LCNVENERGY LASER BEAMS BACKGROUN NTION Field of the Invention
This i nvent3Ddhl4286ates to | aser shock,peening and, nore particularly, to
met hods of sinultaneously | aser shock’ peenlng opposite sides of an article
using offset | ow energy | aser beans. Description of Related Art Laser shock
peeni ng or |aser shock processing, as it is also referred to, is a process
for produci Regyy! rﬁ&hﬁ@u@fgﬁ%%@r PR $ﬁ§r~s]§5 ‘Lﬁsﬂ §H@Jc1é FEE@% UGS ted by

| aser shock peening a surface area of an ar Laser shock peeni ng
typically uses one or nore LGﬂW&%ﬂﬁhGVUb%ﬁ@lBEﬂﬂMS|gh ener gy, about 50
joules or nore, pulsed | aser beans to produce an intense shockwave at the
surface of an article simlar to nmethods disclosed in U S. Patent No.
3,850,698 entitled "Altering Material Properties”; U S. Patent No.
4,401,477 entitled "Laser Shock Processing”; and U. S. Patent No. 5, 131, 957
entltled "DRER Fﬁhﬁﬁbﬂ@?ﬁ?ﬂ?ﬁ%VEN?ﬁﬁﬁ shock peening, as understood in the
art and as use erein, means utilizing a pulsed | aser beamfroma | aser
beam source to produce a strong |ocalized conpressive force on a portion of
a surf ace Ihgldpf dddovergioan expl osi ve force at the inpingenent point of the

| aser beam by an i nstantaneous abl ati on or vaporization of a thin | ayer of

that surface or.of .a caatin such as tape or .paint) on tha urface which
o s T e o THEE JByePRRh et Tesr ShASF rRenBE L) aBoreo pattiglarty. o

appl i cati qRshbdy Bf‘@mﬂﬁénéd{{s@' f&@eﬁﬂﬂfcl@%‘petehlﬁgdopp%%@sﬁés Whiah N rAER &En?gﬂ osed
inthe followng U S. Patent No 5entitled " The Fly Laser

Shock Peeniffsgt lowxnby, 16@dbeams.t | ed "Laser @37 s~ ~n
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Description of Related Art

Laser shock peening or laser shock processing, as it is also referred to, is a
process for producing a region of deep compressive residual stresses imparted by laser
shock peening a surface area of an article. Laser shock peening typically uses one or
more radiation pulses from high energy, about 50 joules or more, pulsed laser beams
to produce an intense shockwave at the surface of an article similar to methods
disclosed in U.S. Patent No. 3,850,698 entitled "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
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13DV 14256 shock peened gas turbine engine fan bl ade edges"; 5,531,570
entitled "Distortion control for |aser shock peened gas turbine engine
conpr essorl3PVad@5eédges"”; 5,492,447 entitled "Laser shock peened rotor
conponents for turbomachinery”; 5,674,329 entitled "Adhesive tape covered
| aser shock peening”; and 5,674,328 entitled "Dry tape covered | aser shock
peeni ng", all of which are assigned to the present Assignee. Laser peening

has been ‘éhbéléf S&eﬁogagrtﬁ?éix[?e; g?@ﬁm%ﬂd%e@gg% rst?ﬁ%opérghf‘eﬁt *ﬂyi@toh?c}her at

the outer surface of~an ar which s 0 ¢onsi derabl'y increase the
resi st anceofifrolt foe 1a3ér shotle pécmed ghd @idsiné andink Coraprestos lads edigdstt IHIR,447at ent

No. 4,937,42|l entitled "Laser Peening System and Method". These net hods
typi cal | y catiledy Lases ushogk npesnedaotor ¢ampgagnisyvior turkomachinere; oh6%eh® ot her

nmet hod to pr.qvid I nf i ni ng nedi . Thi i n es.the plasna
Lo rapi or U BaRsRIR BN Al olBeR i hiph S Br s ToF SBIER GRS Mt o
and associtgieasbveRdilghdRshotk b@éiﬁn%"giﬁl!l 6f Which g asei@Red ot thé prekéit AsSigned.f ect. The
curtain of water provides a confining nmedium to confine and redirect the

process generated shockwaves into the bulk of the naterial of a conponent
bei ng LSP' D, t d-as¢reRpeningHs theefe piiized] tocerte @ sompaessizslyayiighsedtnreisgiéee The
pressure Qiy3e El{]eo&tép&rfa%Q'o‘?'a}ﬁ AN PLARNP ] DAL dePaby §icR g«%'ﬂ?@%’
shockwave I'nt 0 the conponent. Thi § conpressl ve shoCkwave hused y the

| aser pul sesistasodl dfSthe ArEee R PltRsE ifsilee AP desiisyeE irf Ui Puerit NG hg9Tamionent .
These plastic strains produce residual stresses consistent with the dynamc

nodul es ofentifled yhessr iPgeningyfystest dedi Methed"s adbesgsmethedy tatiendly ¢replay rig

i ncl udes sj nmul taneously. stri ki bhot.h si des a rti.cle hy t | aser
bosre 1 SPEER GOSARE buRh dvEL Of R0R & I<5R Abe Relblf sl bl Ly i ol
T_he | aser c'@ﬁﬁﬂi%g%&iiﬁmpl s lrﬁédh% ek {he AR tof Rpldly héligr mwwé
distortion. The initial conpressive waves pass through the material from
each of t heessimge shayprioduce theeplastist dedomvzationfand mssdsiatédnresidfialcsress pattpsns wo
initial ¢ ressi,ve . dhe eflected.waves turn intg a tensi on, wave.
e conbi (0 oonurEMELSBetesy TieFiT o PRET Risyles agbfinfieatBimoi oy

t ensi on Wepsgfind fimetitect BIRd prosésd @endrBied siddckWatlesdatothe bkt dTehé AaRriakb £l
direction, can be greater than the strength that the material can handle
and a cr ackcognenpat teiigli S Rdtogreatt e penefiviad gempressize rasilualwressssckwaves
nmeet. 2 13DV 14256 Anot her characteristic of LSP that limts its

engi neering effgctiyv i r i O del i e .waves
that create ten@%el %reg%ﬁ?e:liﬁissé f%‘ﬂlg tﬁ%lrﬁékd&\ﬁg&ggg rngS aoﬁHnﬁ 4 _Sogrlni %ﬁgltl) |y

fol I ow ng shb&veRRTRRS teV@nigodBht. OThidBdoniR&divie dhoolwavel dsdd By thd laaesur f ace
wi th inpedance m smatch such as at the outer surface of a conponent being

| aser shodwlysewendlts. inndesp plastic gpapressivastainaiesthecomponent: dhessuplegtic
br opagal | Akaid piodi2IPARGRL stretsE'e%ycoHBé’teStdxgitﬁ Uy Ry P@@E{Eﬁ'th%%&ém?' tion.

