhe foregpingragpesiyans otherofeaturgs ofthe inyantion ye explaingddaéhe 108.

The secon d, i e . qul Lv..l ase .peeni.ng. t ressure
and suct | aRIGY G debHibACRuGh BCOBIRENT ! ARGl SRR ARE TR e 2 12
al ong one KG.  ea diagAuiigatReripedtive View eligaatibiEoPaitlexbmpliry i@ ndtAetEofl08 Wi th
the circul ar cross-section |aser beans. The first |aser beam 102 is fired

at the firlaser ghogkgpreninggfitst stage wpmprassospeladest¢f amairgpl ep tarbinedenging f ace 54
so as to f t i.pti.cal ed | aser spots 60 on the pressure side
surf ace. ég§€Q§%§h$%§é?&%gg%$?8%9%s fired at the suction side surface 55
at a substantially right angle 112 so as to formcircul ar shaped | aser
spots 80 @Gt heis sudibgramnsitidesiddiviedctlustationl aSzeF)aﬂ&Qﬁmf clliptichi ragék spotd wo or
nore passes such that adL acent ones of the elliptical shaped | aser spots

e

60 over | apisethin thejlasgedheck perningalong,a radialbygxigndinglgeding gdger ofalarst stage

over |l ap. mgdefih'iﬁet ﬁ%?(ﬁlﬁgt?ﬂgdinaﬁ%g beans 102 and 104 are fired with
sufficient energy ?o ormregl ons é'(see FI G 3) having conpressive
residual stresses inparted by the |aser shock peening extending into the
bl ade 108 HIGOm ishe cfusesatibralavidwsiliobtraionsofithe Slaselk ahock pdenad bondpresitue

el liptical shaped | aser spots 60 on the pressure side surfaces in the
second nettlet ug%%§ﬂ&ﬁﬂ8&?1y the sane as those illustrated for the first
nmet hod. 16 13DV 14254 Illustrated in FIG 12 are di nensions and
arrangene Of : RaSs k : mgqa . med on
t he suctigﬁGéggibgﬁrfac§§%%9k$¥gﬁg?%%%Hg?ﬁgﬁgge %?gﬁg% o?gﬁgggﬁggg

di anet er s i8F1@guthirough 383 ofitharbdadean FIGEE equal to 4 mm The circul ar shaped
| aser spots 80 extend a fifth distance 88 equal to 6.4 nmaway fromthe

| eadi ng or_trai.ling,ed LE and TE th ction sid rfa 55

i ¢ hi 1 t hETPaads aBAHERARte Feanpametpd 6 faserhadk e et Sk oe0 B8 1o
1.6 mmin JKieRind@ided8der sHECH Eé’éﬂl‘iﬂ'gga ed8forlSde URGhE ibldde! with 2iepad 1dsaser
spots 80 are forned in the first pass 61 or the second pass 62 along with

correspondipniy. ones of the elliptical shaped |aser spots 60. The circul ar
shaped | aser spots 80 fornmed in the first pass 61 and the circul ar shaped

| aser spots,80.forned in.the.second pass 62 overl ap adjacent, .spaot 0 by
sevent b ai3Pafds SsPsatdionb BBt AR eToR kg hhopid et MBfidsdd
FIGS. 7, 8nFa0% thrbiphad?3 gxerploary enbodi ment of a third nmethod of the
invention for | aser shock peening the | eading edge LE or the trailing edge

TE of the gas turbine engine bl ades 108 nounted on a rotor elenent
i |1 ustrat ddGad ig hélagansratictpgrspaetjvsi view illustraten of lnger shonk peenispadeadit®  Thi s

includes the traili edges TE of .t.he Dblades 108 in,the .forward row 12 and
the | eadi iaze b Seordtaf Hates it tittn nAd Foradd shoti pefmnE BB S, T
iIIustratqﬂqﬁ@%ha@@ﬁhQﬁgh&gagggﬁﬁ&LE of the forward row 12 of the
conpressor blades 108 in the aft row 14 of the blades 108. The net hod

i ncl udes sinultaneously | aser shock peening the pressure and suction side
surfaces 54 and 55 within the | aser shock peened patch 145 al ong one of the
| eading and trailing edges LE and TE of the blade 108 with the first and
second | aser beans 102 and 104, firinggthe first and second | aser beans at
a first oblique angles 110 with respec? to the pressure and suction side
surfaces 54 and 55 at a third oblique angle 114 with respect to the axis of
rotation 9 so as to formelliptical shaped | aser spots 60 angled at a
conplinmentary angle 115 (90 degrees m nus the second oblique angle) to the
| eadi ng edge LE on the pressure and suction side surfaces. The | aser beans
are fired so as to formoverl apping adj acent ones of the elliptical shaped

o . ~ N o N Y Y - e T




13DV 14254 A variation of the first through fourth nethods is illustrated
for the elltﬁyi g% shaped | aser spots 60 in FIG 13 which is used when the
bl ade 108 18 éﬁé d or otherwi se oriented such that a linear relative
novenent between the | aser beans and the surfaces produces rows of |aser
spots that are linearly offset fromor linearly aligned at an angle to the
| eadi ng edge LE of the blade. The second and third nethods that use

el |'i pti calpigng igh trids-éctishaRBsbrhmaRfic SIRALEtGNof he thik® Sfethod iflGsiraeiCin Oon si de
surfaces, respectively, ideally should use spot dinensions and | aser beam
power s t hdllGbathaongh 3-Bén FK$.6Y. beam fl uencies fromside to side on the

simul taneously fornmed elliptical and circul ar shaped | aser spots as well as

possi bl e. ouygh only.one row of either the elliptical.shaped |aser, spots
B0 or o1 1 NP BB fifl el Wflonat himndfe b ot ot BECRERL rRRSM,
suction sijggtatedirFes, B4 and 55 have been di scussed, two, three, or nore
axially overlapping rows may be used. First, second, and third overl appi ng

rows 152, 159, and 156 respectively, of the ellijptical shaped | aser spots
60 and t h&lGi 1¢id an enlargpd diageammatimpeide view Blustratjon aftthe pattern wf ellipgcal15 and

16, respegtively. The. axiall erl i [ f r S d be
formed i n(i%ﬁe* 3%(%{% Htsedgglqﬁlgﬁhléé a§¥ 1Piaﬁ12)§pﬂg%sse g\é@o% ?"Jﬁ%ﬁlgwmgﬁﬁgtl}lﬁﬁgégat i ngs
appl i ed bekwgen sequences. Therefore, the exenplary nethods illustrated in
FIGS. 15 and 16 use four sequences, first through fourth sequences 161,

162, 163, and 164, respectively, to laser shock peen the entire |aser shock
peened patld@. 1h5s ajidiagrammatic side vieyp plustationel apadgratof cdlipticaklaser skt every

Vaser cpote it AL Ekond B AT el R pRb ) Hotholl L 0 EGAA 0T

are | aser oghecageeened in different sequences. The pressure and suction
side surfaces 54 and 55 are recoated with the abl ative coati ng between
sequences. The axially adjacent rows_in one exanple overlap by 50%w th
respect t dlEnhd2 inpotiagiammage sidgeviaw| illpstragian|of aspattsey of sieplaslssersspatid by 50%
with resp 0, radi ' r e 1 | strated
M Fi G nir bt Sech8hiTon o BhaCisBnaIHARGE: KPR TS Sge oL 2
shock peemiddg. t he conpressor bl ade 108. The conpressor bl ade 108 is nounted
19 13DV 14254 in the fixture 15 which is attached to the six-axis

conputer nunerically contrqglled (CNC) mani pulator 127. Six axes, of notion

i || ustrat ddGi A3 dha dg@%%“&?? SidaiyaRyY atipty oF g AHerAYsapatiern v,? flafsﬂalyz

transl ati ﬁﬁ&%ﬂ' ' F and
convent i o%gﬁgtA%ﬁﬁcagg%gﬂépﬁgt%F fl gl}lgfer%(%gﬁ?a e ﬁélgeikynéép F aﬁyéxr%eng ?)néct ively,
al | of whiedbe af the beide ik tHRVBLISK i{lMEratgicRiFIGNY. The mani pul ator |27 noves and
positions the blades 108. The | aser shock peening system 101 has a

conventional | aser beam.,generator 131 with an illator, a._pre-anmplifier,
a beam splqsﬁf:'t é‘f IS\ﬁnPecf?PeF@é‘?ﬁleWHhuﬁ’faé‘%ﬁgﬁst rlage Béé"esrmaé%ﬁ’fqmﬂl G eam
optical tr, higs| [ b ' ! jfier, and
bt o 13 7 GRPER CAflaf B SHChEIngaor HOLK Bibrta h | Rse CROCR BAANE SRR he
first and second | aser beam 102 and 104 on the coated surfaces of the bl ade
108. Bef orfdGbéb ng aldprammntic kidpedeve diustration of & patterasdrelkiptivek lasesespats pat ch
145, the pressure and . suction side surfaces 54.and ©5 are coated with an
ablati ve GBSE My LREhshagk pestine Hphe 8 Ao Gadias e lAi s i o en. s
di scl osed leﬂieli‘aﬁle flluQ{g&fted 510641329 and 5,674, 328. The coating provides
an abl ative medi um preferably over which is a cleax containment medi um

which may be a clear fluid curtain such as a curtain of flow ng water 121
al so il | udtiGatiéds iandifgr@nnkiic sBist viewrillpstsation ofl opajtermef samelar aserospotshe

el liptical shaped,| aser ots 60, the pressure.and suction side surfaces 54
and 55 ar SsFoREEE 1 onk BRoing Hane A SRR it PO R (G OR Soksor ¢ he
surface bejgi ihIsEBLERORKsRENROFIGTE | aser beam shock i nduced deep
conpressi ve residual stresses are produced by repetitively firing the high
power first and second | aser beans 102 and 104, each of which is defocused
~afewmls with respect to the coated pressure side and suction side
surfaces 54 and 55 of the pressure side 46 and the suction side 48 of the
conpressor bl ade 108. Each of the laser beans is fired through the curtain
of flowing water 121 supplied by a co %Fntional wat er nozzle 119. The
curtain of flowing water 121 is flowed over the coated surfaces. The
coating is ablated generating plasma which results in shock waves on the
surface of the material. OQther ablative nmaterials my be used to coat the
surface as suitable alternatives to paint. These coating 20 13DV 14254
materials include netallic foil or adhesive plastic tape as disclosed in
U S. Patent Nos. 5,674,329 and 5,674, 328. These shock waves are redirected

] M eea - o 4 — o - . A ~NA v — .




