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,ﬁlg thin ] ayer of that surface or of a coating (such as tape
or paint) on th#f @V?Qt’é’éef%?%FPféﬁeﬁsS@CbI%mg Ela%elmlsihpmcpbdm by is

bei ng devegl,omsas as..  t fle field,
some of whi c argP |scf%sa§w| La%?rf} é%nfn% I%’%lte ﬁgﬁeﬁ) aﬁo %8%6 965
entitled "dfsefloev feygyllase bedshack Peem ng"; 5 591, 009 entltled "Laser 28
- February 2006 shock peened gas turbine engine fan bl ade edges"; 5,531, 570

entitled "Di stortion

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



control for |aser shock peened gas .turbine engine conpreSfebridradeoedges”;
5,492,447 entitled "Laser shock peened rotor conponents for

turbomachi nery"; 5,674,329 entitled "Adhesive tape covered | aser shock
peeni ng"; 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 |ayer at the outer

f f | ich s k i Ly, h
o5 ot ance SR Rl el luftind BngiE Mk bl HIRRSS SR 57 cuited “isortion ent
No. ‘4, 937, 43iltrolerdt labdratlocd fhed PRcRinis: &g%ﬂeewngﬁ sﬁigﬁlgg‘?%%%elﬁ%%z'ﬂbho‘js
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The conpbined tensile stress of the refl ected waves, when the
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handl e and a crack can be tniti
a component being L.SP'D, to create the beneficial compressive residual stresses..

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.
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two shockwaves neet. 28 February 2006 Another charact er2&Félsrugfy 4066 t hat
limts its engineering effectiveness is the fornmation of del eterious

rel ease waves that create tensile strains. The rel eased waves may form
spont aneously followi ng the conpressive front or may result fromreflection
at a surface wth inpedance m smatch such as at the outer surface of a
conponent being | aser shock peened. Wien nultiple rel ease waves are

si mul t aneousl y r.opagati ng. i.n onent., they.may add.in a manner terned
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constant |y seelg : I. nd. conpl exjty of
such processes ﬁgﬁg’ lﬂ%t l?@il%%r%%‘?g&hi%?e édn)go‘%éﬁgﬁﬂ Al pro%uce A artiofe that

is 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.




the present invention is directed. 28 February 2006 SUMYARY¥nfdaryl3doe

| NVENTI ON According to a first aspect of the invention, there | s provided a
method for laser shock peening an article, said net hod conpri sing aimng
and then sinultaneously 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
-conpressiswmxpl@irrﬁﬁrms@qgrm ending into the article fromthe first
and second | aser shock peened surface portions, respectfully, said aimng
conprising the fi ré{cchm%e@cﬁfat asagcéuofﬂman’semmuhthmas pfavided aametheécond
centerli pgS1RQér Shek! bééﬁng'i'?lﬂ &%@fénds (?aﬁfeﬁhoge%?ﬁg ngﬁmE@ﬁ ahd " by 2Nd

- second surface portions at firs second eamc terpornts
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-l aser beam cent er pol nts res rst an second axes

are of f séd ger@nd| regiong g H MHI@SNGri@sldmlestrﬂSMC@dt‘tndmmto dhel each of
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Laser”. PeftigReitgirst adbseconth lpserdieamnesnterppintsjthipugh “ﬂmh pase@nraﬂghfm% o
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.ener gy beans may focused to aser haV|ng a
di amet erat thg ﬁastr%ﬁgteom bﬁﬁ@ubeam penterpeingy respegtfudly, auqhﬁh@oﬂmsﬁnshagd I'n one

enbodi megdeond Besfabd Sffset ﬁﬁ@ﬁ?s?ﬁﬁ&‘gecloﬁ& €n Q’ﬁﬁ@éﬁ n-l%‘allﬂlgﬁg%(f UG, Lpat first

and second centerlines of f1rst an secon aser beans inplnge the
first andedewenasy by and S??@Ml lasersheamsthpyisg adenel of encogyiof about bdtween

cent er poj -@bﬁoﬂl&f qHe %Mh@%yﬁ@s%ﬁb%ﬁéhf ha'd Tod ¥ e pgcdl, ReagRd S el Qfl may be
substantlal y normal to the first and second surfdce portions a he first
and 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 parﬁcularly 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




second | aser beam centerpoints, respectfully, and such Qbaﬁe@j&wigo&t and
second axes nmy be offset. In a first nore particul ar enbodi nent of the
present invention, the first and second |aser beans nmay be ai ned such t hat
the first and second centerlines intersect and are angled with respect to

each ot her,, second re rticul ar enbodi nent of the present
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_ second axes that are substantta y 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