Thi s superpositi on g? ensil e waves nay reduc ctrvenéess of ' the

benef i ci alDwdspfedSEmvRarebualdlsr SHocREéefing Nncladesesiin@iisndoasll rstdititig dowd t hi n
t he conponent. This superposition of the two spatially concentric waves

thus reducidesioienstigle byi o lasercepms imiosder iayndseasrebe aeraprepyve-csiduakt i ng.
Thus, it 's?repsl glhtlhx nqaﬁgﬂiaﬁ?bf‘h% ltageir%%yn%s %ﬁ@ f %‘fc%ﬁg bfaglrnce?cfl ﬁ‘l Br%ep {oogxlil i
y shock peened on two opp

article thatis sirnul'taneousl aser sl ( posite sides and
el i m nat e mhiteridl diftoAvR. CTRE katiflycdngedsivegwheg suedrithroeth tiRnmiategiab fioass of
the refl ected waves just bel ow the maxi nrumor allowable tensile stress of

t he mat eriegfh aft thessidess endhi age | rpflepsed bag drarp the iatsriace wfethenriwmtiitisl r educe

| oss of H%%nﬁ,‘%‘é‘sgifv%t&av%g. A Sghl ‘{ed"%gﬁesotfur& Do %et%ﬁiibﬁ' ve COMR! &Rmbiy&y Strai ns
from | aser SAOCK peeni hg cause %y € superposition o tensi T e Waves.

Manuf act uriemigle GagésSofthe réfRectedSWives, Whdn e eBildgdicAsies Ssvavss fofl @atbotd ea of
concern because startup and operation costs can be very expensive. The use
of | ow enesidpy mes af nhéaaint i thehsameopddrdiesctipmantbgdgeater dias dhosieangth Uni t ed
States Patent.No. 5,932 120, entit|led "lLaser. Sho eeni.ng. Usi ow Ener gy
Laser", V\/r}ﬁ%[hth? &qﬁ%r&a ,&ﬁ%éﬁdlg an stéacgn(@ni * 10Ul n}écf f(smfiwgmﬁr‘g@%ﬁ#heassi ghee
of this patwethoddifhveSmercor porated herein by reference. Manufacturers are
constantly seeking nethods to reduce the tine, cost, and conplexity of such
processes and it is also to this end that the present invention is

directed. 3
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, ' 13DV 14256 SUMVARY OF THE | NVENTI ON A nethod for |aser shock peening an
article includes aimng and then sinultaneously firing first and second | ow
energy | adéPVWéad& with sufficient energy to vaporize material on

| ongi tudi nal ly spaced apart first and second surface portions of the
article to formfirst and second regi ons havi ng deep conpressive residual
stresses extending into the article fromthe first and second | aser shock
peened surface i I l ave | ow
Cner gy 1 ovel o aatiis WascleRSRPGE 1Py (1ifs |QNERRERE LARRSEEAELS,

al I ow snualfbeatioa s dekepeions vetedsas@wss that Beatesadilastraing cThs ededsed Waivdsed
States Patent_ No. 5,932,120, entitled "Laser Shock Peeni ng Using Low Energy
Laser". THeay eus spentaasonly follavang g compreppive frast Ob@awswagrpﬁgreﬁﬁctm put in
a range of =10 . r I r t 3-7 [Qoules has
been founétggg |%%Pé$fy%%b$§8fﬁ@gﬁg§:%%gagéFgﬁE@gggﬁg%g?%g%‘gﬁgﬁpk j oul es.
The | ow emeingy IReershotd cbraiiseWhea Riudtipnle ereldiBe | wakied MBeesimidRBE0BROL S
having a diameter in a range of about 1 nm (0.04 in.) to 2 nm(0.08 in.).

I n one eniPseiageting int s eompongnt,ghey 8wl Gdd ip aswanngs sermedrsperpatiion udhist hat

first and second.centerli.nes of the first and ond | aser,, bea I.pi nge
the firot SIRIPRIIGRATSlirHES Sfes 1 En e, MRS eREIE R beeoRE pedarenudh,

cent er poi Rbfpkd3iow SitaihbCapesch daaseabhsile ffdctusé withth thecomporres that are
substantially normal to the first and second surface portions at the first

and second | aser beam centerpoints, respectfully, and such that the first
and second hiscapenesttionraf the fwespatially coppgnitic paves Bus redugpnthedipslisident of
t he prese j Bty i nd | aser beans are ai med such that
t he first%gﬁggﬁg%%Hﬁg%E%F%?$?%§%yﬁg é%%@%t and are angled with respect to
each other. In a second nore particul ar enbodi nent of the present

i nvention, the Thussit iscighly @lesinubld @sitive hgaodsafd anbeo brodate amartivkcthad
centerlines are parallel and offset with respect to each aother. Another
nor e part it simaitaeaysty lessr sheek prenedransyp opprsipsides and pdimingie thgmddrs ar e
aimed and ff.ath 00 TRONG L SoREALY thelid Lidss BPACIERRRS A FiDBei0, e
first andPsecony U face porirons of the artrcle having overfapping

adj acent revmagimey of hik@ppablg teasilagaint odthe mitetidle If isratdo tephly slesieahie ®pot s,
respectively. The patterns are forned b% continugusly noving the_ article,

whi | e hol demglestolingnate pr aeuce dosiof dHek bgnafity pheffedhizeness of p\bepabhdal | aser
beans wt i |.at.| kods en the
put ses. wteFERREVE SuBnPHoRe fuclt ek Beliihl Badkel BIABE Rt BRI B PRRIRET O
sequences,waBgl wherei n each sequence includes continuously firing the |aser
beans on the surfaces such that on each of the surface portions adjacent

ones of the |laser shock peened sgoﬁs are hit inp different ones of the
sequences in t Adamdacturing gosts of e lasgr shocknprsaIMeRocsSICIS LRI 8ECak 859 #lg t he
surface p L j i : | k
equonces o T Eh ek suF IR bRURIGEBICrl Bl 06 ABeh . PRYERIOBR . the
articl e i nerggdsset beamsnef this @rdee ofintagnitidesis disclvged in BhitainStatee Patedt Nor f ace
portions are on pres?ure and _suctjon, sides, respectively, of the airfoi

al ong a | eathnigle apdicsk Tater ShogkoPeening,bisigeduamiEnerayehtscon wWhich isged a | aser
shock pee’}ﬁ&#@{ bi Glogo Na %gahsggrf‘efd ?d"%&rv?é‘s%&eqsa%%r{eétofa%ﬂs zﬁ?é?l?dan%lufsf ace