21 13DV 14254 | ess expensive |asers to be used as disclosed in United
States Patent No. 5,932,120, entitled "Laser Shock Peeni ng Using Low Energy
Laser". AH3@W8A6§4IeveI range of about 3-7 joul es has been found
particularly effective as has a | evel of about 3 joules. The | ow energy

| evel | aser beans are focused to produce snall diameter circular |aser
spots having a dianeter Din a range of about 1 mMmm (0.04 in.) to 2 nm(0.08
in.) and eiGi pi{sGAlrosPRbBot séhelhtie GlksY@liENbf 2p6RioAldf (RERlald ﬁﬁstré‘t?ng:‘nd 18).
The area AD Is about 0.79 - 3.14 square mllineters or about 0.0013 - 005
squar e i netresffseTioblifjoenaserpmans andndfseh lesersthovk peaney sposbfrtbs akersplaryd t he 3
] oules Ias?; S qu£ e adggg&hﬁ, g;oduces. ood | aser shock peening results,
and is veFjpoodigahPtthe meghoflof the pisetdnveniin-ngi nt ai n. These power ranges
result in surface | aser energy densities of approxinately between 400

j oul es/ (sqyEXF8 KW iAMANAc HARrhGSH SFLSHLAR Bt Mrer ShBEIPBSInEY Ghofs. Wi | e

t here have been described herein what are considered to be preferred and
exenpl ary enbodi nents of the present invention, other nodifications of the
i nvent i on FBGal9 ishdliagrpamatic ilustratiosef dicular edfsétlasehshogk ppe¢nedispothe t eachi ngs
herein and, it is therefore, desired to be secured in the appended cl ai ns
all such nodifications as fall within the true spirit and scope of the

i nvention. Accordingly, what is desired to be secured by Letters Patent of
the United States is the invention as defined and differentiated in the

fol | ow ng DEBAIED PESCRIBDON ¢2STHEINMENTION A nmet hod for | aser shock
peening first and second surfaces (54, 55) on opposite first and second
sides (46, 48) respectively of an article, said method conprising:

si mul t aneous| y IHypstiateg inj FIG: laisch bladeshrptonscstion Sahaying amaxis xd4ptaion 9 r st and

second obl j,que I 110 ) W r o the.ki n d
surfaces (‘{%hg %@99%1 gé géét%b?%%hg\\?%ﬁp%ﬁ péi ﬁg%g?f]ﬁtaecxtg "llphﬁgés Z’& aglpg'fe??%%g) on
the surfaggfied fdiski (RLISK _lf)iHaSIngLadiﬁhlgeﬁﬁaéﬂ hieesirduadeiential foAvard Gl agtuch t hat
first and second centerlines ( 1, CL2) of the first and second | aser

beams ( 109ws 104 pnd nif, ngapeactivelyi (also aaferred clonas Just aebsecmy sBBgS) zef f | r st

d d | i Al h h_whi.ch |1 el
ond Secondh SRSk HRLCAR SARUS b LR BRI LR

first and sFﬁ@aragaﬁtfdsnm@@ancabﬂtrbﬁs 228l 180 thebhides | @8 eForbha PufRsELsPoI Nt s,
respectfully, and such that the first and second axes are offset, and
firing thdhispaient, thealBbISK 1915 repragntgtivierpfutegially bladed petpyslements gpdntheegi ons

havi ng. compy e sioe, e3pHahaile 67 b TER SheRd ffinl A5Ehat A5k BREN N0

ext endi ng
BLISK 10. The BLISK is illustrated in FIGS. 1, 5, and 7 mounted in a fixture 15

which is attached to a six-axis computer numerically controlled (CNC) manipulator
127. The manipulator 127 is part of a laser shock peening apparatus and system 101
which is illustrated more particularly in FIG. 14. The invention is applicable to rotor
blades including fan and turbine blades as well as compressor blades. The invention
may be used to laser shock peen individual blades or vanes or other articles of
manufacture which lend themselves to simultaneously laser shock peening opposite

sides of the article with oblique laser beams.

Referring to FIGS. 2 and 3, each compressor blade 108 has an airfoil 34
extending in the chordwise direction between a leading edge LE and a trailing edge
TE of the airfoil. A chord CH of the airfoil 34 is the line between the leading LE and
trailing edge TE at each cross-section of the blade as illustrated in FIG. 3. The
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article fromthe surfaces. 2. A nmethod for |aser shock peening first and
second surfaces (54, 55) on opposite first and second sides (46, 48)
respecti vdBPVdf2¥h article, said method conprising: sinultaneously firing
first and second | aser beans ( 102, 104) at first and second oblique angl es
(110, 111) with respect to the first and second surfaces (54, 55) so as to
form overl appi ng adj acent | aser spots (60) on the surfaces, firing the

first and gﬁ%?%ﬁ‘%nh %_i%gongg&?ﬁg Q?&-Qg re%éﬁv&}’%‘?tﬁerﬁffoﬁ hi Skteftl eﬁ@%ﬁm

centerlines rst d second | aser "beans 2, 104)
i mpi nge t headirig ezlige anditraitiagedges/E amkEE Obthe ar$)il. aThd prestureside 4éfemasjld aser

beam cent er poi nt that are.longitudin paced and
transver Sélpeygqpp;ai élfre?t}‘{?%%)éa@ﬂo’éf‘ﬁg}dlc y25§"°W %}3& ti‘ SucHon; %@%‘&3 IS8 | aser

beanms ( 1%oti119r@idé’\6fttﬂe§1 fji ci ent energy to formregions having conpressive
resi dual stresses | npart 3 by the | aser shock peening extending into the

article fromthe surfaces. 3. A nethod as clained in claim1 or 2, wherein
the first and s"l“éredﬂaﬂeom hayppileagirgasdeme ssptids SO mhahep(mdecatdngehcdemlingmt are
din mJ1. or ein the

bstanti al| el,. .4 t hod
aser - beadet B O the A4 oB Pe S0 RIS briotbcs artheairkiy T ond
pat &1 S Qo kel ShorBRTs U0 Al AP ek eIy od}VidioR 8 | 3PP ng

adj scent over appl ng adj scent ones
encompasses nicks and tears that may occur along the leadlng edge of the airfoil 34.

The airfoil 34 subject to a significant tensile stress field due to centrifugal forces
generated by the blade 108 rotating during engine operation. The airfoil 34 is also
subject to vibrations generated during engine operation and the nicks and tears operate
as high cycle fatigue stress risers producing additional stress concentrations around

them.

To counter fatigue failure of portions of the blade along possible crack lines
that can develop and emanate from the nicks and tears at least one of or, as in the
exemplary embodiments of the invention illustrated herein, a laser shock peened patch
145 is placed along a portion of the leading edge LE where the incipient nicks and
tears may cause a failure of the blade due to high cycle fatigue. In the exemplary
embodiment, the patch 145 extends radially inwardly from the tip 38 a portion L1 of a
length L of the leading edge LE. The pressure side 46 and the suction side 48 have
pressure side and suction side surfaces 54 and 55, respectively, within the laser shock
peened patch 145 which are laser shock peened using the method of the present
invention. Pre-stressed regions 56 having deep compressive residual stresses imparted
by the laser shock peening (LSP) method of the present invention extend radially
inwardly from the pressure side and the suction side surfaces 54 and 55 when they are
laser shock peened. The pre-stressed regions are illustrated along only a pottion of the
leading edge section 50 but may extend along the entire length L of the leading edge

