28 February 2006 SI MULTANEOUS OFFSET DUAL S| DED LASER SEEEEbfRBENIIIG USI NG
LOW ENERGY LASER BEAMS BACKGROUND OF THE | NVENTION Field of the Invention
This invention relates to | aser shock peening and, nore particularly, to
net hods of sinultaneously | aser shock peening opposite sides of an article
using offset |ow energy |aser beans. Description of Related Art Laser
shock peening or | aser shock processing, as it is also referred to, is a

"parted by TARaTAREAYS e SETDUAEHIPEEASER HOCRYMINANG USRS, cnock

peeni ng typically uses one QIOWENERGAILASERBEANMES from high energy,
about 50 joules or nore, pulsed | aser beans to produce an intense

- shockwave at the surface of an article sinmilar 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 UN ". Laser shock peening, as
understoo ‘lﬁﬁjﬁtdl‘!nﬁ6 artbguﬁgm%erel n, means utilizing a pul sed | aser
beam from a | aser beam source to produce a strong |ocalized conpressive
~force on aFiphrdfitheInvtntiorsur f ace by produci ng an expl osive force at the

i mpi ngenment point of the | aser beam by an instantaneous ablation or

vapori zation of thin ] ayer of that surface or of a coating (such as tape
or paint) on tﬂiﬁ @V?qt’é’tlfef%?%FPf%?eﬁsSh@CbI%mg Ela%elmlsihpmcpbdm by is

bei ng dev as., t fle field,
some of vmqihc ggsr EP |scf%sa§w| La%?rf} é%nfn% I%’ %‘te ﬁgﬁeﬁ) aﬁo %8%6 965
entitled "dfsefloev feygyllase bedshack Peenlng"' 5 591, 009 entltled "Laser 28

- February 2006 shock peened gas turbine engine fan bl ade edges"; 5,531, 570
entitled "Distortion control for |aser shock peened gas turbine engine
conpressor bl ade edges"; 5,492, 447

Description of Related Art

Laser shock peening or laser shock processing, as it is also referred to, is a
process for producmg a region of deep compresswe 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 Processiﬁg"; 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 producmg
an explosive force at the unpmgement 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.

Lasér shock‘ peening is being developed for many applications in the gas
turbine engine field, some of which are disclosed in the follovﬁng U.S. Patent Nos.:
5,756,965 entitled "On The Fly Laser Shock Peening"; 5,591,009 éntitled "Laser



entitled "Laser shock peened rotor .conponents for turboegdfebngry 2006
5,674,329 entitled "Adhesive tape covered | aser shock peening"; and
5,674,328 entitled "Dry tape covered | aser shock peening”, all of which
are assigned to the present Assignee. Laser peening has been utilized to
create a conpressively stressed protective |layer at the outer surface of
an article which is known to considerably increase the resistance of the
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mat eri al .--The.lager beans-are typically balanced in order to mnimze
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The pressure pulse from the rapidly expanding plasma imparts a traveling
shockwave into the component. This compressive shockwave caused by the laser
pulse results in deep plastic compressive strains in the component. These plastic
strains produce residual stresses consistent with the dynamic modules of the material.
Dual sided simultaneous laser shock peening includes simultaneously striking both
sides of an article by two laser beams in order to increase the compressive residual
stress in the material. The laser beams are typically balanced in order to minimize
matetial distortion. The initial compressive waves pass through the material from
each of the sides and are reflected back from the interface of the two initial

- compressive waves. The reflected waves turn into a tension wave. The combined
tensile stress of the reflected waves, when the reflected tension waves- from the both
sides meet at mid-point in the same axial direction, can be greater than the strength
that the material can handle and a crack 6an be initiated at the mid-plane where the

two shockwaves meet.




Anot her characteristic of LSP that limts its engineeripgFebruggtdgpeness is
the formation of deleterious release waves that create tensile strains.
The rel eased waves rmay form spontaneously followi ng the conpressive front
or may result fromreflection at a surface with inpedance m smatch such as
at the outer surface of a conponent being |aser shock peened. Wen

mul tiple rel ease waves are simultaneously propagating in a conponent, they

may add in a napn t er med_super, ition .This superposition of tensile
waves nay r educ‘gn‘?th%r ‘3?#%‘%?‘?%@ . oM_ﬁ@ﬁe‘%‘F‘?@?&Pﬂg @g’lﬁ?}w_@g@ﬁs\}é the r ai ns
or My eveRnBaiifol RNbliGus EREIUN AWl 'cfhaEJ@%gife .ntT'he-FQ?%e& YRFELO>! tion
of the two spatially concentric waves thus reduces the beneficla effects
whi ch may ey fremsyportnénnsiidbliowbigithgcomprassive frorit or hiag bésyltdrsh foflotttort 0 have
- a process -for aEd togﬁrod ce an,article that _is sinultaneously |aser shock

- peened on FioSBE0 Nk peance mismatch sych a8 4t the ppter swibeseof & eqrironsyt

| owering t i j St -1he e % hUst bel ow the
maxi mum orgbgill gé\%%?%gf%nim i é&st rwenzegfg?h%lﬂg fr‘% eSIr:i altr“.%gl ﬁ@el Eﬁ%‘{'&sége%qs hly

desi r abl e gropagatingil @ compehéntj thay enayraddeiduc mahes Yedfed-fupedposiabn.t They
effectiveness of, .t hﬁgbene]‘i cial conpressive strains fromlaser shock

peeni ng caRE@osyoR i &nsHs puRves | BAY oreducendhe effeplivensss nhirthe ceneficialy. cost s
of the la ' e ' . f concern because
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i's di scl osSBds supediisitionsofbhe litvo Npatidilyddacédntfic velts tHug dedueas Bic KRRBKHalPeENi NY
Usi ng Low Epnergy . lLaser”, which jssued August 3, 1999 and is assigned to
the preserftic&s appe peaurehbeHCFdesiings i ncor por at ed herein by
reference. Manufacturers are constantly seeking nmethods to reduce the

that| the prosanr nuanp s RHstCis BREGTREES: RiAnlt o biBE & Aebihdr T
| NVENTI ONis simultaneously laser shock peened on two opposite sides and eliminate the mid-

plane cracks by lowering the combined tensile stress of the reflected waves just below

the maximum or allowable tensile stress of the material. -It is also highly desirable to

be able to eliminate or reduce loss of HCF benefits or effectiveness of the beneficial

compressive strains from laser shock peening caused by the superposition of tensile

waves.

| Manufacturing costs of the laser shock peening process is a great area of
concern because startup and operation éosts can be very expensive. The use of low
encigy laser beams of this order of magnitude is disclosed in United States Patent No.
5,932,120, entitled "Laser Shock Peening Using Low Energy Laéer“, which issued
August .3,‘ 1999 and is assigned to the present assignee of this patent and is
incorporated herein by reference. Manufacturers are constantly secking methods to
reduce the time, cost, and complexity of such processes and it is also to this end that

the present invention is directed.