portions wth fitst and second reglons having p conpressive residual
stresses gudogputated herdi® by hrefesdrice.c IMadufantuteieart i costamhdsezkingndethadseto shock
peened surface portions, respectfully, wherein the first and, second surface
portions deHHSEithetimeyssh ang CORPRYILY £A SBelsPRPcesseetndsih dcalsgEethisgerd tha  and
second spQfs JeE@mv%ﬁ@%n sheckefeeni ng, and each couple of the
sinultaneous?y aser shock peened first and second spots are longitudinally
spaced apart and transversely offset fromeach other. In one enbodi nent of
the present invention, the couple of the sinultaneously |aser shock peened
first and second spots are substantially parallel. In one nore particul ar
enbodi ment of the present invention, the first and second surface portions
of the article include first and second patterns of overl appi ng adjacent
rows of overl apping adjacent ones of the first and second spots,
respectively. The present invention has many advantages i ncluding | owering
the cost, tinme, man power and conplexiéy of perform ng | aser shock peening
by all ow ng crack free dual sided sinuPtaneous |aser shock peening. The
present invention provides a dual sided sinultaneous | aser shock peening
met hod which is able to elimnate the m dpl ane cracks by | owering the
conbined tensile stress of the reflected waves bel ow t he maxi num or

al lowabl e tensile stress of the material. The invention provides a

si mul t aneously dual sided |aser shock peened article without the m d-plane



13DV 14256 The invention is al so advant ageous because it can be used to
elimnate or reduce | oss of HCF benefits or effectiveness of the beneficial
conpr essi V8DMI43Pes from | aser shock peening caused by the superposition of
tensil e waves. The invention has been found useful to provide a positive
effect on HCF capability of |aser shock peened articles and in particular

| aser shock peened | eadi ng edges of airfoils gas turbine engi ne bl ades and

vanes. BRI lI&F T WNGS FIG 1 is a schematic illustration
MART OF i Ny

of a gas tur nounted in a | aser shock peening system set
up to laser shock peen using an exenpl ary enbodi rent of the nethod of the
present inventifdmmethods fo? lasr ashoclogeesiagt aoraaticls cineluwdés aimingusid ahéron of a

portion of ,the blade . illystrating the offset |aser beg d, I aser shock
peened spét‘%‘rﬁ@ﬂne?‘i‘ﬁgy Q;ee&;ﬁr%raydéﬁ%@i loginenessy aprs a&%*uafﬁﬁ@mp?r@wm

I nventi on. S| | I1$ ol ' . shock
peened spé? E‘Jq% ﬂzérﬁajerl?aégg?tg{ggtg?géﬂ %I%alg&ly?éalﬁﬂrs g%}}dgsfﬁc%lip%ﬁ)%gﬁ%r&b?%&for m ng
t he of f setthd asiele telformk fipst @ané dechpdtregivas avitg ddebl opnmnessed residuiat stesseyi ng

| aser beans accordi n% to anot her exepmpl ary enbodj ment, of the nethod of the
present i Hrisheingnintqrites agficle from, dhe firsh Rk sgeand, taser phockapeepedidurtase FI G 1.

E: g g s p%rt‘f({ng,s ?e'sﬁ@c?ﬁh?.nafhevfow\’e@rg); Ifb(aself B@an?g ﬁﬁj@e fo@\kgﬂerép ﬁa)é%hoﬁ itﬁ.ée 6-6 in

order of 3-10 joules or even perhaps 1-10 joules to allow smaller less expensive lasers
to be used as disclosed in United States Patent No. 5,932,120, entitled "Laser Shock
Peening Using Low Energy Laser". The present method uses low energy laser beams
having an output in a range of about 1-10 joules. An energy level range of about 3-7
joules has been found particularly effective as has an energy level of about 3 joules.
The low energy beams are focused to produce small diameter laser spots having a
diameter in a range of about 1 mm (0.04 in.) to 2 mm (0.08 in.). In one embodiment,
the first and second laser beams are aimed such that first and second centerlines of the
first and second laser beams impinge the first and second surface portions at first and
second laser beam centerpoints through which pass parallel first and second axes that
are substantially normal to the first and second surface portions at the first and second
laser beam centerpoints, respectfully, and such that the first and second axes that are
offset. In a first more particular embodiment of the present invention, the first and
second laser beams are aimed such that the first and second centerlines intersect and
are angled with respect to each other. In a second more particular embodiment of the
present invention, the first and second laser beams and the first and second centerlines

are parallel and offset with respect to each other.

Another more particular embodiment of the present invention, the laser beams
are aimed and fired in a manner to produce first and second patterns on the first and
second surface portions of the article having overlapping adjacent rows of overlapping
adjacent one of the first and second spots, respectively. The patterns are formed by

continuously moving the article, while holding stationary and continuously firing the



FIG 7 is a schematic |ayout of the |aser shock peening spots |ocations on
the patch in FIG 5. 6 13DV | 4256 DETAI LED DESCRI PTI ON OF THE | NVENTI ON
|11 ustratddDV4RP@GS. 1 and 2 is a schematic illustration of a |aser shock
peeni ng system 10 that is used to | aser shock peen articles exenplified by
a gas turbine engine rotor blade 108 having an airfoil 134 with a patch 145
that is to be |aser shock peened. The |aser shock peening system 10

i ncl udes i r I d a beam
pl it ter SPrEopas Juity rebHo pBRer Sl (ahELeIFadndl feriB! il B 2
transm SSipﬁlfbe@lWlﬁHﬂéththﬁﬁdf&Btpoﬁfiorﬁﬁré haer $hoak peenedanithg etsisf baemmre) gy

first and second | aser beans 102 and 103, respectively. The bl ade 108 is
mount ed i #ng Wheteigr eachsseghenos ingludes ae%@am&lYaﬁwg/éhea 3seT bsAHELWY the
nunerlcall t , H@ﬁ;Clally
avai | abl e ® f%‘%gt [’1‘% Wfo rrang%:orqgg(l? aw&%%%ré%naﬂ%ﬁngg élgl{(;éefcﬂgte l%(?gg f man

Wy, O ovekenedGpdRatOhit Thdiffdrstd casesf Ok so@idnoss inhaé sés.e Al nbtispartibar i n the
exenpl ary enbodlnent are conventional translational axes X, Y, and Z, and
convent i oralbogliment incbuses seatingrikie swracg posiansiveHen ablatévesgoaing hefaregnd
respectivel in CNC machi ning. The mani pulator 127 is
used to céﬁ¥ﬁﬁ&8 QF ﬁ%¥§mﬂn5 p%%ltlon the blade to provide |aser shock
peening "on the fly" in accordance with one enbodi nent of the present
invention. Laséh oabagdfe pR®odingntey theepréane idventorn) Ul articlef is \eagas aubinay s
using paint or tape as an_ablative nmedium (see in particular U S. . Pat ent