LE or longer portion thereof if so desired.
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first and second spots, respectively. 5. A nethod as clained in claim4,
wherein formng the first and second patterns further conprises
continuouéﬁ?Vﬂggﬁﬁg the article while holding stationary and conti nuously
firing the | aser beans with repeatable pulses with relatively constant

peri ods between the pul ses wherein the first and second surfaces are Laser
shock peened usi ng sequences wherein each sequence conprises continuously
novi ng the art iRef@rinktd EIGRNY 1 nu@dIBY fifsk bhd§ecbh® oSliici 195RA byarhsFEY arldeans on
the surfaces such that on each of the surface portions adLacent ones of the
| aser shodR4pesspedtivelyotase arrangeidt of pinagdr fae ismultapeeuslyo flasehsheckgpeancte in t he

t. 6. A nethqd | ai pred i | aim5, furth i Si ti th
surface pdtEARafy: spacsd e CPROUEL SIS o andr BERHEE | oo ot G
sequences rbdbedtfR1yS Glong Teadfh Riph 0 J1Qh AidSieN 34 BOGK bRABNIOB GittB@ et
trailing edges (LE, TE) of gas turbine engine blades ( 108) nounted on a

rotor el eddht , Theaindthodt foous pairprlisdi ergeouplesuitt efified disstyaridasasond lelipiticgleeni ng

d ti i f . (54, | f t f th
bl e t AbgeRderen ptes BEEnERE aPgReiendin Bth Bochfe Threunith o8 et (°
102, 104) apdiskddrd diRR8lak isfff(% 1@?‘1&?861‘69"!@&@& BY lelkégﬁgﬁ]% tHae are%ﬁtaﬁ‘t‘iaﬁfyi rst and

second oblique angles ( , ) respectively respect to the
surfaces sorraal to the sarfaces being lasearl shetlopeeded. athe oo fisst @60 pecond eliptisalr f aces,

24 13DV 14254 firi fi t I | . 102, | 4 h
that fir stS%%Pr? ]§‘§e|6 :)%Pg%c éateaé‘fi: éié’é ae%%_%%?o 231%3'?%5%1 e_“lr‘Taﬁergfpaﬁ?‘ﬂj aggg 621ds :Jgs er
beans ( 1@&&&%@&1 ﬁﬁg@& €0 Bfd Waﬁﬁf%fgeg'oéﬁﬁt Shind 'eg% )ﬁihf[éﬁ a$ WhdiGR&P by 24, 59)

at first and secon ser beam centerpoints (Al, at are
| ongi t udi t@héversepdfsedO8 pdtht respedt torthebongitedihgl distéreet f r om each ot her, and
overl apping adj acent elliptical shaped | aser spots (60) and firing the

| aser beans w suf fi cient r to formregions,having, conpressive
residual stres erFH%é?(;FE@' bir}ﬁ?lgx‘icﬁg‘é? %% e’g)ﬁil?fﬁr é@(&érﬂfgﬁﬁgiﬁﬁﬁ% t he
bl ade frongnghgeaid EaERSs of- oppothd R 4 sdcBA@ sidel AekcRBRIN BT dneadichy Or
trailing edges (LE, TE) of gas turbine engine blades nmounted on a rotor

el enent ciexempkied delillaftoared bereimdtiysthe bladetlQB iaod its @h ainfiell Bév The methaghnul ar

space (13). hetween adjacent.axially spaced art for d d t a r ows
of bl ades pehidst SRy REARETE 5778, Bre psRCtE e FRE bent i1 BEan Bt BRier 1 ne
space, saisgdedmatdmhidus aREd $100d 11 Rat RspQM I theirSiPad e HiaRREYSI ¥s trser
shock peening pressure and suction side surfaces (54, 55) along one of the

edges of tfben biertrppingradpventolasdrispots disomthesutfacesul The finsbarsl sesond taserf i r st
and second obl i que | aser. bga 102,, 104) respectj.vel fifdng,.t first
and secon ef“_&%éﬁy’b rAre @rﬁ(g@fgﬁicég)t%ra&mﬁ%eg?ncg%@?g %@n@bgﬁ%ﬁgt}‘ﬁﬁgﬁ%s (
110, 111 )anWigkbhrdeRes Peah® 100164 (hARES IROHAS ah® sEQn satthéRtdt Gkt sfwpped
| aser spots (60) on the surfaces and at a third oblique angle (114) with

respect toetdnd lagdrsbeahecaiterpoints Ahj AR thivdughuwhimhgiass (itst49ndi secend fakes ent to

| bl ad i dj t. f .bl ad firi he, fi d d
heor boariX}, Ay M 3 S6SRAIR Honarto B and sthd bt R medPRedRE O o)
of the firglomanskes ss&ﬁl@ergﬁggndgg?s@?aful@o%hekﬁéoaddrgewﬂeastremm@m& and

suction side surfaces (54, ) irst and second | aser beam centerpoints
(A 1, A2) thhdsembearhon02,t UQH awl fisedswith enffagientt engrgy tor &orsw eagdasisyhayirfgset from
each ot herc’om%?e%sive residual stresses imparted by the laser shock peening extending into the

article from the surfaces. In another embodiment, the first and second laser beams

102, 104 are fired such that first and second centerlines CL1, CL2 of the first and

second laser beams 102, 104 impinge the first and second surfaces at first and second

laser beam centerpoints A1, A2 that are longitudinally spaced apart and transversely

offset from each other.
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25 13DV 14254 overl apping adj acent elliptical shaped | aser spots (60)
and firinagkg?4bg er beans with sufficient energy to formregions having
conpr essi W2atal stresses i nparted by the | aser shock peeni ng extendi ng
into the blade fromthe surfaces. 9. A nethod for |aser shock peening

| eading or trailing edges (LE, TE) of gas turbine engine bl ades nounted on
a rotor elenent, said nethod conprising: simultaneously | aser shock peening

pressure and suflsteedsinddGSUl f 2cad 4 B4n xbhphirpegibeditheaf of H firt ot t he
bl ade with circular cross-section first and second oblique | aser beans (

102, 104) afdbpaventiasn fpr laser shogk tpﬁ@lltl&rtb? lqadingredge &4 ¢r the rpiling edeeilhst
obl i que an :tget: (gasl %urﬂlh\ém etngm:éetﬁgc%s 10 l?r@%(? Ibgsasiquilgr ICI(IjlgntS 'ﬁ];t?e&e g5£tlﬂ SO as

to formel ape aser SpOtS ressure S surtace

(54), firipigskh ermemdd |1§1ﬂﬁlﬁtré?t8diEBr(théM)hr@tedgéE)UE oiﬂtKEJfoWhrd&BG/' BRyth
respect to the suction side surface (55) so as to formcircul ar shaped

| aser spotthe (DQIOPTCGWY bhiée% L% anshis applécablertp ahfetwbsg edgesribhef thpeftirowsk4 and

d | h.d | CL
2OOUD) oot 8 Wi 1080 rhe shbthod ticlyded MimbldihyBP a S5 <BPck BROLAL oS
pressure %@hsﬁ&%u%uc@rﬂﬁdéaﬁms@ﬂ aRAS5S5 mlrﬁﬁleflﬁeﬁﬁhcﬁ:ﬁq)e&%%h@cﬂ per beam

centerpoints (A 1l, A2) that are longitudinally spaced apart and
t ransver seilgngﬁrfes@’ttm teadingzaod twilingredgenUE and TE of the blade 108 with circular

cross-section first and second laser beams 102 and 104, respectively, firing the laser
beams at a first oblique angles 110 with respect to the pressure and suction side
surfaces 54 and 55 so as to form elliptical shaped laser spots 60 on the pressure and
suction side surfaces, overlapping adjacent the elliptical shaped laser spots 60, and
firing the laser beams with sufficient energy to form regions having compressive
residual stresses imparted by the laser shock peening extending into the blade 108

from the pressure and suction side surfaces.

In the exemplary embodiment of the invention, overlapping adjacent ones of
the elliptical shaped laser spots 60 are formed in different linear passes of the first and
second laser beams 102 and 104 over the pressure and suction side surfaces 54 and 55
such that every other elliptical shaped laser spot 60 is laser shock peened in the same
pass. This is illustrated in FIG. 11 in which the elliptical shaped laser spots 60 formed
in a first pass 61 and the elliptical shaped laser spots 60 formed in a second pass 62
are so indicated by appropriate and corresponding numerals in the FIGS. Each of the
elliptical shaped laser spots 60 have major axis 64 extending away from the leading or
trailing edges LE and TE over the pressure side and suction side surfaces 54 and 55

within the laser shock peened patch 145 and transverse minor axis 66.

In a more particular embodiment of the invention, the elliptical shaped laser
spots 60 formed in the first pass 61 overlap adjacent spots formed in the second pass
62 by about 50% with respect to their minor axes 66 as illustrated in FIG. 11 (i.e. the

minor axes overlap by 50%) and the laser spots formed in the same pass are close to
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over | apping adj acent elliptical shaped | aser spots (60) and circul ar

shaped | aﬁgéysa (80) respectively and firing the | aser beans with
suf ficient d gé/ft o formregions having conpressive residual stresses

inparted by the | aser shock peening extending into the blade fromthe
surfaces. 10. A nethod for |aser shock peening | eading or trailing edges
(LE, TE) of gas turbine engi ne blades nounted on a rotor el enent

ci rcunscr ich@tothéioind rady @yt betf substhitidlgrdo(rdt oréthph EFHerdligtitabshagbdlasedace (
13) between adj acent axially spaced apart 26 13DV 14254 forward and aft

and rows 6potplBgutend in frontior)oventherledding edgeddpbos i bagkgofl cxpwer thadelingeened

border th : i.d met hod i Si the.fol |l ow t :

Si mul t ane 808 § -1-aRERILH BoveIBEaHeRyesp e Z and nepou] fiebherlaand Wes (54,
55) al ong 2ARehOpresiife AHIRactRIN §iB& P aRE 81D cRGe@iwHilReths WRr Wedrhs Gder CUl ar
cross-section first and second | aser beans (102, 104) respectively, firing

t he first beimgdirebeam ( 102) at a first oblique angle ( 110) with respect to
the pressure side surface (54) so as to formelliptical shaped | aser spots