According to a first aspect of the invention, there is pgeebRRg fooset hod
for | aser shock peening an article, said nethod conprising aimng and then
simul taneously firing | ow energy first and second | aser beans with
sufficient energy to vaporize material on first and second surface
portions of the article to formfirst and second regions having deep
conpressi ve residual stresses extending into the article fromthe first
‘and secog@MmYmﬁEWWface portions, respectfully, said aimng
conprising the first and secon aser beans such that first and second
centerlines of theAcrprdingdna@ firstcasnertlof terinyenion, thaysiin geovided afmethod and
second siggf th tanf SREyd ts
- through J!&\I%.I %& g@?kgagéa}%gg ffﬂ:ug%e asgﬂld secongbﬁﬁggsmghgﬁn?%taggg@bgnt ially
normal t émtq%@n%qqslﬁ ripgilogeensrgy Sist patsecpad tlasen beamg withsufficient emsrgy second
| aser begmgRRrE ALY $n ﬁ?s?%ﬁ&tséégnhysu fﬁéécébﬁlgﬁ'st of 18 a&ﬂ{lé&o%ﬁ&?cond axes
-are offset_and first and second center I nes are non-collrnear, and each of
the | ow awbeeipndiregiony hgvisecdasn omumsesshyeaiesidnalystragses exsenglingintertbe gy of
about bepMRRYrorh thelfrsi £id s%@ondTlQEer lsﬂé/& gﬁ@ﬁ&lysuk*ﬁé@% ﬁSﬁ‘é“Pengé{ V?ﬂl(% ow ener gy
| evel s on the order of .3-1.0 joules dr even perhaps ou o allow
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Laser”. An energ evel ran%g about been foun
parti cul H?fFlg?ﬂSe#tf%fét aigeseggndy erdwaéh@ngeypmatséhm@gha&mhpas jporallelsfirsThe | ow

ener gy baRNBeobRy ake tAGHS Sbstadl /i 8nd GRke FHALAS Navi ng a
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.di anet er in a range of about In one
enbodi nedft the e and; wn%}merswnhaent@"g@msm@mctﬁégy b@chaihnbdlesﬁmhammat first

and secongosPRicaatd st 9hd KRE and bécBhd oBRELAE RSBl B gee the

Cfirst and second surface portions at firs secon
cent er pothRd@w engray fiest apd mOE@@erdmammh@wmg |ar1€\tel efiehesgicofaboakkstwedmat  may be

substant l I ani o v SRR rLi he first
and seclo_gto)l ?(ua{gkg:[%é%‘?n%g%@?ﬁde%?%ts ?%gpectfﬁeggp%‘ﬁaggﬁc ?rﬁig{ 1the first
and secotrd0 dedes onexenierkaps s‘e ) joujesdo failpwt sadlen lgsaexpansivarlassrodberent  of
(the preseh dsnuRebidNin Witell Sifes 4G F6EO593h 396! RIS IRY, Bfodl med such
that the first and_second centerlines intefrsSec are angl e th
respect Resnwgdising hew. Eneigy LaserbndAmsnergpdevel «l:fmgarof about 3-7 joules has

been found particularly effective as has an energy level of about 3 joules. The low

energy beams may be 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 may be 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
~ may be 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
may be offset. In a first more particular embodiment of the present invention, the first
and second laser beams may be 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 may be parallel and offset with respect to each other.
According to a second aspect of the invention, there is provided a method for
laser shock peening an article, said method comprising: aiming and then
| simultaneously firing non-collinear low energy first and second laser beams with

sufficient energy to vaporize material on first and second surface portions of the




enbodi ment of the present invention, the first and secopdFebagfy s and
the first and second centerlines may be parallel and offset wth respect
to each other. According to a second aspect of the invention, there is
provided a nethod for |aser shock peening an article, said method
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-about bet ween 1-10j oul es. According to a third aspect of the invention,
there is provided a method for |aser shock peening an article, said met hod
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at the first and second laser beam centerpoints, respectfully, such that the first and
- second axes are offset and first and second centerlines are non-collinear, and each of

the low energy first and second laser beams having a level of energy of about between

3-7 joules.

_ According to.a fourth aspect of the invention, there is provided a method for
‘laser shock' peening an article, said “method comprising: aiming and then
- simultaneously firing non-collinear low energy first and second laser beams with
sufficient energy to .Vaporiz‘e material: on first and second surface portions of the
article to form first and second regions having deep compressive residual stresses
extending into the article from the first and second laser shock peened surface
-portions, respectfully, and simultaneously producing longitudinally spaced apart first
- and second laser shock peened spots that are transversely offset from each other are
non-collinear, and each of the low energy first and second laser beams having a level

~of energy of about betweén 3-7 joules.

In another more particular embodiment of the present invention, the laser
' 'beams may be 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




According to a fourth aspect of the invention, there i SgFéniist9cdoas et hod

- for laser shock, peening an article, said 'nmethod conprising: aimng and
then sinultaneously firing non-collinear |ow energy first and second | aser
beans with sufficient energy to vaporize material on first and second
surface portions of the article. to formfirst and second regi ons having
deep conPyekapping adiaseny @a¢ ok thedusicand seeand saptsgreppacvel el e RAtEINs M3 m t he
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| aser sheRIDE drigg 3he laspr poamss witharepeatetle pylsey palb: refatiyplveeostaBt her are

| - non-col | p&RAAE beRitdn SRE Pulsds, WhreiPMcUBREY prtibad nmah be I8P BibdkaRBhedeans
havi ng a IeveI%a#Qf energy of about between 3-7 joules. I n another nore
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~ai med angefldseeBeaniy oh tHBSRIced SuchtRAVERatN b6the %%o'i%ﬁiﬂi’ls Rafab&itdgen the
first and_ second _surface_portions of the article having. overlapping

- adj acent o tB6&ases shgck peangd sppts greduiniy ditferentgnss Athg gpancasss 1B AR 1S the fir st

~and secopdreSpRfidularcRftRafkdnY Blay-indiige RAlLS HHSsuBYe pdiBofsOkikgn Blag@Nt | nuousl y
noving the article, while holding statjopary and = continuously firing the

| aser besapingPeliere @ddn iy cen Hin ssauenges 1 theseht i vel y constant peri ods
“between the pul ses, wherein the surface portions nay be | aser shock peened
usi ng sets of sequences, and wherein each sequence, nay .i ncl ude continuously
firing the |'Bacatipleanay ke 838 i aiieh anch e Tt 28 SRS SEHESS ur { ace