No. 5, 674 c3gi9e @infoi pad) theafirst and secpag surdacie PEEons 8 OSRESSRIrPEaH iSHefton
Referrlng I airfoil 134 extending
radially Su \?\ﬁkﬁplé %%Fse ltfgﬁlap)%lggﬁem %é({ég of %Sal Sehtl p 138. The bl ade
108 includes a root section 140 ext endi ng radlally |nmard fromthe platform
136 to a radi alThe prevesr ineatiohIdcladesthaserahbckspeehed artitlChavitg tatee shaaki al |y
inner end 137 of the root section 140 is_a_blade root 142 which is

connect ed heenadnfirshped sesontl sagassy pertipnstéthstivahrnd aepond egians hayiing dep ext ends
in the ch r t edge TE
of the ai (r)c essglxg S%%l %E?S?eg eglagl%rk ﬂé Pglzf?e:jlgg?h Fll neé‘(i)g‘glr \%{ééla?]ag?'he

| eadi ng e(ig@cld.ﬁecaiad duifatd lpngloelé,g&sﬁ&tﬁﬂly,emhreﬁ:ﬂ alses fis® Cdnidosecohd tshefadd ade as
illustrated in FIG 6. ressure side 146 of the airfoil 134 faces in the
gener al  diRoEANS GAMEFiSG %ﬂ“@f‘is&rf siultangpushit laser shockpespedoliystandhigcandstpets on si de

148 i M
sener a1y S BEESHock Rk bl Salh PN HATRMRMRNL 1o TRRR AR 1L 1o
The | eadi ﬁl}steﬂgbsesseﬁd lspashial@fglthhmab;& apgeel Gpar xdndnigisnsadeelg dffset freadi ng

edge LE of the airfoil 134 fromthe bl ade platform 136 to the blade tip 13
8. The | ezéfthgtidge [Beeng cmbpdamenhcolydles piesspledeveatipiontly covre off 1 wsuch

that the | 4 (shown
i n phant or%ﬁﬁﬁjl k%g?fsg’?ﬁs‘%hs%& ee‘}]g@ggérﬂt'%ﬁ{i@ ?E%&Peadsleﬁ ﬁ%%‘%@ ﬂo& aq{éﬁeﬁlal rfoil
134 duri n@nemsrd @a@iaeraaémbadlmEheoiauhe fp@aslenﬂaaderﬁlubj e tfirsteind se¢opdistifa@nt

tensile stress field due to centrifugal forces generated by the bl ade 108
rotating dortiong ofitbe adiclspaelyde digst apd seeandrpsiterns B overlapping gfumeé&fows()

vi bration s and tears

oper at e aZ’%§§¥%§3¢§¥¢ﬁéﬁﬂ“ﬁﬁgggh?gg§%§?§%¥§agﬁﬁgﬁﬁﬁﬁgpg di tional stress
concentrations around them To counter fatigue failure of portions of the
bl ade al ong posHielpreseat awkntidniies rdrytadvamtagts\intloging deweirgtht eofty tmef he

ni cks and tears, the | aser shock peened patch 145 .is placed along a portion
of the | edBihePwiged cempiexity of rﬁ’éifp Ag laspephock pgening p¥ aﬁﬁ MR e aj | ur e
of the bl 1 45 is
ol aced al aaa GU8 HinMARS P f‘i%%. fine, eatfl %@Eﬁﬁexfzfﬁoﬁgﬁ Rl

predet er msided dimtuRBineots tastd shdck Meading mdtlwdewl‘mj;l is tablet tof e:lrmlaaté ahe aiid-

conpressor blade. Wthin the | aser shock peened patch |45, at | east one and
pr ef er abl Yl¥wtg5acks b jewaring Be spmbined densie stress of lylaft iefcted Wavasloelow ghe

si mul t ane r e ang .s y

ai sposed Mgl SEISRRE BRERCAR AR bl *FhePEGRTBREIL LY | ccce
bl ade r eglsﬁkﬁﬁltaikﬁﬁus‘:mduéﬁsﬁded’ es@estock gleynednavicleowilieap the miidedaeveadkssi dual
stresses inparted by | aser shock peening (LSP) extending into the airfoi
134 fromthe | aser shock peened surfacgs as seen in FIG 6. The
pre-stressed bl ade regions 156 and 157-are illustrated along only a portion
of the | eading edge section 150 but may extend along the entire | eading
edge LE or longer portion thereof if do desired.



The | ow energy first and second | aser beans 102 and 103, respectively, are
arranged to sinultaneously | aser shock peen |ongitudinally spaced apart
opposi te ddPMbd286cti on and concave pressure sides 148 and 146,
respectively, along a | eading 8 13DV 14256 edge LE of an airfoil 134 of
the bl ade 108 wthin the patch 145. The nethod form pairs or couples of
first and second | aser shock peened spots 158 and 159, respectively,
wherein t Lol ' ' ' i na

i st ance eamniBh (£H80 3 o Ao T SRR B0 cARle 3 S04 8,

t ransver sefdfiCE eien€fitsvort Effectispess of ahé frendfomiai ¢omtbrossivedstetizn doma fasaor e
particularly shown in FIG 3. The convex suckjon and_caoncave pressure sides
148 and 148°FHaReening-apsedy Yis SBPRIPPALQ okliBRile WawsHi idediyaniordiag Beemng 153,
respectiv g, fchyi . . it i ; 8. The
first andqég%doﬁéd&p a@eéljagﬁg(a:iﬁ %é%vﬁs%fg?&é %nggs&f%lﬂgﬁgp%g%pg}ogg egrtlcljceel Y,
are cover egtisled hndiin pattrulay daseoahockgpsaneth leslimniedgesoof aidfodsigae thebiee to form
a coated surface as disclosed in U S. Patent Nos. 5,674,329 and 5, 674, 328.
The pai nt cagimelgdes prbvange an abl ati ve nedi um over which is placed a clear
contai nment nedia which is typically a clear fluid curtain such as a fl ow
of water 12|. The blade 108 is continuously noved during the | aser shock
peeni ng process, while, the |aser shock peening system 10 is used to
continuously sinmultaneously firing the stationary first and second | aser
beans 102 BRIFFIDBSCRIRIIGIN ORGHHUDRAWDGST | ow ng wat er 121 on the coated
first and second | aser shock peening surfaces 152 and 153 form ng the | aser
shock peening.,spots. 158, The curtapn of ter 121 js. supplied by, a water
ool e 15316 TR SiEmatic Auraul b Aats 18tibnsngtiee bives MR Ll pi pe
120. A conhb@! h&hirfsystat sdt ip4s §5bef ShotRHebRlisiBp 3h AxemBRlY Shbbdifichf§er shock
peeni ng system 10. The enbodinment illustrated rn FIGS. I and 2 uses

| ongi t udi rthé methodrodithegpresentiinvetivsiver sel y spaced apart | ow energy first and
second | aser beans 102 and 103 that are set up or ainmed such that first and
second ce rii.nes CL 1 and 2 of the first.and secand er.. beans