60 th i f 4 .a thind L i 114
wth respect t doetahdTgal i onaitls FrnBhrPalelin it piiffopke ¢ 1Y
SUT 11 Ci entiritan@thGls daIFoNsFs. | Thd oGl SRERINasE Oord 6PhAYREe mhjor ol dhe

second | aser beam (104) at about a normal angle with respect to the suction
si de surf gqeal(te3].93umathemainpiaxis 66 equal tor 4 iz pod thexsatend pdirst digageedi® t he

ti i d f 55 third.obl | 114), with t
Dot he an PRI 64 T 253 S sp i dr iy <oBésiLl A TEaver bnetinbosuls ol oar
bl ades in sidatnadhoiRAMe fuPe!sdUrAGSyinfih ihdMsch Bﬁo&:;{eéﬁedaﬁh%c_lﬁﬁﬁ%q 4 aser

beans ( 102, 104) such that first and second centerlines ( 1, CL2) of the
first andsewndrdisthacse?l beuahto §.310@ i fiont pnpvergbe d¢ading edgedrls adbitheuct i on

id f . (54, 5 t fi d d | b t ints (A 1,
20y that - SBtehiiepthiesd ot SL bRV B TFotn T Fahg SEPSERP NI B M Mom ench
ot her, an@xR\6Y dnARRé Rincd%ixisP8Ee "TheSdehtepddiftd 72 DFARE1ipRRE shapb@lazed His and

firing the laser beans with sufficient” energy to formregi ons having
conpr essi W8 fomaéddincthe first pasesl pntharseesadipass 62 atesiull minor kxipepart mhiakxt endi ng

into the blade fromt surfaces. . A method_.as .¢l aiffed in any, one of

i ai o 7 bs Sard e <atl @ Tie coaEpalas raoemSsyiRice) eS8 v or
axi s (64) gk e0dbRseEWaMe fif Pl é‘r@gﬁac%ﬂ‘lpﬁ’( $font (h8sSHIrnes & tRNEcdddansver se
m nor axis (66) and the elliptical shaped [aser spots (60) overlap by about
50% 27 pass 62 a fourth distance 76 equal to 2 mm or 50% of the minor axis providing the

50% overlap discussed above.

Illustrated in FIGS. 5, 6, and 12 is an exemplary embodiment of a second
method of the invention for laser shock peening the leading edge LE or the trailing
edge TE of the gas turbine engine blades 108 mounted on a rotor element illustrated as
the BLISK. The method is illustrated for the leading edges LE of the forward row 12
of the compressor blades 108 and is applicable to the trailing edges TE of the aft row
14 of the blades 108. The second method includes simultaneously laser shock
peening the pressure and suction side surfaces 54 and 55 within the laser shock
peened patch 145 along one of the leading and trailing edges LE and TE of the blade
108 with the circular cross-section first and second laser beams 102 and 104. The first
laser beam 102 is fired at the first oblique angle 110 with respect to the pressure side

surface 54 so as to form the elliptical shaped laser spots 60 on the pressure side
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13DV 14254 12. A nmethod as clainmed in any one of clains 7 to 11, wherein
the | aser ggg}s %tend over the edge. 13. A nethod as clained in any one of
clainms 7 tldP¥42%herein rel ati ve novenent between the | aser beans ( 102,
104) and the surfaces is effected while the | aser beans are being fired.
14. A nmethod as clainmed in claim 13, wherein the novenent is |inear and at
| east one row of overl apping | aser spots on each of the surfaces has

gener al | y saffuieh] YTHePae6ad &3 bedmd eod liy fisdd 8NER KRMbLsIIRI drfacé $8)at ald. A
met hod for |aser shock peening first and second surfaces (54, 55) on

opposi te fshbstantialy ngbtomgt# Ki2hos ta fyrmv@ycutas shanedilaser spots 8Gon thetsiietion,  sai d

nethod co Si neousl fi first and se obl i que, | aser
hoanms (208! sk, . The st baR ad aed i Brq o Bond el Tl dft ered Sing T

res pect t QuigHRalf dh'é?éd l%EBil sﬁ@@&ﬁﬁlcﬁé%ﬂaﬁﬁﬁr Eipéhlarhh ?eﬁpla§’e? S QtsfSWaﬁré oxef | appi ng
adj acent | aser spots on the surfaces, each of the oblique first and

second | ashockopeened (rILﬂ@ saﬂrfeél;)ashaﬂihngasr peams aref firrtb ovith befiviestherkerdOtg oul es

and each f the.l as havin of about 0 7 3.14
Sabar o i tprhdrp 5 (K0, nE Bhying conhi BB araded e s SRested g the o)
such that 1fdef SocRPeRBE @Rnding into the blade 108 from the pressure and suction side

surfaces 54 and 55. The elliptical shaped laser spots 60 on the pressure side surfaces

in the second method is substantially the same as those illustrated for the first method.

IHlustrated in FIG. 12 is an exemplary embodiment of a second method of the
invention for laser shock peening the leading edge LE or the trailing edge TE of the
gas turbine engine blades 108 mounted on a rotor element illustrated as the BLISK.
The second method is illustrated for the leading edges LE of the forward row 12 of the
compressor blades 108 and is applicable to the trailing edges TE of the aft row 14 of
the blades 108. The second method includes simultaneously laser shock peening the
pressure and suction side surfaces 54 and 55 within the laser shock peened patch 145
along one of the leading and trailing edges LE and TE of the blade 108 with the
circular cross-section laser beams. The first laser beam 102 is fired at the first oblique
angle 110 with respect to the pressure side surface 54 so as to form the elliptical
shaped laser spots 60 on the pressure side surface. The second laser beam 104 is fired
at the suction side surface 55 at a substantially right angle 112 so as to form circular
shaped laser spots 80 on the suction side surface. The laser beams are fired in two or
more passes such that adjacent ones of the elliptical shaped laser spots 60 overlap and
adjacent ones of the circular shaped laser spots 80 overlap. The first and second laser
beams 102 and 104 are fired with sufficient energy to form regions 56 (see FIG. 3)
having compressive residual stresses imparted by the laser shock peening extending
into the blade 108 from the pressure and suction side surfaces 54 and 55. The
elliptical shaped laser spots 60 on the pressure side surfaces in the second method is

substantially the same as those illustrated for the first method.
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centerlines (CL 1, CL2) of the first and second | aser beans ( 102, 104)

I mpi nge the first and second surfaces (54, 55) at first and second | aser
beam cent é?’E’Mlﬂ%“(Al, A2) through which pass parallel first and second
axes (AX 1, AX2) that are substantially normal to the first and second
surfaces at the first and second | aser beam centerpoints, respectfully, and
such that the first and second axes are offset, firing the first and second
oblique laser hgamdidd H0RG. 10%re [RmERISAS £ &%g@ﬁ’éhtn&f thgak§es Sor the' €SI dual
stresses inparted by the | aser shock peening extending into the article
from t he siurtlacssapeddaser §3iy/804a6dedl 6n the sutioocsideosurfage 5. sz kirpdani ng
first and secqnd surfa 54, 55 n opposite first a second, si des (46,
48) 1 eapechitid §ee pbotn S et flemetds 87,5k g8 ScamLAIEIHG Sostarel Pahabe y
firing firge &1‘895&@&@39 155%?@;50@%@@}1&@&@% Jd%ﬁnc@tSSféqgﬁft q rﬁﬁcfi&% obl i que
angles (110, 111) wth respect to the first and second surfaces (54, 55) so
as to for drony el lepinggr tugi]ing edges|[d5ard FPover théGlctmn sideesusfacésafewithmach of
the oblique firs nd second, | aser  bea (102, 104) having a power of
about bet Néee{?sqr- ock Besned paish 1436nd grop éilqt%eﬁoseﬂa%lstﬁ@%mgv Bt ¥n area
(AD) of a RWAS B 91 q MM N | econd

| aser bealrégg%th%%%l%4 g%éﬁ%h%?%g}trg%l%llr és}{gﬁgécﬁgf% %reg ggédgtgggﬁ[%ﬁ%({]ith?gﬂsﬁ, CL2)
of the fi pats @ndr hecocuhd! mrse62 hkbagsvith déiRsspditdng ongsi ofghe eliptitalrshbpeaind

second surfaces (54, 55), at first_ and second_ | aser tflee}m centerpoints (AL,
A2) t hat laser spots 60. The circular shaped laser spots 80 formed in the first pass 61 and the

circular shaped laser spots 80 formed in the second pass 62 overlap adjacent spots 80

by seventh distance 92 equal to 2 mm or 50% of the radii 86.