- portionspdbRCAay BRN&S predduré RAd lsasfin SHES kePRONRLY, WTQhS aAFAl Blohgidh
different gnes_of the seguences in the sets. A nore particul ar enbodi nent

may i ncll§atng edgsfghe HEodurf ace portions with an ablative coating before
and in between the sequences in the set. The article may be a gas turbine
engine airfoil_ and the first and second surface iq%rtions may be on

pressure and 4lsedissipsed ietlaseresigele peepsr article haviae dasex dock geensd frst | eadi ng
edge of 4rfaesebdd Qirface Poftfondivit AL And Secdnl3e8ibns hAGkKg BEGNESmpreisied € havi ng
| aser shoc_l(<1 peened first | i
' residual stresses extending into the article from the first and second laser shock
peened surface portions, respectfully, wherein the first and second surface portions
may comprise couples of simultaneously laser shock peened first and second spots
from laser shock peening, and each couple of the simultaneously laser shock peened
first and second spots may be longitudinally spaced apart and transversely offset from
each other. In one embodiment of the present invention, the couple of the
simultaneously laser shock peened first and second spots may be substantially
parallel. In one more particular embodiment of the present invention, the first and
second surface portions of the article may include first and second patterns of
overlapping adjacent rows of overlapping adjacent ones of the first and second spots,

respectively.

One or more embodiments may have many advantages including lowering the
cost, time, man power and complexity of performing laser shock peening by allowing
crack free dual sided simultaneous laser shock peening. One or more embodiments

~may provide a dual sided simultaneous laser shock peening method which is able to
eliminate the mid-plane cracks by lowering the combined tensile stress of the
reflected waves below the maximum or allowable tensile stress of the material. The
~ invention may provide a simultaneously dual sided laser shock peened article without

‘the mid-plane cracks.




and second surface portions with first and second regi omsFdhvarp@ogdeep
conpressive residual stresses extending into the article fromthe first
and second | aser shock peened surface portions, respectfully, wherein the
first and second surface portions may conprise couples of sinultaneously
| aser shock peened first and second spots fromlaser shock peening, and

- each couple of the simultaneously | aser shock peened first and second
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effectiveness of the beneficial conpressive strains fromlaser shock
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- FIG. 3 is a diagrammatic illustration of the offset laser shock peened spots.
FIG. 4 is a diagrammatic illustration of a method for forming the offset laser shock
peened spots with slightly angled and converging laser beams according to another
exemplary embodiment of the method of the present invention.

- FIG. 5 is a perspective view of the fan blade in FIG. 1.
FIG. 6 is a cross-sectional view of the fan blade taken through line 6-6 in FIG. 5.

FIG. 7 is a schematic layout of the laser shock peening spots locations on the patch in

- FIG. 5.
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- DESCRI PTION OF THE DRAWNGS FIG | is a scherratlczglpbuﬁfafyagoggn of a
'SEISE![:UPESne engi ne bl ade nounted in a |laser shock peening systemset up to
| aser shock peen using an exenplary enbodi ment of the nethod of the
present invention. FIG 2 is a cross-sectional schematic illustration of a
portion of the blade illustrating the offset |aser beans and | aser shock
peened spots of the exenplary enbodiment of the nmethod of the present

[ [ Iustratlon of the off-set |aser
;E\égﬂt ngnéjgél%%@béﬁéﬂiﬁﬁﬁﬁ%% IIustratlon of a nethod for
form ng the offset | aser shock peened spots with slightly angled and

ethod of the precont i avent bad £ kge 1RAERR e AR PRI e { an

t hod of the present invention
bl ade in FRGtern . 10 thatis Gseidgo daser shosk peentrtieled exmqjl\iﬁ@& by A%ak anbik %Hga& aken

h
Shook peent iy 2t L8 baing iy il 19 1o doncs 'w?ge"l;&r%m&q;md%éa
chorati ¢ 1T uarr ey SR e R0 wihides s BT IL byt R osolr v med 10

schematic illustration of a’lase enln

bl ade
| aser shochrepagpiifir aidladszamieripet vk fbydsaﬂlsci\ﬁe-hﬁhpﬁﬁétﬁla%}%éaﬁx kPR
108 havi ng, an alrf 134 with a patch 145 that is to be | aser (ﬁ (f<

? S t c3 35i thell wahsmitcangefoeusaloor edtghavi ng
peened.  THE" ﬁﬂsd el SR T <y i 1 ol i ch feeds the
gpeoz(r:r;): : 1? fliggl I asgé)n e%erqpn@%pg Il{)i ahd ﬁdﬁ{ﬁsgf,%vg rﬁ‘?ﬁ’ﬁ?&‘ﬁ@é\h So‘ﬁo'é‘?t?‘ilﬂ% s and

beans
optics 35 fidtate 15 aviseti is arghédess fvewxanesduted hiMti@ng o .
182 and 103, respectlvely The bl ade 108 is nounted In"a 1eﬂ%xt u¢ whi ch

Irr:m?t L?EP e 8 1/%7‘/%? o ?@%@eﬁs rmmmq;?ally g?/‘m?fhaiggﬁb??;{m t he Hatjl1c finan
Cor pgr at i ggmi)ﬁl%g?l?fgﬁa an %?@loceceafst @gggs‘ﬁﬁ}‘%é’% 3\1\&3 6(.% T1&cHe#ie. The
five axesxef offmotivh tHagbraailRistrated 34 RS BferhPladyEmBIEIRLALY SIPQLiAENt are
conventi Ont?alnslatlonal axes X, Y, and Z, and conventional first, second, and third rotational axes

A, B, and C, respectively, that are well known in CNC machining. The manipulator

| 127 is used to continuously move and position the blade to provide laser shock

peening "on the ﬂy'.' in accordance with one embodiment of the present invention.

Laser shock peening may be done in a number of various ways using paint or tape as

an ablative medium (see in pérticular U.S. Patent No. 5,674,329 entitled "Adhesive

Tape Covered Laser Shock Peening").