respect i vg{@' 5i‘ﬁﬁicﬁ‘§§'sfe?tf°§‘?l ngjﬁam@té%gﬂlatrgtlﬂnf %fcaep%f)f‘ioggl%e %@5%}4‘@%3?18! her ei n
as first apdopeqoidr BenhasRl QN shOkSpderdd dptfls dPide SxBRPRE) biBbdiment i N t he
patch 145 on the opposite convex SUC?IOH and concave pressure sides 148 and
146 of t hehainefhod|of IgApresEneinfvemtan. and second | aser beans 102 and 103 are
then sinmultaneously fired with sufficient energy to vaporize material on

he fi d d f .13 1425 i 1 d 153 f
e AR E A g o Ve R R, 1530 o

extending into the airfoil 134 of the blade 108 or other article fromthe
first and gecang al dagamstatic Kllngated of urrhéthed e fokalig, the @sisechaddnlshyck The
first and second | aser beans 102 and 103 are ainmed such that the first and
second cerieened srods withislighdy enged apd sgevergiag flases peangl acweding te gnppther
portions 152 and 1 I [ e | centerpoints Al and A2
t hr ough melxéﬁ‘p%g% gl%g%‘ﬁé\eﬂe?ﬁ%? %gﬁogﬁg@gggngggyg@%%( 1 and AX2 that are
substantially normal to the first and second surface portions at the first
and secondFIGases a pespactieatenstithd fn bleiepgeiGul.l y, and such that the first
and second axes that are offset a transverse offset OS as further

illustrated in . FIG 3. |I.n one e di_ment, good results re ai ned usi ng
an appr oxi it 8lig2 Qroﬁﬁff'e(C@?@a}B”Gi%rETE‘;e &W@é@e ‘@gerhtlli‘&’u&ﬁéinfe 0 H’rFlg‘ggt di aneter D
equal to about 6 mm (0.25 inch). Oher tests having good results were nade
With 2 Mgl & i) sc n@f‘f’c(l%oatzoi) the ‘f'as_@?@l‘fogk é@emﬁg spitdioeatBhs (- pdtcRid Sets O5
using flat rectangular codpons to simulate the |'eading edge of "an airfoil.
IIlustratddG.A6. FIG 4 is anot her enbodi nent of the present invention in
which the first and second | aser beans 102 and 103 are aimed such that the
first and second centerlines CL1 and CL2 intersect at an apex 90 and are
angled with respect to each other and formfirst and second angles 94 and
96 with parallel first and second axes AX 1 and AX2 that are substantially
normal to the first and second surface portions 152 and 153 at first and
second | aser beam centerpoints Al and A2, respectfully. One currently used

| aser shock peening systeminpinges its |aser beans with six degree angle
off a normal to the article's |aser shgck peeni ng surface. The article or
blade is fed into a crossing point of Uhe beans where the beans'

centerlines cross at the apex as indicated by the blade drawn in phantom
line 98. When the article is fed to the crossing point, the first and
second | aser shock peened spots 158 and 159 are formed on both sides

si mul t aneously and are centered along the sanme |ongitudinal path or, in

ot her words, the first and second axes AX 1 and AX2 are collinear. For the

T . - r B Y T e Y o o



10 13DV 14256 and then the |aser spots fromboth sides are fornmed at
different |ongitudinal path and the first and second axes AX1 and AX2 are
transver sdPp 8et and non-collinear. In general but not necessarily, the
first and second surface portions 152 and 153 and hence the first and
second | aser shock peened spots 158 and 159 are substantially parallel. The
first and second | aser shock peened spots 158 and 159 are illustrated as
bei ng ci r%ﬁ’f"AILﬂI?YﬂS@RIP'FW gEyaRansBtioN i cal , oval, or other shapes.
The present 1 nvention 1 ncludes a Vaser shock peened article having | aser
shock peened first and second surface portions 152 and 153, respectively.
Fi rst and secordHustendanFIG561 andl2 1657 s¢lewiatig ildestaticroopa ksai sheck painihgal
stresses extend BBtQ t he bl ade 10g fron11E§ firsy %fg second .l aser shock

I

peened surt¥HER 9dhetisHsed tpdasseshackipegn aitisles exemplaficdkbyss ga ¢ RREIRE | aser
shock pee ' : : '

ongi t udh gl § s A0S HRE BR RGP hitp ERADA 1 45t KISRE Fsel ¥ pBBL ) 1 e
| aser shoclkhedeensihagkpreening syssemtlifenélndest a gendras@ciinbhving drmowilportdndres 152

and 153 such th eac f the sinultaneously | aser, shock peened first and
second spdlr%ramﬁﬁ{ierg? ﬁﬁ%eam5pléﬂqxaw@clé?%qdaﬁ§wfesaénla¥f?egelﬁs SAAJROEh ot her

wth resp t i L:nalk. . di gt ; i second
| aser bea§§&¥d§n%%§“%%§ﬂ%%¥gh o&sghgf%@8$%%£$§t%ﬁﬁ?ﬁgﬁggﬁg%lgﬁ;?gﬁgljoules
or even pédirbiagnd séechd lasetbesngd 102ednd 03 sieepdeevelly e The lagehss sandbwsal m 4 o be
used as disclosed in United States Patent No. 5,932,120, entitled "Laser
Shock PeerdiXigreUst wiicholy attaehegytol & fiae-axispgommusrumezically capgdleds (ot 3- 7
joul es ha u partieu y.ef i el,. of t 3

j oul es. T%&?@vatfggefr‘%@ eevg? {Vgiscielr lsbecégr#g&egér@l}?zaggg%égt%&%r (t)hgugeﬁ&ﬁéeh smal |

di anet er fGorpéraitnt] IB@tpNgh offfcewdt AI050 dhEfmap W, TISveansiC 299 1 havihedfive
dianeter Din a range_of about 1 mn (0.04 in.) to 2 M (0.08 in.). The area
of the spcies af aatiopythat aug Ulustrated ddhe exemplpiynerpkediment ysfenversipnal - 005
squar e i NGPs e oLAMRTy NGNS BARANAT TROWLYET YndB9M LefNLASand the 3
joules |laser 1S quite ‘adequaté, produces goo aser shock peening results,
and is verp, BCadoD] @epectitelyistat € Gl howania ORCh&hinind h&he nengrulator anges
result in surface |aser energy densities of approxi mtely between 400

joul es/ (sdddris syl tﬁo%*iltIPBO%gO mayq| &) pesiticn Eecipde te gpeidde Jesey shack
13DV14256 NN h ver|.appi r e or fe rOWS nmay
e used.  dFeHE "ghbt I, T EReqld e L BhE Bk BAcl PR pitbed MEEGR"T O
enbodi mentLagér shoek pecd$iinay by @ohd ina AGNBEEITlvadibeSways sy pafEsT taROEK
peeni ng spots 158 are | aser shock peened on different passes and the patch