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




and second axes that are substantially normal to the fizsstetigty200®nd
surface portions at the firsi and second | aser beam centerpoints,
respectfully, such that the first and second axes are offset and first and
second centerlines are non-collinear, and each of the |ow energy first and

second | aser beans, having a_ |l evel of energy of abqut between 3-7 joules.
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~ surface P&Idds esveeh thd\Buls@! Whetedh tHeosuHﬁééTbcﬁﬂnbﬁé maP BeIRCP IRk havi ng
deep conpr.essi ve residual stresses extending intpo the articJe_fromthe

first andidesshafl sequencesawdvhrsan eack spqugnce mpppciugscontt 5508 v, and

~simul tan&@‘l’&bﬁ’béﬁhﬁd}‘ﬂ%@an&@ﬂédcﬁ%ﬁ%h'eﬁcﬁ@ﬁ&@guﬂm@oﬁidn%%Hmcéiﬂ@n&ﬁcond
| aser shock peened spots,that are trapsversely offset fraomeach other are

- non- col | PiBg faserack Beged ppqinare i inglidergyt qriep gf the seausaessiB ety Aeans
havi ng ambgM@ticu®ir eRMREEYcr® naghesttddEINRE hodurtabdstrEsns With a6 ablagve MoT €

particul ar e"ggd' rrent f the present invention, the | aser beans may be
ai med antPating bgfo ﬁ%@nf}@ﬁﬁﬁ%\?@%mfth‘?gqt and second patterns on the
first and second surface portions of the article having. overl apping

adj acent rows_of 5 28 February 2006 over adj acent one of the first
“and second spbi&artifleapayche &gasytur aé‘%?n‘ia@@ 1{5 angd spemdispriagsnt i nuousl y
- MoVi ng thgtiedd el e &bpfeﬁsdi'é)'aﬂdl %ﬁctﬁi@&ﬂi@sn%é{)e&%l INhé RGP hdongia | Ng the
laser beagg Wlaéh repea 8I e pulses with relatively constant periods

bet ween epEngedacef theMEPli n the surface portions may be |aser shock peened
using sets of sequences, and wherein each sequence may include continuously
firing the laser beans on the surfaces such that on each of the surface
portions adj atkAdissiased isg lasereshogls ppened geticls) Bavibg laspiothock peensd; first,

di f f er enfndofeesndurtRe poRAS RMERSfilsh ahfl QedRl SegiBns having deep compressive

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 pattemns of
overlapping adjacent-'rows of overlappiﬂg 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.




nore particul ar enmbodi nent may include coating the surfzrestesryicoos with an
abl ative 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 portions may be on pressure and suction sides, respectively, of
the airfoil along a |eading edge of the airfoil. Also disclosed is a |aser
- shock peened article having | aser shock peened first and second surface
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In one nore particul ar .enbodi nent of the present invention, the first and
second surfacg}ﬁ&qrtl ons of the article may include first and second
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si ded. Si el ANGLIShE BRBEnt B\RAKoPEENI Ng. One or nore enbodi ments  may
provi de -a dual sided sinultaneous |aser shock peening nethod which is able
to elimnate the md-plane cracks by |owering the conbined tensile stress
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the material. The _invention provide a sinmultaneously d si ded | aser

shock pe@eéﬂfsatrlmeé Ibgarpp @wblaser &hnék peeneg [spote of ﬂzfcq@mp@ry embodlment of

the method of the present invention.

- 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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- “ 2006 One or nore enbodi nents are al so advanQag@gm@npgx@use t hey
-ﬁgnggrﬂgéé tg elimnate or reduce |oss of HCF benefits or effectiveness
of the beneficial conpressive strains fromlaser shock peening caused by
the superposition of tensile waves. One or nore embodi nents may also
provide a positive effect on HCF capability of l|aser shock peened artlg_es
and in particular |aser shock peened | eading edges of airfoils gas turbine