Referring to FIGS. 5 and 6, the blade 108 includes an airfoil 134 extending

radially outward from a blade platfomi 136 to a blade tip 138. The blade 108 includes

a root section 140 extending radially inward from the platform 136 to a radially inner
end 137 of the root section 140, At the radially inner end 137 of the root section 140
is a blade root 142 which is connected to the platform 136 by a blade shank 144. The

- airfoil 134 extends in the chordwise direction between a leading edge LE and a
trailing.edge TE of the airfoil. A chord CH of the airfoil 134 is the line between the
leading edge LE and trailing edge TE at each cross-section of the blade as illustrated
in FIG. 6. A pressure side 146 of the airfoil 134 faces in the general direction of

- -rotation as indicated by an arrow V and a suction side 148 is on the other side of the -




translational axes X Y, and Z, and conventional first, o§¢esR@ry foub t hird
rotational axes A B, and C, respectively, that are well known in CNC
machi ni ng. The mani pul ator 127 is used to continuously nove and position
the bl ade to provide | aser shock peening "on the fly" in accordance with
one enbodi nent of the present invention. Laser shock peening may be done
i n a nunber of various ways using paint or tape as an ablative nmedium (see
in particula 'Uﬁg' Pat ent . 5,674,329 entitled "Adhesive Tape Covered
Laser Shocﬂlr{géle b apan-line ML 15 generally dispgsed snidway Betwerre thel taesidesginithe | udes
an-airfoil 4wy ' radially outward froma bl ade platform 136, to a
"~ blade tip ?%g. Thgﬁgﬁgg% 108 includes a root section 140 extending
radially inward fromthe platform 136 to a radially inner end 137 of the

root section 14The Radingedgasictibh ¥50 pfitte otk 10¥7exadnds ARNEIRS leadkbicape 140 s
¢h is connected to the platform 136 by a bl ade shank

a blade ro 42 whi
144. The gﬁr“&éﬁ? al{f%‘ﬂ IBdtTesemdhs blade, plaghenddbde thg blede ﬁprl%et%elna@ng eadi ng

edge LE an i | j I chor.d f . the airfoil
134 is thegqglgnseea @t %@%cﬁﬁ%?aﬁgeaa%h%ﬂgegg%&{%l%ﬁ tSPQT haﬁgée%@@ng €d8t each
- Cross- sectseotionfl50 becom@eesan dréd Whtrealiae 54 ZhbWHin ?han%rﬁ} QAP Waks flafle 146
of the airfoil 134 faces in _the general direction o rotation as 1 ndicated

by an arr o2y 9eaicplengsthetlpyling pdge ofithei airfoll 3 edwingemgiiedependtionh eThe 28
.February 2 af 44 Qlals - |.kN i eneral Ly di sposed_.m y between
the two sizaglcekgﬂiinﬁt g{éﬂjecéﬁtgrg?\nﬂ %néﬁ?néﬁltgg?ﬁl%n. e?ﬁeﬁql‘iafh‘ien@ ﬁﬁﬁ’éﬁ@éﬁ\tﬁ'@?ﬁ 150 of

the bl ade dedSraext®ntis ARSIt Beitihe Ating casige 1A, bdif P34 i from
t he bl ade %E{ﬂatfor%nl% to the bl ag ge %% 0‘?’%@1&{ Tﬂ@a&fdﬂ&?ﬂ S éblon 150

nli3 de tip 1 | eading edge sec
i ncl udes aSubjestiervabraiionsceenerated during kngine opératidraandtthe nicksaidigasdgeratesect i on

- 150 enconp [ wher e .ni cks 54. (s i hant on) and tears_ that
may occur agﬁgglg C?ﬂ%%@i‘ﬁ i G S BdeESJﬁ’é‘ga&}%ﬂ'fv%m&nﬁpitg’ﬁs denscptations #heund
operation.thdhe airfoil 134 subject to a significant tensile stress field

due to centrifugal forces generated by the blade 108 rotating during

engi ne operation. The airfoil. 134 is also
~ 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 incipiént nicks and tears
may cause a failure of the blade due to high cycle fatigue. The laser shock peened
Vpatch 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 oppositély disposed laser shock_ peened surface portions 152 and 153 and a
pre-stressed blade regions 156 and 157, respectively, having deep comﬁressive
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 theréof if .do desired.

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

convex spction and concave pressure sides 148 and 146, respectively, along a leading
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subj ect to vibrations generated during engine operati omgpshilify§ Joogks and
tears operate as high cycle fatigue stress risers producing additional
stress concentrations around them To counter fatigue failure of portions
of the bl ade al ong possible crack |lines that can devel op and emanate from
the nicks and tears, the | aser shock peened patch 145 is placed along a
portion of the | eading edge LE where incipient nicks and tears nay cause a
cycle fatigue. The | aser shock peened

failure of fhe blad t o hj gh
pgltcﬁri4g ?@eﬁrﬁegag i e’glfﬂ ﬁ%ﬁlﬂih%%ﬂeom&wghméaqmﬁ@hé&éeﬂ@m@oéfm

exenpl ary edet i.he L& S | 4i LMof failyre may, start f.ar a fan
or cor-rpres%orS gfé:ggmeg\ﬁ E’:‘rsrr% %Ihdggggosnélr Pagﬁro%ﬁocg(eé’%eéjﬁﬁpgﬁoé% leSfm tls{aeast one
and pr ef ermkpegtitely,whdreinpthe paisrof spsisiee lHitaisdally) Spased bp2D a J68i8lg1 ar e

si mul taneoysly | aser shock peened to formfirst ~and second oppositely

di sposed |digtacedd and parsyswsely nffsatiompmach other assipdigaidd b5 3 teangvense offset

Conpreser oS P de ek B Bubnloifil bty o FOREG b Rn TG T o)

“extending into the airfoil 134 fromthe | aser shock peened surfaces as
seen in FIG 6.THhemRee sattid@dSaRcdlcane pfedfir® Ailes 128 AA 46 ava st Adg!Strated

.'along only '‘a portion of the |eading edge section 150 but nmay extend al ong
the entir scrensldpsy sherfepaeming: surfapeselS2pand: 19 respestively, wfithitothegwitahetts The | ow

fi 1Q2 103; i vely,
o racged (3 PR AARNT 06 BRle 27 TR i BAf soeong IEEAMASH Py thenar
- 0pposi te  1GOMaX 153 ClebRtidig, SRNSHAYRAIPHARSI SblFHE Soalifd s%eﬂ.a%gllﬁari?t or

r especti-velﬂﬁé.al ong a leading 28 February 2006 edge LE of an ol 134 of
 the bl ade adbssiva tepe to form armatsd sefBce Hrdiscleset o U rRatenp Nios.s5,674,320upides  of

first and l.aser .shoc eened ,spots. 158 and 159, respectively,

wher ei n tfiéa%gﬁg ofhcsB%PQa%fr@%Fd’ﬁ%Ylflﬁa? ﬁglaPye HER OXpapvhi lﬁdﬁlﬁﬁegﬁdi nal -

di stance lRapBshtiihMERMBEEE WhIQH i§ SRliclABIEA Rl ulil@[n Logi a
transverse offset OS with resﬁe?ﬁﬁ% ofyt he Igﬁlgd?(%u m%léha?g;ﬂgﬁ%gq%&gé&mre
particul aly. shown in FIG 3. The convex suction and concave pressure sides