145 may benrablaiygtaedinat (e prtcyasYek Patent N6 7dned ortitlethe AdBOEVER of t he
overlapp!q%pk%%Q&an%g Eﬁgg@bggﬁﬁggts 15 8 and adj acent ones of the
over | appi ng T aser 'shock peeni ng ts typically having an overlap of about
30% and the | aser shock peening spots are typically about 6 mm (0. 25 inch).
Thus, the firstReferdlingac dHIGS| dsad d)aherblali® A 08ridcldds ar sirfailnsd exsehding ed in a
manner to pr.oduce first and second patterns on the first and second surface

portions Fadialneuinand fremalads platigrm bi6 torfeblads tir i 8. nERG Mado i inglydeng
Fespocti val oo oS 74 BREhafe Ak AR AR fofl it BRybHEToo 1Y rBRERTEERC! =
patterns and 183roftiek fopt seetivbh 140.U At yhemadiatig im’(e:e ead 137 b&thehrodtesebipddl 40y
stationary and continuously,firiqg%{he | aser beans with repeatabl e pul ses

with rel atif ¢ blage sotsida whiph s congeqied tadbe platfarm Jp6 b¥ a bigdsrsbank 14tk Ehe f ace
portions gre . r . P LG LL st frqur

sequences Thﬁﬁgéa%%%g§P1$gg%§E H@ggyéakgbﬁ&g%&§%ek%&%gﬁ%gﬁggﬁﬁhﬁfburth
sequences thiling edpé TH6f thdesrfeidNiAl ¢Hoad I of theiandbil 1B {sakielinb batweenthd he
surface portjons such that _on each of the surface portions adjacent ones of

the |aser leaddegedasddéand patling gdge hEtaticachismpwseshen ghths Wada asallygdrpiRchces in
the sets. ;\ing Ghan n&r@sesu eeéigér%\ié B% s %Hfoﬁilu?ih H%gé g?ﬁfeh RN dirdoflid oM th a

| aser beam noré 't han once. nore particul ar enpo i mBnt. hcl Udes coating

t he surf aaetapioh bb dilicatd by amagbal and acoationgddedDisenathd otlier bide wEele each of
t he sequences in the set. The present invention has been described in an
illustrative manner. It is to be




understood that the term nol ogy which has been used is intended to be in
the nature of words of description rather than of limtation. Wile there
have been 1dP3d¥eded herein, what are considered to be preferred and

exenpl ary enbodi nents of the present invention, other nodifications of the
i nvention shall be apparent to those skilled in the art fromthe teachings
herein and, it is, therefore, desired to be secured in the 12 13DV 14256

appended i 5 | S &RV A o8 T av Bl r ey t and
SPPonder ST AT HEINIDA denédlly Dol dntivayichilbeh 4B Twbltifes 1RG
Letters Pahemtwisfditdogoni ted States is the invention as defined and

differentiated in the followng clains: 13 13DV 14256 CLAIMS: 1. A nethod
for Taser shock, e mPedge settin 158 of the Blabte 188 exfRaus along e leSng cdge "

LE of the airfoil 134 from the blade platform 136 to the blade tip 138. The leading

edge section 150 includes a predetermined first width W such that the leading edge

section 150 encompasses an area where nicks 54 (shown in phantom) and tears that

may occur along the leading edge of the airfoil 134 during engine operation. The

airfoil 134 subject to a significant tensile stress field due to centrifugal forces

generated by the blade 108 rotating during engine operation. The airfoil 134 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, the laser shock peened patch
145 is placed along a portion of the leading edge LE where incipient nicks and tears
may cause a failure of the blade due to high cycle fatigue. The laser shock peened
patch 145 is placed along a portion of the leading edge LE where an exemplary
predetermined first mode line LM of failure may start for a fan or compressor blade.
Within the laser shock peened patch 145, at least one and preferably both the pressure
side 146 and the suction side 148 are simultaneously laser shock peened to form first
and second oppositely disposed laser shock peened surface portions 152 and 153 and a
pre-stressed blade regions 156 and 157, respectively, having deep compressive
residual stresses imparted by laser shock peening (LSP) extending into the airfoil 134
from the laser shock peened surfaces as seen in FIG. 6. The pre-stressed blade regions
156 and 157 are illustrated along only a portion of the leading edge section 150 but

may extend along the entire leading edge LE or longer portion thereof if do desired.

The low energy first and second laser beams 102 and 103, respectively, are
arranged to simultaneously laser shock peen longitudinally spaced apart opposite

convex suction and concave pressure sides 148 and 146, respectively, along a leading

8



ai mng and then sinmultaneously firing | ow energy first and second | aser
beans (102, 103) with sufficient energy to vaporize material on first and
second suﬂﬁEB@4Q66t|ons (152, 153) of the article (108) to formfirst and
second regions (156, 157) having deep conpressive residual stresses
extending into the article ( 108) fromthe first and second | aser shock
peened surface portions ( 152, 153), respectfully, and said aimng

Ul I 0 h
compr = MagB TRTH b 1 081451 038 (HERTEY 0430Fpe Tt o

beans ( 103airk Of) coufdesn@€ filse dnidr sdcoAd dlasee Cstivdk Speehad espoey 1E®Nand( 1159, 153)
at first and second | aser beam centerpoints (A 1l, A2) through whi ch pass
paral | el fespeetivehy wheeein dhaapais of Apots areabengity anIYasr@C%mtah ngitpgingbor mal t o

the first d?ﬁ?& ?ﬁ?@lﬁi t?:ﬂ{s}'%gay%%sét' P48 eééfcgth?r]aé:ﬁ)xdl@étﬁ& Fﬁ aftlja[]%;grsgr})(}fs pcond

| aser bean1cen erpoin respec Iy, suc I'rst and

second ax&3¥S WhK rdsped@ thedofgifdire His(dats acmdrd parsdulancshseadnFIGent er | i nes
(CL1, CL2) are non-collinear. 2. The method as clainmed in claim1l1, wherein
the first and second | aser beans 102, 103) are ainmed such that the first
and second centld¥|GoREeX gegtion anéch:)ncm erreg%léft sigat) 14§ andigodwvaititst #skpect to

each ot her a e r and
second | aser %gelgs-léﬁg%l(ui%z&%gg@)su@a% {ﬁg 4“&10343 ; écstlec h((ﬁ ‘!(I:Je}l n{hgeqa:}ér?egis( CL1,
CL2) are parcppbsite sided oFfitisbladd (5. Yhd first @fi@ﬁ&bnd ﬁs@%bcl@ﬁé@ﬁng shrfafegret hod
for laser shock peening (LSP) an article (108), said nmethod conprising:

ai m ng and>52Hed }mpsmﬁ@mly grefqaveieg Wish “agoptlatineagoatisy ek raypaintr et and
second | a f I i e, er| al
on first Zaﬁléiesg‘;;ec d sur%Pac eo:%'gr }l;%lcneséé(cf éf;ésglf&ﬁ%ffg‘%ﬁﬁ &é)? ?§I) C ?{ﬁ
form firsts emb2gecpindpiieghmntapd providSBY abth#i®6 medium over which is placed a

clear containment media which is typically a clear fluid curtain such as a flow of water

121.