lustrated in FIGS. 7, 8, and 9 is an exemplary embodiment of a third method
of the invention for laser shock peening the leading edge LE or the trailing edge TE of
the gas turbine engine blades 108 mounted on a rotor element illustrated as the BLISK
that adjoin or border the annular space 13. This includes the trailing edges TE of the
blades 108 in the forward row 12 and the leading edges LE of the blades 108 in the aft
row 14. The method is illustrated for the leading edges LE of the forward row 12 of
the compressor blades 108 in the aft row 14 of the blades 108. The method includes
simultaneously laser shock peening the pressure and suction side surfaces 54 and 55
within the laser shock peened patch 145 along one of the leading and trailing edges
LE and TE of the blade 108 with the first and second laser beams 102 and 104, firing
the first and second laser beams at a first oblique angles 110 with respect to the
pressure and suction side surfaces 54 and 55 at a third oblique angle 114 with respect
to the axis of rotation 9 so as to form elliptical shaped laser spots 60 angled at a
complimentary angle 115 (90 degrees minus the second oblique angle) to the leading
edge LE on the pressure and suction side surfaces. The laser beams are fired so as to
form overlapping adjacent ones of the elliptical shaped laser spots 60 and with
sufficient energy to form regions having compressive residual stresses imparted by the

laser shock peening extending into the blade 108 from the pressure and suction side
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are longitudinally spaced apart and transversely offset from each other
and firing_igf Igfer beans (102, 104) to formregi ons having conpressive
resi dual d£P3548 i nparted by the | aser shock peening extending into the
article fromthe surfaces. 17. A nethod as clained in claim15 or 16,
wherein the | aser beans are ainmed and fired in a manner to produce first
and second patterns on the first and second surfaces of the article having

over | appi ngrfascks 2788 lasboWgnRfarOMld P the irddbA§ENingdd €K4 Rith krédPedtits He and
second spots, respectively. 18. A nethod as clainmed in claim17, wherein

form ng t heisfafretatiomd tadeanthie pp B8 of the Hlades 68 icthrpdiasert rewof bladeus| y novi ng
the article while holding stationary and continuously firing the | aser

beans with repeatable pul ses wth.rel ati.vel nst ant .peri.ods_ bet ween the
il seswher ef n Aa pf pEmERY Suiimeador o eV AR RE HIBRT BB Lo ng
sequences thhellptibal RGPS REHENHBE 6P IPIIrMRE if AnféromOltday paskt R thd disar ticle
whil e continuously firing the stationary |aser beans on the surfaces such

that 29 beadyoyarths nessesoindgfuctiore sides fa@ad P8rauchthat hg aldipticalshapedof t he
| aser shock peeved .spots. are hit in different ones t sequences, i n the
et 1o, AFESRIS CoTRCEn e fh el Bviten® i RS Se it 1T R R (e
surface papbbi®MPheellipticiD skdpeadskes 0 REMRE fiPh FirdHdsd 61 AR WeRNigtesl
sequences in the set. 20. nmet hod as clainmed in any one of the preceding

cl ai ms, f shepedrlascospots 60 digrmediing seconshpass AR ape s indicated hyaapprouuiatecanidavi ng a
duration in _a range of about,k 2 0.n sec.ond nd rise ti | ess than
about 10 areveCtRaatmeRs i efien et tiRneRPRA shaediats SpebRae he ¢ oo
time I's abgibr éci?@ﬁ'@p?t%ﬁ&ﬁg%“%?@rofnbﬁwﬁ@é&ﬁﬁ 6f trhil® 'eﬁée%_rLE an@eUves teoul €s.
22. A nethod for l|aser shock peeving Ieadgl ng or %ral l'ing edges (LE, TE) of

gas tur bi peesswgisite dndadetson sidd8)rfacesift et 55 wathimothelaset shrek tpeersedi tahet hod
conprisin aneousl Iasgé shock peeving pressure and suction side

surf aces ?lggsalnguglyq}lsverse minOr axis

A fourth method of the invention is an alternative to the above disclosed third
method for laser shock peening the leading edge LE or the trailing edge TE of the gas
turbine engine blades 108 mounted on the rotor element illustrated as the BLISK that
adjoin or border the annular space 13. The method is illustrated for the leading edges
LE of the forward row 12 of the compressor blades 108 and is applicable to the
trailing edges TE of the aft row 14 of the blades 108. The fourth method includes
simultaneously laser shock peening the pressure and suction side surfaces 54 and 55
within the laser shock peened patch 145 along one of the leading and trailing edges
LE and TE of the blade 108 with the first and second circular cross-section laser
beams 102 and 104. The first laser beam 102 is fired at the first oblique angle 110
with respect to the pressure side surface 54 and at the third oblique angle 114 with
respect to the axis of rotation 9 so as to form the elliptical shaped laser spots 60
angled at a complimentary angle 115 (90 degrees minus the second oblique angle) to
the leading edge LE on the pressure side surface. The second laser beam 104 is fired
at the suction side surface 55 at a substantially right angle 112 and normal to the
suction side surface so as to form circular shaped laser spots 80 on the suction side

surface.
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‘al ong one of the edges of the blade with circular cross-section first and
second oinEN; |.aser beans ( 102, 104), firing the first and second | aser
beans ( 1d§, ﬂdﬁg at first and second oblique angles ( 110, 111 )
respectively with respect to the surfaces so as to formelliptical shaped
| aser spots (60) on the surfaces, each of the first and second | aser beans
havi ng a power of about between 1-10 joules and each of the | aser spots

having an ar ea Qkadkt ofthd Jirst tBrobgh FoE Metfoldb i BluStisted For the @lliptall i 1 st
and second | aser beans é 102, 104) such that first and second centerlines

(CL 1, CLzhansd lasps spotsse0 amdlGeddnwhirlade psasewhen thel blade 11048)isi angledger t he

d tj i d f 4. 55) at first and d | b
Pent or poi ARerpkg ori3Bued sih Bl A W5E sblur mbbeflu Seiben B RBERERS AR o sl
of fset frqme eaFite®tpi6duceiévsOf 1as$§@yota]flﬁa54ar@\4ﬁfegﬂfwﬁa fifin € BRtarly

el l'iptical shaped l'aser spots (60) and firing th aser beans with
suf fi ci entalignest aj\antaogle do therleagiingedgadul ofgheblage.essi ve resi dual stresses
i nparted by the | aser shock peening extending into the blade fromthe

f . 23. th f A h Al | eadi traili d
(LE T8 of gad HearBiieng i Bethedle: 1B Tt el fhapel Fsm bous"09°°
Cl rcumscr 'olﬂe%eap&b‘:iur@-'hnﬁxélﬁti&fl didd 3tulfRRs,( Bhpatidelyavidtly adhod N wkéspsdace (

13 ) between ad] acent axially spaced apart forward and aft and rows of
bl ades ( Himensiins anddasst heanh poweigdbatthalange thedaser dhan Klusndpetromatidieto t he

space, sai d, net hod. c rising the fol.l qwi ng. st.eps: _sSiul t aneousl y. | aser
shack pee ff%&ét‘?‘§§%‘ﬂg%8%%iys§’6‘fﬁ§ el i agtﬁﬁv lé&@éfltag%? ﬁ“@%)spgﬁﬁgf%h@f of_the
edges o gsiblkades in one o e rows w circular cross-section firs
and secon oSquue | aser beans (102, 104) respectively, firing the first

and second | aser beans ( 102, 104) at first and second oblique angles (
110, 111 ) wi t Hhosgipesly ans romeofseithen theselkipticak shaped dasen exjots 6@ ot airculraped

e P et B Bl ik od P TR S e

cl ear bl ad@$e bébn! d1§udldaER)) thre®Wr Hor® hAGRY overlapping rows may be used. First,
second, and third overlapping rows 152, 159, and 156 respectively, of the elliptical
shaped laser spots 60 and the circular shaped laser spots 80 are illustrated in FIGS. 15
and 16, respectively. The axially overlapping rows of laser spots should be formed in
different sequences of linear passes with new ablative coatings applied between
sequences. Therefore, the exemplary methods illustrated in FIGS. 15 and 16 use four
sequences, first through fourth sequences 161, 162, 163, and 164, respectively, to laser
shock peen the entire laser shock peened patch 145 with three overlapping rows of
spots once such that every other elliptical shaped laser spot 60 and/or every other
circular shaped laser spots 80 are laser shock peened in the same pass and overlapping
rows are laser shock peened in different sequences. The pressure and suction side
surfaces 54 and 55 are recoated with the ablative coating between sequences. The
axially adjacent rows in one example overlap by 50% with respect to the major axis of
the elliptically shaped laser spots and by 50% with respect to the radius of the circular

shaped laser spots.

Illustrated in FIG. 14 is the laser shock peening apparatus and system 101 for

laser shock peening the compressor blade 108. The compressor blade 108 is mounted
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each if the first and second | aser beans having a power of about between
1-10 Joule%pﬁﬁg ggch of the laser spots having an area of about 0.79 - 3.14
square mi 1l é firing the first and second | aser beans ( 102, 104)
such that first and second centerlines (CL 1, CL2) of the first and second
| aser beans ( 102, 104) inpinge the pressure and suction side surfaces (54,
55) at first and second | aser beam centerpoints (Al, A2) that are

l'ongi t udi RAlthy iRRRE TY vAREK ts AfEhbd @@We%&f‘alxi/s &hRtr ARR@ae RortbIRds and
over |l appi ng adj acent elliptical shaped |aser spots (60) and firing the

| aser bear&€N@l)nangmifldtoc 1 2ht Sisrsegygf motlcbrorl}mstragd ontheleaemplgricanpodigenty e
resi dual stresses.i he Iase endln nIo t he
Dl ade. 1 ofte FONEToT o ¥, apd 2 trdstaaslates JneB 0 ooy Sripedive

peeni ng | epdiFng. 94 ﬁﬂ%dn‘v&&hcﬁﬂgﬁs B '—§1d EE}othfonﬁﬁ%xésUIalel'P&l angs ngnd)tades

mounted on a rotor el enent, said nethod conprising: sinultaneously |aser
shock peemespgctprets sitlrad wtrich srecwelb knewnlén EING avebiniigd, ThSinaaipotagorol®y of t he

edges of the blade with cjr ar ction first. and sec obl i que

asor beafoves f@g popilpns t%%%ﬁaéﬁ J@F ﬁ?‘i f%Sﬁrgsl%% Reeping %yage@r ?ﬁg d@s @ ?oz) at
f t 0 t 54

o ho t o RObPHERRdaer el orthd %ﬁ%&%@f‘%@?"%ﬁ HfipBidtatabace (59

surface (5§D1t,terfwhuclm@eeﬁklﬁlspemmblifmdéasebbeam ﬁntib(M)) beamai;mmal trarmsmissidn angl e
with respect to tgﬁ suction side su s to formcircul ar shaped

| aser spotcgcvemac ayipg asfﬁﬁttasneﬁe%qné%ﬂgﬁlrfwa@éd (Ossssal Bawhichdnglyde apticak  angd
second | aggin HediE: Rakhiifa RRUE heo%rs%ﬂ“@e_?gﬁa vag&%f%négoaire mﬁﬁ ghthesach of

the | aser spots aV| ng an area o out I reters,
coated surfaces of the blade 108.