148 and 146 have first and second |aser shock peening surfaces 152 and

153, respecti V%lhg ’blﬁﬁetlrblsr}s thx%i u%%éi)b n%oA{/%d 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 beains 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 ai: 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 ot aimed such that first and second centerlines CL1 and CL2 of the first énd
second laser beams, respectively, impinge first and second surface porti‘ons 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
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on opposite sides of the blade 108. The first and secongg Fasgary3idesk
peeni ng surfaces 152 and 153, respectively, are covered with an abl ative
coating such. as paint or adhesive tape to forma coated surface as
disclosed in U S. Patent Nos. 5,674,329 and 5,674,328. The paint and tape
provide an abl ative nmedi um over which is placed a clear containnment nedia
which is typically a clear fluid curtain such as a flow of water 121. The
bl ade 108 is contlnuous aned dur| the | aser shock peening process,

whi | e, themr&%?r 135 sud 1®cpryd pegiohst bawngntdecmomp;ess1ve

si nul t aneoys f t. na 102 and
103 ¢t hr oughchd %%%%ﬂ#eﬁﬁmé uiwtﬁaw&amfafz@e%mm@c% & ¥fsie foahg k
second Iasﬁb&h@ﬁ&s&@ﬁ@lé@&%&ﬁﬁ%d%@%@ﬂ% rebRk the laser ShOC |
peeni ng spots 158. The curtain of water 1 is suppli e by a water nozzle

123 at the end of a water line 119 connected to a water supply pipe 120. A
control ler 24 tHafistandseaondlapasbiearos 18hadb0canined suvh thasier fishank

1 and 2
Pongi ¢ oa i sstlerfildloETa8a (Lo npinert iy il Secpad sntess Twiony L9 r st and
second | ased maat&irﬂt%dad%doﬂd)&séﬂ%anﬁé&terﬁ&hts%l Ahd HIBH CYQ fcﬂfp%% i Tt

and. second centerlines CL1 and CL2 of the first and seco ase eans, '
respecti venayal el ﬁfﬁfﬂg‘éS¢q0ndtaxemd)(=lemldnfth2ﬂhaftmsmmtahtmﬂgsndsrﬁfamd&ﬁ fie herein

n_.

f | O 52 and 153, respectively, within the

o 1200, SERRE Y 8540, L A5 o orbine Lt
6 of f I n

are th en°sfff$*ﬁﬁ‘%ﬁfé%‘2%‘§°h@?‘ﬁ2g"%t i 3%%@?%#2%@92%&%{ 3 Bt Mt or

on the fir@% a&ﬁwfsedbmttawdnn :BIG 38 Ikehe t&mbydﬁm gnmﬂtﬂeﬂﬂfs \&%8 oibfaﬁi%CQSBS;g
resi dual stres

ot ot e s B R 2 3n B E RhsBh o Bt OB ndn corcrler Smqtneser bom “the

f t d n ul | The

firet ang TeAdbEbhasEimp (P98 iRESN O SRR IR ERGu] PRI p 11,

second cemmr(iles @m (AAA")CH2mim 0. 1Y, arde S frivis (0. BV FRE OIS Swinka@R

portions 15%angular coupons to simulate the leading edge of an airfoil.

Nlustrated 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 simultaneo'usly and are centered along the same longitudinal path or, in
other words, the first and second axes AX1 and AX?2 are collinear. For the present

- invention, the blade is fed longitudinally offset to the side of one of the laser beams
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and 153 at first and second |aser beam centerpoints Al affleiMabfUopggh which

pass parallel first and second axes AX1 and AX2 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

axes that are offset a transverse offset OS as further illustrated in FIG

3. I n one enbodi nent, good results were obtained using an approximtely 2
t OS and a circular spot dianeter D equal to about 6

mm (0. 075 in(il}’R %{lfia,% . :
mm (0. 25 i AR ¥iencdpe kscr potssirom\hofysidesoate fermediat didsrentriamigtinahpah andh

0.1"), 3 ¥ 15" d.5 . 19" fsetg.OS [ flat
gect a)hgul amc%gtp%ﬁs&%%nﬁs%%leﬁgmgrgﬁaﬂg%é%&eoéﬁSﬁc‘)fI%c?S“? i hIFe.ar-:JIS: Egt ra'f1 ed

in FIG 4 is another enbodi nent of the present invention in which the

first and seconth pamedl Hasas nd@8sarity) dhel Bdst ARG sBEITRkUSHED &1?%5 1584k st and
second cenéairl ines CL1 and CL2 intersect at an apex 90 gn are angled with

respect toleh@nd hsnge the first andnsecondt lasardshoek qrednathgpas 158 amid 19% ané t h
paral |l el f}] 3 ' d -ax 1 and . AX2 that are substantially normal
"to the fi g %{gﬁcﬂgeé%%ﬁoﬂ s APF 4t a@?rsf"f()(?ﬁéase'ig@cgrﬂfe‘l@sﬁpgfs Fs8raed 139 ec ond
laser beanillustited pObEhE chtuias) hohdver! BoP &t THAVE ¥1isies o%:]r&e&flérth s5gd | aser
. shock peening systeminpinges its |aser béans vmtph si x degree a"rg‘fé off a

normal to Theprgbent iventon inchides hdaskr hochpeomped artickekaviidlbsarshbdk geeaed bl ade
centerlines

s fed i | int.. of where the bears'

cross at it ANESeRR SteRe attist o) nd T dobeeen, FipRdmeemPaenos. When

the arti cl &5 adiied HavinkBRep E5ifrest ROl surbiies LlHEH il $8070s kRRET Shock
on bot sl des sinmulta d are

peened spots 158 and 159 are forneo neous

centered dheigstiand sseomd lasengheckdicendd pafabe portions) respebdillynoCsksplest §8of i I St

and seconds.ax‘%?sé}{i:Angl gﬁpd 2kare %ﬂ_l i necﬁr. F@r t he 'Eresent i nvention, the

bl ade is &G TG APSRGFIQFKJIePReS: Liksh and, gecendi apeys 158 and il SPheespestivelybeans

- 10. 28 Felyrs@dngitd e ides are forned at
di f ferent Ioné?gt ugiﬂﬁléﬁg%g%ﬁg%hﬁﬂh@ﬁ%@?%ﬁ%%@oﬁg& g)@ggi%tﬁ% PTaAx2 ar e

t r ansver sehgclopdenistg pmcess on-tbofitst ambsecondisigénre pattidaytl SPahd 16T eshahid ¥, the

first and seco surface rtion 52 and :
each of t(ge snnul?anemps y ltaser shock peened first and second spots in a given couple

=

have a transverse offsg:t OS from each other with respect to the longitudinal distance.