The blade 108 is continuously moved during the laser shock peening process,
while, the laser shock peening system 10 is used to continuously simultaneously firing
the stationary first and second laser beams 102 and 103 through the curtain of flowing
water 121 on the coated first and second laser shock peening surfaces 152 and 153
forming the laser shock peening spots 158. The curtain of water 121 is supplied by a
water nozzle 123 at the end of a water line 119 connected to a water supply pipe 120.
A controller 24 that is used to monitor and/or control the laser shock peening system
10.

The embodiment illustrated in FIGS. 1 and 2 uses longitudinally parallel and
transversely spaced apart low energy first and second laser beams 102 and 103 that are
set up or aimed such that first and second centerlines CL1 and CL2 of the first and
second laser beams, respectively, impinge first and second surface portions referred to
herein as first and second surface portions 152 and 153, respectively, within the patch
145 on the opposite convex suction and concave pressure sides 148 and 146 of the
airfoil 134. The first and second laser beams 102 and 103 are then simultaneously

fired with sufficient energy to vaporize material on the first and second surface

9



(156, 157) having deep conpressive residual stresses extending into the
article (108) fromthe first and second | aser shock peened surface portions
(152, 153)13DV4géet ful |y, and producing | ongitudinally spaced apart (LD)
first and second | aser shock peened spots (158, 159) that are transversely
offset (OS) fromeach other are non-collinear, and each of the |ow energy
first and second | aser beans (102, 103) having a |l evel of energy of about
bet ween 1-10:1.Qu : ' ' | WaSheLE se first
and seconﬁgbdﬁsi?sﬁéfiggﬁﬁf\% ?@%%ﬁ@‘%ﬂ%%g@g&g{a?% é%erpe sulgljg%é\?l{i ally
paral | el . résidudhatremehedemBing irdé thetaitfoil d34iohtle bladd,108Moe lodtich attiode Framer beans
are ained and fired in_a manner to(f)roduce first and second patterns on the
first and thefishandsecondlasgsheckappsned sustace pertipnyrespeetfdlyt j cl e ( 108) havi ng
over |l appi ng adj acent rows (R) of overlapping adjacent ones of the first and
second spots (lr%%’ﬁrét%%h’seéo%%g&%}bg 102t7andTﬂ% 4?@5{?%?1 A%h PR Bt hae! @l m 6,
wherein formng the first and second patterns turther conprises

cont i nuouskyondoachteglinel eClalr hnd ICR.2(indfdie tifirst fial shicomd Stiddde Qivatignsali

conti nuouslﬁ firing the | aser beans with repeatable pulses with relatively

constant P8filodst pustand seeond lasareamygrateapeintsal and 42 Brenehewbigh Pask f ace
ortions i wher ei n

bach soquandiel ARfhnd o 3gls AR HARCRS Bihy dry ABSBRANEA gl i 1

conti nuousingd $dcohdosuiface Sioatiorgnar ythe afer ahdéaswond lasee Bednt aatrsoial, t hat on

each of the surface (E)orti ons adﬁésacert ones of the | aser shock peened spots
are hit ireweetfidienand sibsthalrthe flastgad sesrnd sxphthaharesfset g tramyysrsedield as
clainmed i | ai-myZ.. : r. i Si coat i h u e rtions, with an
abi ot ve Chaes R FIOTY, Thde FRRP Ut i A B bl Ag T

met hod as wing disppkdkidaiélyoR enrf(0.078 ifhe ©EEEtNYS GhaiaGrculh 8p&i diaiaehDof t he
| ow energy first and second | aser beans ( 102, 103 ) has a | evel of energy
of about abp§ldembeuti@mmy(@.83 inchy, Other tests having good results were made with 2

mm (0.1"), 3 mm (0.12"), 4 mm (0.15"), and 5 mm (0.19") offsets OS using flat

rectangular coupons to simulate the leading edge of an airfoil.

[lustrated in FIG. 4 is another embodiment of the present invention in which
the first and second laser beams 102 and 103 are aimed such that the first and second
centerlines CL1 and CL2 intersect at an apex 90 and are angled with respect to each
other and form first and second angles 94 and 96 with parallel first and second axes
AX1 and AX2 that are substantially normal to the first and second surface portions
152 and 153 at first and second laser beam centerpoints Al and A2, respectfully. One
currently used laser shock peening system impinges its laser beams with six degree
angle off a normal to the article's laser shock peening surface. The article or blade is
fed into a crossing point of the beams where the beams' centerlines cross at the apex
as indicated by the blade drawn in phantom line 98. When the article is fed to the
crossing point, the first and second laser shock peened spots 158 and 159 are formed
on both sides simultaneously and are centered along the same longitudinal path or, in
other words, the first and second axes AX1 and AX2 are collinear. For the present

invention, the blade is fed longitudinally offset to the side of one of the laser beams

10



13DV 14256 10. The method as clained in any one of clains 5 to 9, wherein

t he artlcleéééEOS) is a gas turbine engine airfoil ( 134) and the first and
second surlf 4380tions ( 152, 153) are on pressure and suction sides (146,
| 48), respectively, of the airfoil (134) along a | eading edge (LE) of the
airfoil (134). 11. The nmethod as clainmed in any one of the preceding
clains, wherein the first and second | aser beans are fired in pul ses, and

furt her C%Hrhegibﬂggtmggf Eig)t@ggﬁlnmri@idep ffohﬁ%ipat AFERnPIh ”gﬁ@awa ghgdur ation

in a range of nanosecon s and a rise ti ess an about 10
nanosecondske fifsPandl$eeondites b amd AXGwmee irimsetraelpeffi@l aaddod-tollinkat ei n t he
rise tine is about 4 nanoseconds and the energy of the | aser beans is about
3 joules. 16.hA3A\ A A3.A . AA 3A Af A3. A

- Rn>Ys_j nyO. ! R4EFRLAL B %é}ee?ffe&ycﬁqe k%ndc%qce% é qeg Rogtions) B2 4l ca] ca
a] cRa] ca] %laca;&ﬁkﬁ@ gl ﬁﬁsl Cakcaksrd %kp@h&ad padre R WD #3988 ™ 150 Meo- -/ 9

0Y001=1v11"2*2/ 2: 2 28R,
; >SC} xsni dubtatiatigjpacalleh] fh?e] fiss} and spndi]aser] shatk p¢aell spdtsdf8ahd dpgateca] ca] ca
I SCDDI DE: HIJ) M MM NQ?VEVPWD[ *_d_n
!31%1? % ‘éﬁéﬁ? s l}cefilr]ei?a%cc ﬁ%@%ﬁggbea%&}?e‘éa eap%%ﬁlc%jaéé]r@al}eeépmca] Ea]_cg