Before being laser shock peened to form the laser shock peened patch 145, the
pressure and suction side surfaces 54 and 55 are coated with an ablative coating such
as paint or adhesive tape to form coated surfaces as disclosed in U.S. Patent Nos.
5,674,329 and 5,674,328. The coating provides an ablative medium preferably over
which is a clear containment medium which may be a clear fluid curtain such as a
curtain of flowing water 121 also illustrated in FIG. 17. Between passes along the
same row of the elliptical shaped laser spots 60, the pressure and suction side surfaces
54 and 55 are recoated such that there is always an ablative coating over the surface

being laser shock peened.

The laser beam shock induced deep compressive residual stresses are produced
by repetitively firing the high power first and second laser beams 102 and 104, each of
which is defocused + a few mils with respect to the coated pressure side and suction
side surfaces 54 and 55 of the pressure side 46 and the suction side 48 of the
compressor blade 108. Each of the laser beams is fired through the curtain of flowing
water 121 supplied by a conventional water nozzle 119. The curtain of flowing water
121 is flowed over the coated surfaces. The coating is ablated generating plasma
which results in shock waves on the surface of the material. Other ablative materials

may be used to coat the surface as suitable alternatives to paint. These coating
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firing the first and second | aser beans ( 102, 104) such that first and
second ceH gﬁ}ine (CL 1, CL2) of the first and second | aser beans ( 102,
104) i npi é 1H%5%ressure and suction side surfaces (54, 55) at first and
second | aser beam centerpoints (Al, A2) that are longitudinally spaced
apart and transversely offset fromeach other, and overl appi ng adj acent
elliptical shaped |aser spots (60) and circular shaped |aser spots (80)

respect i vehaterdddélintiude Retdlie fdiPsraidhfs v Blact thpSalf dibdtdbRatin €S MhYenk WokOr m
regi ons having conpressive residual stresses inparted by the |aser shock

peeni ng e>5t@|4cﬁ2&gand1f5;67t4,l338 bl ”ﬁhﬁefshonk tWeyes 1ard a@btecteQStowd‘aeﬂwocbatt@r | aser
shock peen adj in TE) of gas,.tur e i ne

bl ades rmﬁprrgg‘ﬁ’ gﬁ' ?ed%ﬁ rlrétl%f’ tf@&gré%ogg ej]ﬁn%f %crf‘o ation
(9) and h%;‘:{ e%r@’%va%@é)uﬂnafhesﬂﬁ&ﬁaﬂ %@]bwbﬁ{e"‘@&ﬁe@gin%“c%ﬁ‘t ”PPfé %’J 1trﬁ1léa£1ﬂd apart

13DV 14254 forward and aft and rows of bl ades ( wherein the
edges bei myantiy eof Qiamzmhmmcmwcb ldetedametﬂne éq:mlmea,ndsmteilsrt}etdfocbmmwvesl ng the

fol |l owi ng steg : SI% t aneousl er S octlgl Eeemspﬂ“ ressyre and suction
si de surf ABEECY shhe axgtive cOAtNg| é‘s tqmeteeh g darggt sppface; 0 rEPHA%f t he
rows w th glshpule Hl@ge cé&ﬁig' 19'8st %%o@%hé%ga%uhﬁéeea{ndbﬁ% nddfe 104)

respectlvgl firing the first laser beam at a rirst oblique angle (
110) with prlmmecﬁ”m dasehbeam eshock md&urccﬂa deepr {:empreeﬁxﬂé resdumb stresséoinmthe

elliptical shaped | aser ot s, t res d and at
a se(F:) ond 881"1"(:{%%“’%\%? gre(ss%lrngglﬁr?% ?:I}é‘ OP'bf elééﬂ @%@Pfﬁ I'l(‘ﬁél) second
obl i que a &488,ck ty row of
bl adgs f?grhﬁgp(" u%&égééc%%gm asef? E{e‘l‘gﬁqﬁ% f?Ldonzqlrlea%:)dlsaboutc geén%rarra gér%gge W th

respect t depthefabaitiOoh- 5.8 dem20-56als) o) tlmq»ra—stréssed megionsi r cul ar shaped

| aser spots (80) on the suction side surface (55) and at a second oblique
angle ( 111 ) th res ect axi s erei the second .obl i que angle (
111 ) is sutt i dnerromespeblads D88 hvadh whilgythe, Sarienars g PEVSRESS each of
the first veiifls srcR hdags tReamBIdaM \98¥\PI2105 RO HRER: 10 |

oul es and eac?r of the g‘ér spotls ﬁfév%g%an area o? bout S‘Sr79 - 3.(%4
square m Ishctrmﬁ&desl,asdrlshoaigpetehed $urfases 5141ahdsﬁ: mdjfolmmgthbepawd (apam Pa,ser104)
such that first an secon&ﬁgenterllnes 1, CLZQ}of t he f %tsecond
| aser beanBo% pepped 159R1s nPavement Jp riaCIgHgn Zt‘?IlS’nStQP é‘hre"f‘ es (54,
59) at f1iaiBRUIRAL AR of ARClasBBICRND HePBIALE WcdnrdiR} 10A3L ulito

| ongitudinally spaced apart and transversely offset from each other, and
over | appi mgpdattasshtontrol thetlaseashoek pperng systm Qbtosfire 6l laserdehms onghet he

| aser beans with sufficient energy to fo regi ons havi ng corrpre)ssrve

resi dual $Pted swlacesing eroflgd m«r@nrrag%blatga]ae%l%ée%m ig piaghtdi A OY Mo t he
bl ade fromyuihg ot oh@GEwater 121.

The embodiment of the method of the present invention illustrated herein
includes incrementally moving the blade and firing the laser beam on the coated
surface and adjacent laser shock peened spots are hit in different sequences.
However, the laser beam may be moved instead just so long as relative movement
between the beam and the surface is effected. Alternatively, it is contemplated that
the blade can be continuously moved while continuously or incrementally firing the
laser beam on the coated surface to effect laser shock peening on the fly as disclosed
in U.S. Patent No. 5,756,965, entitled "On the Fly Laser Peening".

The present invention may also use oblique low energy laser beams with low

energy levels on the order of 3-10 joules or even perhaps 1-10 joules to allow smaller
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.33 13DV 14254 26. A nmethod as clainmed in any one of clains 22 to 25,
wherein the elliptical shaped | aser spots (60) have major axis (64)

ext endi ng 1&@&914? $m the edge and over the surfaces and transverse ninor
axis (66) and the elliptical shaped | aser spots (60) overlap by about 50%
27. A nethod as clainmed in any one of clains 22 to 26, wherein the | aser
spots extend over the edge. 28. A nethod as clainmed in clains 22 to 27,
wherein r t V) r Uk fi is

o T ect od WA R B R e R Rl NS 2% e
cl ai m 28, etm&ecbllnasehShcmkaGHmMg Uang LoeaEnagyl Lager!. eAsltemrgy leval rafige of

I t f h |1
apaced: apabeui T Adail Py tegm g aRrisusep e e el ok opk SRR %6 A . A
29 2‘?/0 2 Al"hg\%wépgrg@?fe@eﬁ@sé Dlafirs/dre focised to '%r&iucé‘srﬁall RQidd & cirtutafMaser
] K: ™| wr Mpétmmhga]chahetm] Dah aahuge] afedboad tajnt &).04 ) pjochma] @68 aRpdmia] ca) cal
ca] ca] ca]ca] calca]ca] ca]ca]cRa]c a\/] caj ca! $$ WYa% | [ OB7 8%B808V;
AAABFI JJJ Slketierd snorg wethian cappve a(P?S‘aﬁ‘s dd]ad) B ¢ ecaaf%a\]D;aS] cal cal ¢