' NGS FIG | i
ohenat ¢ IAYALPH PERCRPHCH OF T INYEE0Ne bl ade mounted in a | aser

shock peening systemset up to | aser shock peen usi ng an exenpl ary

~ enbodi nent of  fihetERHIAFIGE. f&ﬁi@iﬁﬁ:’% bf?(yﬁﬂﬂs ation Of}[%ésqucgdngemng

cross-sectional schematic illustration a por

i |1 ustrat i Apteng h@ thet fisesed|ta daser dhoakrpemmit;&lessafenﬁﬂﬂﬁh bp%%@@hrﬁiﬁefe Ggl% t|h§ a

of th t tion
& agr ammae (00 SrEs Raving Sraitiad 18 poberpetcloias e k”l{ét%dg@qfk?:fma; G4
i s a di agr ¥AFBkéCshiokk Béétﬁﬁ’g 5)% flO i’nc 99%1%&&%)5\31?%}“%% an Qg‘éhatﬁre

shock eened spots wth y angle
accor di I?19 p5- mﬂﬂwmdwlm‘mi ﬁﬂyteﬂmhtuﬁlfeaistthefpré-ﬁﬁpﬁﬁéd%gerq;eaﬁxh td’%@ée”t
i nvention. FIG 5 rspective view of the fan blade in FI G FIG 6
i's a crossPEBLPP Itra{}?rg\ﬁﬁlﬁﬂ cirputs 24 onties 85t thiteiansitoanghfobumbvbeerin Fl G,

' n spot . locations
on the pat i iR REPRIRL oAl o8] 109 BobBERbu ﬁ%s%s%s@&# ; c

| NVENTI ON fikthees15 aﬂmh isnathlcR&l td adhi@-akid &rgplﬁ&hﬁlﬁﬁéﬂ&ll Eﬁ&l[e@t( |
| aser shock eni ng. _system 10 that is used to | aser shock peenar c es
exenpl i fi e‘Hmﬁ ulgtog 2 127, ,ppg R @hiphnés copmenrciplly davailsile hftomn theadheimdroi | 134

with a pat@&p&éﬁoﬁ,hﬁvﬁiaﬁ ARE zltaﬁ)%[) ﬁlpf?man lWay, ﬂover, SC 29710. The five

axes of motion that are illustrated in the exemplary embodiment are conventional

translational 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 -




The | aser shock peening system 10 includes a generator 33 clgNiaRd26U%
oscillator and a pre-anplifier and a. beamsplitter which feeds the
pre-anplified | aser beaminto two beamoptical transm ssion circuits and
optics 35 that transmt and focus |ow energy first and second | aser beans
102 and 103, respectively. The blade 108 is nounted in a fixture 15 which
Is attached to a five-axis conputer nunerically controlled (CNC

mani pul at or. rcially available fromthe Huffinan

7,,0one of which is come the
Corporatio ,rtl‘ﬂﬁaﬁ r?@ea&a“@:‘m% gﬁ‘%‘*@&s@‘ﬂ"ﬁ?ﬁ@ i W hetwer ther twostdesointhe  The
five axesqfrgWRbiddBcidpat are illustrated in the exenplary enbodi ment are
- conventional translational axes X, Y, and Z, and conventional first,
second, and third rotational axes A B, and C, respectively, that are well
known i n CNC nmathé hiading clipesevtion p6 af tie blAdR7108Sextas anﬁgQHé‘Idaﬂiﬁgléaéé/ nove
and positi the bl ade to. provide | aser shock eening "on the Tly”™ in
accor danceﬁ%qfﬂl‘%ﬁ‘é%gn‘t%oﬁ?fﬁ ke blade platigrmadfito i&/b‘ﬁd@‘ tip. 1381 dwrleating k
peeni ng kA i S| i,nt, or, tage as an
Dbrative nedfReSRae 3 aBMTR Gt dontlod 5, WRHE S0P ghf k8 dine e
- "Adhesi ve settiqe 150 ¢atonthasss an ab0ekerBaRelisN JshoWR i€ hhadiom} And kG gt and 6,
'the blade 108 includes an airfoil 134 extending radially outward from a

bl ade pl atB8Y Rragailongthy Ipadieg: cdgepofl e, ainfad 13HadizingGBgineconeddion, aThoot
.section 140 «ext endi ially.:nward fromthe.platform 13Q.to radially

i nner enda(j ﬁé g%l £ ﬁge(“ftg%t gsgé%rfl ﬁ%ﬂ”\,\?@fﬁ'&l{eAf‘meﬁeﬁeﬁio‘f“ﬁl foy ¢ W@’rga]e%@"i%Y of
the root sgmbiated tithe blsdeal 03! EEnE M fing £8P i105Bralisn. C 7RO ist