LoRt ar bt ot N Al LI £ R IheL SRhERb Bk e et LT BeB) oP T

ca] ca] ca] dabtcalicetan] wafacapodiban] Enjmud] iSa]res@]:«:tar]el;a] Ems]tcaac]l sedodd ré¢dibnsdkkm nnN
Hr qr £ WVWWMNX t Z n Z

o) ool ch) APeATEADE VAR S AP AR ] BAa CAUaNoaDe Bpdal GLTOR! Fnf H 56

vioos | & (1S UL et peepid S5 ey el i cpon ARG, G0t ()

10%t| & () -shi(it4he&udy 1ds&rl ik feéred fidst amly QQ@d SpotO Y88 ladd 169 Krebpectively,
109&' ()-F10%& ()- 104 104 104S@ MLO%&' ( g 10%45& (d) _(@:f 8 10%| &
10% & () - Adgngitndinallsgaged ppary the long1tud1nal distance L formed by the laser

shock peening process on the first and second surface portions 152 and 153 such that
each of the simultaneously laser shock peened first and second spots in a given couple

have a transverse offset OS from each other with respect to the longitudinal distance.

The low energy first and second laser beams 102 and 103 have low energy
levels on the order of 3-10 joules or even perhaps 1-10 joules to allow smaller less
expensive lasers to be used as disclosed in United States Patent No. 5,932,120,
entitled "Laser Shock Peening Using Low Energy Laser". An energy level range of
about 3-7 joules has been found particularly effective as has a level of about 3 joules.
The low energy level laser beams are focused to produce the small diameter first and
second circular laser spots 158 and 159 having a diameter D in a range of about 1 mm
(0.04 in.) to 2 mm (0.08 in.). The area of the spots are about .79 - 3.14 square
millimeters or about .0013 - 005 square inches. The lower energy range has shown
very good results and the 3 joules laser is quite adequate, produces good laser shock
peening results, and is very economical to use, procure, and maintain. These energy
ranges result in surface laser energy densities of approximately between 400

joules/(square cm) down to 100 joules/(square cm), respectively.
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FIG. 7 illustrates 9 overlapping rows R, more or fewer rows may be used, of
the overlapping first laser shock peening spots 158 and one embodiment of the present
invention adjacent ones of the laser shock peening spots 158 are laser shock peened
on different passes and the patch 145 may be re-coated between the passes. Adjacent
ones of the rows R of the overlapping laser shock peening spots 158 and adjacent ones
of the overlapping laser shock peening spots typically having an overlap of about 30%
and the laser shock peening spots are typically about 6 mm (0.25 inch).

Thus, the first and second laser beams 102 and 103 are aimed and fired in a
manner to produce first and second patterns on the first and second surface portions
152 and 153, respectively, of the article having overlapping adjacent rows of
overlapping adjacent one of the first and second spots, respectively. In a more
particular embodiment, the first and second patterns are 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 surface portions are laser shock peened using sets of first through fourth sequences
S1 through S4, respectively. FEach of the first through fourth sequences S1 - S2
includes continuously firing the laser beams on the surface portions 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 sets. More than one set may be used such that
each spot is hit with a laser beam more than once. A more particular embodiment
includes coating the surface portions with an ablative coating before and in between

each of the sequences in the set.

The present invention has been described in an illustrative manner. It is to be
understood that the terminology which has been used is intended to be in the nature of
words of description rather than of limitation. While there have been described
herein, what are considered to be preferred and exemplary embodiments of the present
invention, other modifications of the invention shall be apparent to those skilled in the

art from the teachings herein and, it is, therefore, desired to be secured in the
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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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CLAIMS:

1. A method for laser shock peening (LSP) an article (108), said method

comprising:

aiming and then simultaneously firing low energy first and second laser beams
(102, 103) with sufficient energy to vaporize material on first and second surface
portions (152, 153) of the article (108) to form first and second regions (156, 157)
having deep compressive residual stresses extending into the article (108) from the

first and second laser shock peened surface portions (152, 153), respectfully, and

said atming comprising aiming the first and second laser beams (102, 103)
such that first and second centerlines (CL1, CL2) of the first and second laser beams
(102, 103) impinge the first and second surface portions (152, 153) at first and second
laser beam centerpoints (A1, A2) through which pass parallel first and second axes
(AX1, AX2) that are substantially normal to the first and second surface portions
(152, 153) at the first and second laser beam centerpoints (A1, A2), respectfully, such
that the first and second axes (AX1, AX2) are offset (OS) and first and second

centerlines (CL1, CL2) are non-collinear.

2. The method as claimed in claim 1, wherein the first and second laser beams
(102, 103) are aimed such that the first and second centerlines (CL1, CL2) intersect

and are angled with respect to each other.

3. The method as claimed in claim 1, wherein the first and second laser beams
(102, 103) and the first and second centerlines (CL1, CL2) are parallel and offset (OS)

with respect to each other.

4. A method for laser shock peening (LSP) an article (108), said method

comprising:

aiming and then simultaneously firing non-collinear low energy first and
second laser beams (102, 103) with sufficient energy to vaporize material on first and

second surface portions (152, 153) of the article (108) to form first and second regions
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from the first and second laser shock peened surface portions (152, 153), respectfully,
and producing longitudinally spaced apart (LD) first and second laser shock peened
spots (158, 159) that are transversely offset (OS) from each other are non-collinear,

and

each of the low energy first and second laser beams (102, 103) having a level

of energy of about between 1-10 joules.

5. The method as claimed in claim 4, wherein the first and second spots (158,

159) form respective rows that are substantially parallel.

6. The method as claimed in claim 4 or 5, wherein the laser beams are aimed and
fired in a manner to produce first and second patterns on the first and second surface
portions (152, 153) of the article (108) having overlapping adjacent rows (R) of

overlapping adjacent ones of the first and second spots (158, 159), respectively.

7. The method as claimed in claim 6, wherein forming the first and second
patterns further comprises continuously moving the article (108) while holding
stationary and continuously firing the laser beams with repeatable pulses with
relatively constant periods between the pulses wherein the first and second surface
portions (152, 153) are laser shock peened using sequences (S1-S4) wherein each
sequence comprises continuously moving the article (108) 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.

8. The method as claimed in claim 7, further comprising coating the surface

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

9. The method as claimed in any one of the preceding claims, wherein each of the
low energy first and second laser beams (102, 103) has a level of energy of about

between 1-10 joules.
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<=>7? @\BCDaFgahlitukKinbNOBRIGRIATHDINIBA) ahd theafiret@idgdecdkd surface portions (152, 153)
are on pressure and suction sides (146, 148), respectively, of the airfoil (134) along a

leading edge (LE) of the airfoil (134).

11.  The method as claimed in any one of the preceding claims, wherein the first
and second laser beams are fired in pulses, and 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.

12. The method as claimed in claims 10 and 11, wherein the rise time is about 4

nanoseconds and the energy of the laser beams is about 3 joules.
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