PPPPP
a] 8’;1]@(:%] F ’ l?t]S;(??GT ?‘IL% %gﬁhgﬂ%ﬁ%kg]%%g ?(%:lg‘ﬂ:&?d ﬁ@%%] ca] ca ca][ ca] ca
] ca] ca] Ca]pb&]eﬁ 2dripe] 18| shawa aleeyp bocd C@hhﬁhﬁdi]tlﬁ‘di]iqal]ﬂeﬁ]aseﬂ Bad USRI X| XX] A
ANT bgggkpppux+zlz<z{ B} xsni d_Z] ] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]calc d] cajcalc
a] ca] ca] caar@afé%@@ai] é$ff é%qqk:ﬂe%p& Egsuby, @a%i s R FeRPERga ) Wegproswe, an
(€ Dot d gl cahtalo el cahsal Gahap) fabiahealical cakeg) cahsalsale ) oal ca
4110 sphedson) et otbmtaatenant et o mabogbian a2
j ]SNd% xs]ni d]ESZ’Fré‘fY]})ba} ca} ca} ca} ca} ca} ca% g?] ga].?)(éﬁc ia] cal ca]ca]ca] ca]ca]ca]ca]c
a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! j
%ﬁ;]r‘i:g] SL} gg} ga lég% &ﬁ}&e }é‘e%] &e@%&@e’dc}?elr&ﬁ]&l?dt%?é talsat&Rlopl prisGalLal cal ca
oW { +p77#aﬁa‘®l@ﬁ}pl<ﬁrﬁ|@k1b6hlrﬁa]t§a>faaé padsen] apkaudis adther] slifRhtialscef dg cal cajc
a] ca] ca] ca] ca&ca] cal ca] ca] ca}ﬂca] cal.ca] ca] ca] cgj ca! Rr3Q0y| k9} xsnid_Z]]ca] ca]
ca] ca] ca] dayHpe shalbbeannarsné i hasecqibed wahe art drome hedgachings deeed) and. éa] ca] ca]
ca] ca] ca] %‘lh%?ek&% §¥6ibd ¥be secured in the appended claims all such modifications as fall

within the true spirit and scope of the invention. Accordingly, what is desired to be

secured by Letters Patent of the United States is the invention as defined and

differentiated in the following claims.
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.Q(/}xsnid_Z]]ca]ca]ca] ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca
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10% & () - TOEMIS() - 10 10 103<10% ()-:S; MLO%& () - 32
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10% (& ()-F!' vy 10% (& ()-k:dE:/
1. A method for laser shock peening first and second surfaces (54, 55) on

opposite first and second sides (46, 48) respectively of an article, said method

comprising:

simultaneously firing first and second laser beams (102, 104) at first and
second oblique angles (110, 111) with respect to the first and second surfaces (54, 55)

so as to form overlapping adjacent laser spots (60) on the surfaces,

firing the first and second laser beams (102, 104) such that first and second
centerlines (CL1, CL2) of the first and second laser beams (102, 104) impinge the first
and second surfaces (54, 55) at first and second laser beam centerpoints (Al, A2)
through which pass parallel first and second axes (AX1, AX2) that are substantially
normal to the first and second surfaces at the first and second laser beam centerpoints,

respectfully, and such that the first and second axes are offset, and

firing the laser beams (102, 104) with sufficient energy to form regions having
compressive residual stresses imparted by the laser shock peening extending into the

article from the surfaces.

2. A method for laser shock peening first and second surfaces (54, 55) on
opposite first and second sides (46, 48) respectively of an article, said method

comprising:

simultaneously firing first and second laser beams (102, 104) at first and
second oblique angles (110, 111) with respect to the first and second surfaces (54, 55)

so as to form overlapping adjacent laser spots (60) on the surfaces,

firing the first and second laser beams (102, 104) such that first and second
centerlines (CL1, CL2) of the first and second laser beams (102, 104) impinge the first
and second surfaces (54, 55) at first and second laser beam centerpoints (A1, A2) that

are longitudinally spaced apart and transversely offset from each other, and
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compressive residual stresses imparted by the laser shock peening extending into the

article from the surfaces.

3. A method as claimed in claim 1 or 2, wherein the first and second overlapping

laser spots form respective rows that are substantially parallel.

4, A method as claimed in claim 1 or 2, wherein the laser beams are aimed and
fired in a manner to produce first and second patterns on the first and second surfaces
of the article having overlapping adjacent rows of overlapping adjacent ones of the

first and second spots, respectively.

5. A method as claimed in claim 4, wherein forming the first and second patterns
further comprises continuously moving the article while holding stationary and
continuously firing the laser beams with repeatable pulses with relatively constant
periods between the pulses wherein the first and second surfaces are laser shock
peened using sequences wherein each sequence comprises continuously moving the
article while continuously firing the stationary laser beams on the surfaces such that
on each of the surface portions adjacent ones of the laser shock peened spots are hit in

different ones of the sequences in the set.

6. A method as claimed in claim 5, further comprising coating the surface

portions with an ablative coating before and in between the sequences in the set.

7. A method for laser shock peening leading or trailing edges (LE, TE) of gas

turbine engine blades (108) mounted on a rotor element, said method comprising:

simultaneously laser shock peening pressure and suction side surfaces (54, 55)
along one of the edges of the blade with circular cross-section first and second oblique

laser beams (102, 104),

firing the first and second laser beams (102, 104) at first and second oblique
angles (110, 111) respectively with respect to the surfaces so as to form elliptical

shaped laser spots (60) on the surfaces,
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centerlmes (CLl CL2) of the ﬁrst and second laser beams (102, 104) impinge the
pressure and suction side surfaces (54, 55) at first and second laser beam centerpoints
(A1, A2) that are longitudinally spaced apart and transversely offset from each other,

and

overlapping adjacent elliptical shaped laser spots (60) and firing the laser
beams with sufficient energy to form regions having compressive residual stresses

imparted by the laser shock peening extending into the blade from the surfaces.

8. A method for laser shock peening leading or trailing edges (LE, TE) of gas
turbine engine blades mounted on a rotor element circumscribed about an axis of
rotation (9) and having an annular space (13) between adjacent axially spaced apart
forward and aft and rows of blades (12, 14), wherein the edges being laser shock

peened border the space, said method comprising the following steps:

simultaneously laser shock peening pressure and suction side surfaces (54, 55)
along one of the edges of the blades in one of the rows with circular cross-section first

and second oblique laser beams (102, 104) respectively,

firing the first and second laser beams (102, 104) at first and second oblique
angles (110, 111) with respect to the surfaces so as to form elliptical shaped laser
spots (60) on the surfaces and at a third oblique angle (114) with respect to the axis
wherein the third oblique angle (114) is sufficient to clear blades in the adjacent row
of blades,

firing the first and second laser beams (102, 104) such that first and second
centerlines (CL1, CL2) of the first and second laser beams (102, 104) impinge the
pressure and suction side surfaces (54, 55) at first and second laser beam centerpoints
(Al, A2) that are longitudinally spaced apart and transversely offset from each other,

and
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beams w1th sufﬁclent energy to form reglons having compressive residual stresses

imparted by the laser shock peening extending into the blade from the surfaces.

9. A method for laser shock peening leading or trailing edges (LE, TE) of gas

turbine engine blades mounted on a rotor element, said method comprising:

simultaneously laser shock peening pressure and suction side surfaces (54, 55)
along one of the edges of the blade with circular cross-section first and second oblique

laser beams (102, 104) respectively,

firing the first laser beam (102) at a first oblique angle (110) with respect to
the pressure side surface (54) so as to form elliptical shaped laser spots (60) on the

pressure side surface (54),

firing the second laser beam (104) at about a normal angle with respect to the
suction side surface (55) so as to form circular shaped laser spots (80) on the suction

side surface (55),

firing the first and second laser beams (102, 104) such that first and second
centerlines (CL1, CL2) of the first and second laser beams (102, 104) impinge the
pressure and suction side surfaces (54, 55) at first and second laser beam centerpoints
(A1, A2) that are longitudinally spaced apart and transversely offset from each other,

and

overlapping adjacent elliptical shaped laser spots (60) and circular shaped laser
spots (80) respectively and firing the laser beams with sufficient energy to form
regions having compressive residual stresses imparted by the laser shock peening

extending into the blade from the surfaces.

10. A method for laser shock peening leading or trailing edges (LE, TE) of gas
turbine engine blades mounted on a rotor element circumscribed about an axis of

rotation (9) and having an annular space (13) between adjacent axially spaced apart
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forward and aft and rows of blades (12, 14), wherein the edges being laser shock

peened border the space, said method comprising the following steps:

simultaneously laser shock peening pressure and suction side surfaces (54, 55)
along one of the edges of the blades in one of the rows with circular cross-section first

and second laser beams (102, 104) respectively,

firing the first laser beam (102) at a first oblique angle (110) with respect to
the pressure side surface (54) so as to form elliptical shaped laser spots (60) on the
pressure side surface (54) and at a third oblique angle (114) with respect to the axis
wherein the third oblique angle (114) is sufficient to clear blades in the adjacent row

of blades,

firing the second laser beam (104) at about a normal angle with respect to the
suction side surface (55) so as to form circular shaped laser spots (80) on the suction
side surface (55) and at a third oblique angle (114) with respect to the axis wherein the

third oblique angle (114) is sufficient to clear blades in the adjacent row of blades,

firing the first and second laser beams (102, 104) such that first and second
centerlines (CL1, CL2) of the first and second laser beams (102, 104) impinge the
pressure and suction side surfaces (54, 55) at first and second laser beam centerpoints
(A1, A2) that are longitudinally spaced apart and transversely offset from each other,

and

overlapping adjacent elliptical shaped laser spots (60) and firing the laser
beams with sufficient energy to form regions having compressive residual stresses

imparted by the laser shock peening extending into the blade from the surfaces.