The low energy first and second laser bearns 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 Shbck 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 ‘focu_sed to produce the small diameter first and
second circular laser spots 158 and 159 haviﬁg 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 cnergy densities of approximately between 400

joules/(square cm) down to 100 joules/(square cm), respectively.
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153 and hence the first and second | aser shock peened spo9Fshriad g 159 are
substantially parallel. The first and second | aser shock peened spots 158
and 159 are illustrated as being circular, however, they nay have
elliptical, oval, or other shapes. The present invention includes a |aser
shock peened article having | aser shock peened first and second. surface
portions 152 and 153, respectively. First and second regions 156 and 157
havi ng deep conpressive residual stresses extend into the blade 108 from
“the first and s&8dnfiliusiates Snyekapning eawssRy erecopfemer toves map bpastd, wf| .

Coupl es 88upf , er. shoc ened first and second spots 158
and 159, rggﬁggﬁ%%%,ﬁ&?%gg %8%1%5‘?"8{51&?8?@%3633866 %ﬁ?@@ﬁ@ﬁ%@r@ﬁ%i nal

di stance Linvemiibrf adja®elt bivest dfethé &E&r sh i | ’ yrst and
.second surf ;c_e portJi ons 16552 and 1SBS ﬁ%%ﬁg%éggﬁgg%cgﬁé Sgﬁcn%g%%ousl y

| aser shocfn gikwend prsses andihg patehdidd eqyobesrercoateddictverencibelphsees. hedjacet
ct to the longitudinal

t ff oS f h, oth i t h

di ot ance. i oF By ONER G hF PesHaBhnedasth hpok zelnng savs | Romdaircanemnve | ow
. | 0| : 10

energy | eyfths o0erldppiadhseshotk plerife ki @glééfsl)égxxggg g&écﬁg@é}g a%gutjaﬁ}" es to

~allow smaller |l ess expensive [asersS to [ I'n ted

‘States Pataithplasesshoglopeeping spetstard typitally asmrt 6HwaqB.2Péah).ng Usi ng Low

Energy Laser”. An energy level range of about 3-7 joules has been found
oul es. _The | ow energy

articularly effectiwve.as has a |evel, of apout 3. j

Fevel I aserybea{r‘rlgusa#g %Eﬁ%‘gﬁe"%& Brd]BFé'QlStﬁ% %143 YF sirmedand firegtingnd
second ci riaadmy td ' ' r Lh_a.range of
about 1 -mm (0. 64@%11)0&? Sﬁtgnﬁ&(ogﬁ §&?ﬁf‘3;&?‘\ﬂ?ﬁgﬁ%ragg%g®$? thR %%oft’osmg?se about
.79 - 3. 14¢qaad el 53pimkspentively,sobthabtitle . 00y ovalpphguadiecdndGBRS. of he

| ower ener range has shown .ver ood results and the 3 joules laser is
quite adeqog’é{l@p"gg &H-l?@ Psonf Iﬂ%?séfsgﬁﬁ‘IgCWCO%éﬁ‘i’tﬁgquE%Wtﬂ& bne mgrovery
econom calpabteutiiCembSRMBAE the Hest BIdNERbRG rpglgﬁls a%@%ﬂﬂed ﬁg%%%ﬁnﬂo%gﬂfl tin

surface | aser energy densities of approxi et'ween

oul es/ ( squae'ang the aitivle whild bAldinguitehesgaral eortiflioushe SiBAS tthe/ Blsdr behins28
February 20816'FI 7 il1ust.rat ?s, 9 overlapping rows R, nore or fewer rows
may be us g gpea able 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. Each 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

inchides coatina the curf: i : ; 3 :
cludes coating urface portions with an ablative coating before and in between

B vALL SAAN AWl A 2 CALIRLL

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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the overlapping first laser shock peening spots 158 andh®pengahodogent of
the present invention adjacent ones of the |aser shock peening spots 158
are | aser shock peened on different passes and the patch 145 may be
re-coated between the passes. Adjacent ones of the rows R of the
over |l appi ng | aser shock peening spots 158 and adjacent ones of the
over | appi ng | aser shock peening spots typically having an overl ap of about

30% and the |asger. sho eni spots are typically about 6 nmm (0.25
inch). Th u%RPeP&%F ¢lpims ﬁﬁﬁ%é@%ﬁﬁ%ﬁﬂ%&@ﬁ faé’ew%%ltbe trp @pitid 3nd seopi afghie and
fired in ajpvB@yper to produce first and second patterns on the first and
'second surface portions 152 and 153, respectively, of the article having -
over | appi ng adj acent rows of overl appi ng adjacent one of the first and
second spots, rAsmedinplyeiwhat indain®te bePRbhrcd Hyal ctREDPSERESE thel tv]ﬁjt%d rst and
second paiéﬁrns re fornmed E%GcontinuousLy moving the article Ile

hol.di ng st AfiEs NG ysatienL: Jehned and differantiated irethe feltowibg alaims:wi t h r epeat abl e
pul ses with relatively constant periods between the pul ses, wherein the
~surface portions are |aser shock peened using sets of first through fourth
sequences S | through S4, respectively. Each of the first through fourth
sequences SI - S2 includes continuously firing the |aser beans 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. Mdire than one set may be used such that each spot is hit with
a |l aser beam nore than once. A nore particul ar enbodi nent includes coating

‘'the S .:.y fane o bons t"i h a va WU~ bla coati ,., A' b "UAaetVir b p
waa..r rv cu.i tiuU6 Wfor\+ alLl ULIl V& + i iil each of the 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. Wiile there have been described herein, what are considered to
be preferred and exenpl ary enbodi ments of the present
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invention, other nodifications of the invention shall bgsgpmaagHo0E0 t hose
skilled in the art fromthe teachings herein and, it is, therefore,
desired to be secured in the 12 28 February 2006 appended clains all such
nodi fications 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 i vention as defined and differentiated in the follow ng
clainms: 28 February 2006 CLAIMS: 1. A nethod for |aser shock peening an
article, said nethod conprising: aimng and then sinultaneously firing | ow

energy first andethed eitdadePSRIck PBeHIBg anhrtiblesstid ieftRAlcoRMALHY:. t O vapori ze
material on first and second surface portions of the article to formfirst

and second regions havi ng deep conpressive residual stresses extending

into the article fromthe. fi.rst and.second | ase hock pegned,surface

portions, respecry ﬁ?%englﬁlﬁ{aﬁ?%sﬁrgﬁm»i YRy éﬁsﬁ?ﬁ;sef‘ﬁﬁi i??"’?_??“ﬁ?]d second