11. A method as claimed in any one of claims 7 to 10, wherein the elliptical
shaped laser spots (60) have major axis (64) extending away from the edge and over
the surfaces and transverse minor axis (66) and the elliptical shaped laser spots (60)

overlab by about 50%.
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12. A method as claimed in any one of claims 7 to 11, wherein the laser spots

extend over the edge.

13. A method as claimed in any one of claims 7 to 12, wherein relative movement
between the laser beams (102, 104) and the surfaces is effected while the laser beams

are being fired.

14. A method as claimed in claim 13, wherein the movement is linear and at least
one row of overlapping laser spots on each of the surfaces has generally equally

spaced apart linearly aligned centerpoints (72).

15. A method for laser shock peening first and second surfaces (54, 55) on
opposite first and second sides (46, 48) respectively of an article, said method

comprising:

simultaneously firing first and second oblique laser beams (102, 104) at first
and second oblique angles (110, 111) with respect to the first and second surfaces (54,

55) so as to form overlapping adjacent laser spots (60) on the surfaces,

each of the oblique first and second laser beams (102, 104) having a power of
about between 1-10 joules and each of the laser spots (60) having an area (AD) of

about 0.79 - 3.14 square millimeters,

firing the first and second laser beams (102, 104) such that first and second
centerlines (CL1, CL2) of the first and second laser beams (102, 104) impinge the first
and second surfaces (54, 55) at first and second laser beam centerpoints (Al, A2)
through which pass parallel first and second axes (AX1, AX2) that are substantially
normal to the first and second surfaces at the first and second laser beam centerpoints,

respectfully, and such that the first and second axes are offset,

firing the first and second oblique laser beams (102, 104) to form regions
having compressive residual stresses imparted by the laser shock peening extending

into the article from the surfaces.
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16. A method for laser shock peening first and second surfaces (54, 55) on

opposite first and second sides (46, 48) respectively of an article, said method

comprising:

simultaneously firing first and second laser beams (102, 104) at first and
second oblique angles (110, 111) with respect to the first and second surfaces (54, 55)

so as to form overlapping adjacent laser spots (60) on the surfaces,

each of the oblique first and second laser beams (102, 104) having a power of
about between 1-10 joules and each of the laser spots (60) having an area (AD) of

about 0.79 - 3.14 square millimeters,

firing the first and second laser beams (102, 104) such that first and second
centerlines (CL1, CL2) of the first and second laser beams (102, 104) impinge the first
and second surfaces (54, 55) at first and second laser beam centerpoints (A1, A2) that

are longitudinally spaced apart and transversely offset from each other, and

firing the laser beams (102, 104) to form regions having compressive residual
stresses imparted by the laser shock peening extending into the article from the

surfaces.

17. A method as claimed in claim 15 or 16, wherein the laser beams are aimed and
fired in a manner to produce first and second patterns on the first and second surfaces
of the article having overlapping adjacent rows of overlapping adjacent ones of the

first and second spots, respectively.

18. A method as claimed in claim 17, wherein forming the first and second
patterns further comprises continuously moving the article while holding stationary
and continuously firing the laser beams with repeatable pulses with relatively constant
periods between the pulses wherein the first and second surfaces are laser shock
peened using sequences wherein each sequence comprises continuously moving the

article while continuously firing the stationary laser beams on the surfaces such that
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different ones of the sequences in the set.

19. A method as claimed in claim 18, further comprising coating the surface

portions with an ablative coating before and in between the sequences in the set.

20. A method as claimed in any one of the preceding claims, further comprising
using a temporal profile of each pulse having a duration in a range of about 20 to 30

nanoseconds and a rise time less than about 10 nanoseconds.

21, A method as claimed in claim 20, wherein the rise time is about 4 nanoseconds

and the power of the laser is about 3 joules.

22. A method for laser shock peening leading or trailing edges (LE, TE) of gas

turbine engine blades (108) mounted on a rotor element, said method comprising:

simultaneously laser shock peening pressure and suction side surfaces (54, 55)
along one of the edges of the blade with circular cross-section first and second oblique

laser beams (102, 104),

firing the first and second laser beams (102, 104) at first and second oblique
angles (110, 111) respectively with respect to the surfaces so as to form elliptical

shaped laser spots (60) on the surfaces,

each of the first and second laser beams having a power of about between 1-10
joules and each of the laser spots having an area of about 0.79 - 3.14 square

millimeters,

firing the first and second laser beams (102, 104) such that first and second
centerlines (CL1, CL2) of the first and second laser beams (102, 104) impinge the
pressure and suction side surfaces (54, 55) at first and second laser beam centerpoints
(A1, A2) that are longitudinally spaced apart and transversely offset from each other,

and
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23. A method for laser shock peening leading or trailing edges (LE, TE) of gas
turbine engine blades mounted on a rotor element circumscribed about an axis of
rotation (9) and having an annular space (13) between adjacent axially spaced apart
forward and aft and rows of blades (12, 14), wherein the edges being laser shock

peened border the space, said method comprising the following steps:

simultaneously laser shock peening pressure and suction side surfaces (54, 55)
along one of the edges of the blades in one of the rows with circular cross-section first

and second oblique laser beams (102, 104) respectively,

firing the first and second laser beams (102, 104) at first and second oblique
angles (110, 111) with respect to the surfaces so as to form elliptical shaped laser
spots (60) on the surfaces and at a third oblique angle (114) with respect to the axis
wherein the third oblique angle (114) is sufficient to clear blades in the adjacent row
of blades,

each if the first and second laser beams having a power of about between 1-10
joules and each of the laser spots having an area of about 0.79 - 3.14 square

millimeters,

firing the first and second laser beams (102, 104) such that first and second
centerlines (CL1, CL2) of the first and second laser beams (102, 104) impinge the
pressure and suction side surfaces (54, 55) at first and second laser beam centerpoints
(Al, A2) that are longitudinally spaced apart and transversely offset from each other,

and

overlapping adjacent elliptical shaped laser spots (60) and firing the laser
beams with sufficient energy to form regions having compressive residual stresses

imparted by the laser shock peening extending into the blade from the surfaces.
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turbine engine blades mounted on a rotor element, said method comprising:
simultaneously laser shock peening pressure and suction side surfaces (54, 55)
along one of the edges of the blade with circular cross-section first and second oblique

laser beams (102, 104) respectively,

firing the first laser beam (102) at a first oblique angle (110) with respect to
the pressure side surface (54) so as to form elliptical shaped laser spots (60) on the

pressure side surface (54),

firing the second laser beam (104) at about a normal angle with respect to the
suction side surface (55) so as to form circular shaped laser spots (80) on the suction

side surface (55),

each of the first and second laser beams having a power of about between 1-10
joules and each of the laser spots having an area of about 0.79 - 3.14 square

millimeters,

firing the first and second laser beams (102, 104) such that first and second
centerlines (CL1, CL2) of the first and second laser beams (102, 104) impinge the
pressure and suction side surfaces (54, 55) at first and second laser beam centerpoints
(Al, A2) that are longitudinally spaced apart and transversely offset from each other,

and

overlapping adjacent elliptical shaped laser spots (60) and circular shaped laser
spots (80) respectively and firing the laser beams with sufficient energy to form
regions having compressive residual stresses imparted by the laser shock peening

extending into the blade from the surfaces.

25. A method for laser shock peening leading or trailing edges (LE, TE) of gas
turbine engine blades mounted on a rotor element circumscribed about an axis of

rotation (9) and having an annular space (13) between adjacent axially spaced apart
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along one of the edges of the blades in one of the rows with circular cross-section first

and second laser beams (102, 104) respectively,

firing the first laser beam (102) at a first oblique angle (110) with respect to
the pressure side surface (54) so as to form elliptical shaped laser spots (60) on the
pressure side surface (54) and at a second oblique angle (111) with respect to the axis
wherein the second oblique angle (111) is sufficient to clear blades in the adjacent row
of blades,

firing the second laser beam (104) at about a normal angle with respect to the
suction side surface (55) so as to form circular shaped laser spots (80) on the suction
side surface (55) and at a second oblique angle (111) with respect to the axis wherein
the second oblique angle (111) is sufficient to clear blades in the adjacent row of
blades,

each of the first and second laser beams having a power of about between 1-10
joules and each of the laser spots having an area of about 0.79 - 3.14 square

millimeters,

firing the first and second laser beams (102, 104) such that first and second
centerlines (CL1, CL2) of the first and second laser beams (102, 104) impinge the
pressure and suction side surfaces (54, 55) at first and second laser beam centerpoints
(Al, A2) that are longitudinally spaced apart and transversely offset from each other,

and

overlapping adjacent elliptical shaped laser spots (60) and firing the laser
beams with sufficient energy to form regions having compressive residual stresses

imparted by the laser shock peening extending into the blade from the surfaces.
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shaped laser spots (60) have major axis (64) extending away from the edge and over

the surfaces and transverse minor axis (66) and the elliptical shaped laser spots (60)

overlap by about 50%.

27. A method as claimed in any one of claims 22 to 26, wherein the laser spots

extend over the edge.

28. A method as claimed in claims 22 to 27, wherein relative movement between

the laser beams and the surfaces is effected while the laser beams are being fired.

29. A method as claimed in claim 28, wherein the movement is linear and at least
one row of overlapping laser spots on each of the surfaces has generally equally

spaced apart linearly aligned centerpoints (72).
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