laser beqiith saBfdiert BRdrg td $dporize AhtGRE 6R %ir& QAH 88dond Q8rfMe Sdiforls dfthe and

second | aser beans |np|@£‘ge the first and second surface portions at first
seeqndi e

and secofdicleatoeformefinst gions Maving hleapicotmprassive rpadiuall Iseksses r st and

por 1 ona e RE 9 Be MAeSBbDlnel S8R csntond Her ik BSnedcHBRte ully,

such t haportibhe réspe@fulignd second axes are offset and first and second
centerlines are non-collinear, and each of the |ow energy first and second
| aser beans heaid pigning Femptising aismiag the first anabrpoondpseandeams sich theufiss. 2. A

e 00, b AE e FSP 3Ch b s T e BRGR e S he T 20
W th respeehd ski®aRorticHsNA 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, such that
the first and second axes are offset and first and second centerlines are non-collinear,
and ‘ ‘ .
each of the low energy first and second laser beams having a level of energy

of about between 1-10 joules.

2. A method as claimed in claim 1, wherein the first and second laser beams are
‘aimed such that the first and second centerlines intersect and are angled with respect

‘to each other.

3. - A method as claimed in claim 1, whei'ein the first and second laser beams and

- the first and second centerlines are parallel and offset with respect to each other.
4. A method as claimed in claim 1 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.

5. A method as claimed in claim 4 wherein the rise time is about 4 nanoseconds

and the energy of the laser beams is about 3 joules.
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3. Anethod as claimed in claiml, wherein the first angg sgsoag Jdogser beans
and the first and second centerlines are parallel and offset with respect
to each other. 4. A nmethod as clained in claim.1 further conprising using
a tenporal profile of each pulse having a duration in a range of about 20
to 30 nanoseconds and a rise tine |ess than about 10 nanoseconds. 5. A
nmethod as clainmed in claim4 wherein the rise tine is about 4 nanoseconds
and the energy, of ih aser bea is about 3.joules. 14 28 February 2006 6.
A net hod%f or IAaéjé‘?tﬂ%‘ﬁJJ(%ﬁf)sé’érﬁ At ATHPEI @ é",rtl‘!al%ti gt ﬁ@ﬁgc‘fﬂ‘ﬁﬂ?qsgfl&qg: ai i ng
and then sinultaneously firing non-collinear |ow energy first and second

| aser beanms with sufficient energy to vaporize material on first and second
surface port i emsingfandhtheardimoltaepuosly dinng nos-tolindarsbeo rdergg ofimnhandavi ng
deep conpressive.residual resses extending into ., the article fromthe
first angg%@g?ﬁ&f P&URs m@‘h%%ﬁ‘”ﬁ@e‘??&@s@rYai’egg?)mqrﬁﬁlé’nr@%é‘&i $$PRY,  and

-si mul t ang@isdey poMiGHY UMthe LARM t8IdbRA! ¥t SRRAC SEboAR M duidnk " Rivi cond

| aser shock peIe)ned spots that are 0transverse?yﬁo?f seg n?ro%llgé;gﬁégt her are
non- col | compressisandsidaastiesses hxtehding ente tigyarficle $tonathd fstcnd de¢omddasebeans
having a | eyel of%fener y of about between 1-10 joyles. 7. A nethod as

cl ai med FRPSE| e f n POTIONS | rePectHiilys e dsfélﬁﬁta&e%s RGOt i al | y
paral I el joritudinilR} REstedSafh @& dadd) s€doBll Maler ISR Pednbf dpBRCIaPGRIT are

ai mred and iredm%JiZ nBa rrazrlmer to pr ogluce Pllaregt ar?g Qeeconc#ppattéar ns on the
first antrassyesaly offsetf faoe eagoothérams nod-céllineaaydnidcl e havi ng over| appi ng

adj acent rows o verl appin dj acent ones f the first and_second spots,
respectively.® ergttﬁ%&f“ggn%g&%ﬁ%&“ ﬁe‘iﬂnaﬁ?ﬁeégm Baving adewchgl eneeeX i rst and
second patifuhSetiviéd p_gbj&ggggri ses continuously noving the article while

hol di ng stationary an continuously firing the |laser beans with repeatable

pul ses with. relatively constant

7. A method as claimed in claim 6 wherein the first and second spots are
substantially parallel.
8. A method as claimed in claim 6 wherein 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 ones

“of the first and second spots, respectively.

-9, A method as claimed in claim 8 wherein forming the first and second patterns
- further comprises continuously moving the article while holding stationary and
continuously firing the laser beams with répeata'ble pulses with relatively cohstant
périods between the pulses wherein the first and second surface portions 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 s_urface portions adjacent ones of the laser shock peened spots

are hit in different ones of the sequences in the set.

- 10. A method as claimed in claim 9 further comprising coating the surface

- portions with an ablative coating before and in between the sequences in the set.
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peri ods between the pul ses wherein the first and second2gwebagey 2ou6 i ons
are |l aser shock peened using sequences wherein each sequence conpri ses
continuously noving the article while continuously firing the stationary

| aser beanms on the surfaces such that on each of the surface portions

adj acent ones of the | aser shock peened spots are hit in different ones of
the sequences in the set. 10. A nethod as clained in claim9 further

~conpri si coating t.he surface ortiqgns with an aplative coating before
and in bggweeﬂx ﬁ?g“oée%fu i gl lﬁ’e% é@l@rmﬁ‘éﬁ‘?@}@@o}su%lg? Bieige £12IA net hod

as clai maddiNafd Mt WhEsEIdNd Siffedbbioh® alSof pRSL Ul IshgGGhde. airfoll
and the first and second surface portions are og pressure and suction

si des, resppavelw ef the agfoit slenga teadink edg@ofthea alrfedldi ng edge of the airfoil.
12. A nethod as clained in claim1l wherein the | aser beans are ai ned and
fired in a manner to produce first and second patterns on the first and
second sypf ace, maiohia@emihbd f\daifl {1 Ghbrdiife MhePUSARPLARAIARER" T OWS Of
~overl appi ng adj acent ones o t%e Irst and second spots, respectively. 13.
A net hodime whaiardgd produeafinst & wendi patttmsnom chet fisst fahd Secaddsiscend
patterns furt heF con&&hges cont | nuousl y novi ng the ?rtj cle while hol ding
st-at i onaP§THoRR QT theAtsieil, Benang oysriappme adiaceniaays o€ axerlanping adiasentionss e pul ses
with rel gFinggir m0RsdAR% otE’er"e;igﬁ dptween the pul ses wherein the first and
second surface portions gr € l'dser ‘shock peened using sequences wherein
each sequence conprises continuously noving the article while continuously

firing thg stg;io ary laser beang on _the surfaces such that on each of the
surface porti onietfdaas lageddn faim, 42 | whespins fsming, dien S5t gt secord e hit in

O i o § bgtRRRD it BEmBAASRGRRdu MRvRE he Iold Wit BAAPEHALEPS | 7

claim13 er conprising coatin urface portions abl ative

- coating beiantinandly firibethedeser béuensseitiu aspestable pulsbewiti relatlvely dodinhod as

clainmed in ,claim6 further caonprisjng using a tenporal profile of each

pul se haQ?’Hﬁng’e&ﬁ?e&t#’BrP‘%?ﬁ?Séﬁl?eﬁW@éh% dndiseoend grfge porpsBRdaseRnd a ri se
tine shock peened using sequences wherein each sequence comprises continuously
moving the article while continuously firing the statioﬁary laser beams on the surfaces
“such that on eaqh of the surface portions adjacent ones of the laser shock peened spots

are hit in different ones of the sequences in the set.

14. A method as claimed in claim 13 further comprising coating the surface

‘portions with an ablative coating before and in between the sequences in the set.
I5. A method as claimed in claim 6 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.

16. A method as claimed ih claim 15 wherein the rise time is about 4 nanoseconds

and the ehergy of the laSex beams is about 3 joules.

17. A method for laser shock peening an article, said method compﬁsing:
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| ess than about 10 nanoseconds. 1.6. A nethod as cl ai medsiFgbgiad} 20065
wherein the rise tinme is about 4 nanoseconds and the energy of the |aser
beans is about 3 joules. IT A method for |aser shock peening an article,
said met hod conprising: 16 28 February 2006 aim ng and then sinultaneously
firing ow energy first and second | aser beams w th sufficient energy to
vapori ze mat elﬂlfallng@ndfhen§ﬂm§me®§b0fidn$lﬂw ercegyphirst amhssecmid leber beamsicle to

formfi rst second r |ons havi n res resi dual resses
Lot ot noi RS Aetel 89 LAt Bt SRSRGR RS ekl Sor e
surface apRIid iORSm HASRAE tsbsdrldYregfonk dlaain@ &p %Hﬁ&és&'veses&ﬁm Ngrebdag first
and second | aser beans such that first and second centerlines of the first

and secofgendingrintpe thes articlenfomgthet fisst fandssecand! lawesbock peerfedcairfacet i ons at

first andaglecong I i@ﬂ&ﬂé, beam centerpoi nts through which pass parallel first
and secoRAMERELSPRY Pe substantially normal to the first and second

surface portigng aﬁﬁm% *&smbhslﬁg afhie %ﬁ&ﬁfb@aﬁcﬂ%&@%&‘ﬁ‘eﬁﬁ%%ﬁ&ﬂhﬁ% Brst
respectfully, such t II‘SF and second axes are offset and first and

second camd éﬁqomde@n@rlelmmf ﬂholﬂinstnem:l ,secoaddamd:feam{s imipingeotheefist gyd f i r st and
second | aser . he of about. betwe j oul es.
18. A netwand é@ﬂ%&‘lﬁgﬂ ﬁﬁsgf’ﬂ‘%f a‘?‘h‘ifnfq‘?(g?safh@%ﬁé’ﬁﬁ th1 aser
beams ar gassafife] S4Cid 286nd H&s fma& ko S%Bsimssmznﬂnﬁs%%é fiResnd ficehpect and

- are angled with respect to each other method as clainmed 1n claim
17, wher sirface pertions st the figst s sendnd daser bdaencmmterpoiotst fespdetfolly, saddftmecond

centerll re .parallel and wWth res ct tQ each othe 20. A
net hod f Sﬁ atsf"é’fi %@‘i‘?l‘ﬁ-% {;\ ‘ESF fpdssecq f%cf‘r?:Bﬂ‘b‘PP i0ERY:  ai mi ng

~and t henggj nmul tan_eousl y firing non-collinear | ow energy first and second
| aser beans with sufficient energy to vaporize material on first and second
each of the low energy first and second laser beams having a level of energy

of about between 3-7 joules.

18. A method as claimed in claim 17, wherein the first and second laser beams are
~aimed such that the first and second centerlines intersect and are angled with respect

o each other.

19. A method as claimed in claim 17, wherein the first and second laser beams

‘and the first and second centerlines are parallel and offset with respect to each other.
20.. A method for laser shock peening an article, said method comprising:

aiming and then simultaneously firing non-collinear low energy first and
second laser beams with sufficient energy to vaporize material on first and second
surface portions of the article to form first and second regions having deep
compressive residual stresses extending into the article from the first ‘a;nd second laser
shock peened surface portions, respectfully, and Simultaneously producing
longitudinally spaced apart first and second laser shock peened spots that are

- transversely offset from each other are non-collinear, and
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surface portions of the article to -formfirst and. secog¢ep@aiystshavi ng
deep conpressive residual stresses extending into the article fromthe
first and second | aser shock peened surface portions, respectfully, and

si mul t aneously producing longitudinally spaced apart first and second

| aser shock peened spots that are transversely offset fromeach other are
non- col | i near caenef thy 198 epengy fistyandGoeorsaleser beamp bavingaderes! gf ehérgst and
second | haw .ng, a | evel of energy of about between 3-7 joules.
21. A ne?ﬁ@%nggg@%ﬁ?ﬁébog%&clain120 further conprising using a tenporal
profile of each pulse having a duration in a range of about 20 to 30
nanoseconds and a rise tinme |ess than about 10 nanoseconds. 22. - A nethod
as cl ai méd- i nAcmgthed 23 cleiwed imclaine 20 ifeghericomptising veimg 2tempood pudilds  and

t he ener gy e Jaser heans i.s_about O a8 28 Febru 2006

Si WLTAN%&%E’@?&"FVB%ATQQF@%“L%%BM ﬁ\?é“"tﬁ@ﬁ‘fﬁc‘%“gﬁ_@% éNEﬁGY LASER
BEAVS ABSHikfeAEsE thanaboiorh Aosdcda@, shock peening (LSP) an article (108) by
~sinmultaneously firing |low energy first and second | aser beans (102, 103)
to formpairs of longitudinally spaced apart (LD) first and second | aser

shock pegped ot 158,. 159 th e .on, opposite sides of the article
105y Pepae, Ahgbdod 3° Suinieth 1 B GeR I B e RabantEpraseed | o9
from eachndihe@hergFactheiset BearhsOiWaBRRNRGYulks.r St and second | aser beanms (102,
103) having a level of energy of between I-10 joules. Fig. 1 19.
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