platform 136 b aﬂ?ﬁl ade shank 144_.g Thgé a%lrfglﬁl a1134 ext g%ggpll%p}tsh%&)

chor dwi se S#bicstlo; ibraiensgsaprated|dusin nugine gperaiorsard the nicksand egrsepgatsTE of
~the airfoij,.y: rq. . CH of the airfoil. 134 is the |line between the |eading
edge LE _anflg lfléél%?(f %g‘até%lﬁégtrfg ﬂfer%gﬁq(ﬁuﬁwgsasdflgg’@f‘{]‘E}FFSBFO’E‘WB“EQ‘%{H@I&@CI
illustratademin 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 7 28 February 2006
~ 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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airfoil. A mean-line M. is generally disposed m dway beig\eaitubiyeobpo sides
in the. chordw se direction. The | eading edge section 150 of the bl ade 108
extends along the | eading edge LE of the airfoil 134 fromthe bl ade
platform 136 to the blade tip 138. The | eading edge section 150 includes a
predetermned first width Wsuch that the | eading edge section 150
enconpasses an area where nicks 54 (shown in phantom and tears that may
occur al ong 134 during engi ne operation.

t&gzﬂl adi ng .edge of the airfoil.
The ai rf ofdee ogﬁ’b il {34 af thedhlade 108 withiathe |patchtldas SThei wpthod derm o
trif . d b 0 t at,i dufri '
Cpar ot | on PajisObE RopplE Y, B al blaNAMS SO Dokl Aibet 80 I8 aur i ng
engi ne opersisctivelgnahérbia the i cm?otsem SorigRdiahKy spheed bfiftt 8)6hAmliRRI gue
ona

stress risers producing additi stress concentrations around them To
count er f adiftance Jl3 pnd fransyersglyraffsehiomfeachethpt asdedishtod §y pdeswsters affseck | i nes

that can . te. fr.o e nicks and.tears, the |laser shock
peened pa?@%%@%gg}i}gt tg’lr@égg’ggg?%ﬂ%]&é&%ﬁaf Bipropariy arﬁ%%hﬁ’l né:géeg'LE wher e

“incipient nicks and tears nmay cause a failure of the bl ade due to high

. cycle fatigue. THeecdnwee susthRChde&tarke pRANES stHES 148 JRH ABTthAL GRSt sndPortion
of the | eading edge LE where an_exenpl ar predeterm ned first node |ine LM
of fail uree @@%ﬁboqbpewmmﬁpe&%w%wn réspeatively, Withini thetpatchl B&Ser shock

peened patch I t e d-preferably both the pressure _side 146
and the suctI g)gtsq %%esloﬁﬁ%P%H%f[%I Tﬁ%-@ﬁﬁéﬂ“@#’&%@“ rﬁ?ﬁ’&l?ﬁ%eéﬁ%s‘{‘@c?sor m
first andsgegs@ngdsNpesctiadly, SespRerd &h M PERIA r pgY tions
152 and ‘153 and a pr?gtlre}slsed bl ade {rvggi ons %JG% and %%%?Hk%z%egtﬁel Y,
havi ng deéghesbradieps & fpem areosted satfast asatistdeseil i Bk $. Ratdny Noa.se67432candpeeni ng

~ (LSP) extendi,ng.into the airfoil 134 fromthe | hock peened surf
as seen | nplicss, Tl B ioPe prande e bRk sl i Shotis plaed s
||} ust rat etbaabatiingBhdmadid W8 1ficdlly 3 SR HuRloPABERRES h MW R TBY

extend al ong the entire | eading edge LE or |onger portion thereor 1f do
desired. TRé | ow energy first and second | aser beans 102 and 103;
respectively, are

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 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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arranged to sinultaneously | aser shock peen Iongitudinaégyeﬁgggqgogpart
opposite convex suction and concave pressure sides 148 and 146,
respectively, along a | eading 28 February 2006 edge LE of an airfoil 134 of
the blade 108 within the patch 145. The nethod form pairs or couples of
first and second | aser shock peened spots 158 and 159, respectively,
wherein the pair of spots are longitudinally spaced apart a |ongitudinal

di stance LD gnd transversely offset fromeach other as indicated by a

t r ansver sePYfipaed 2 @ad yWiBntor farpe éirst tand: second egionsdhaning dieept ammpressiveror e
par.ticul arl.y; ' . 3. T CORV, i , concave pr.essure sides’
148 and 14 ﬁé@é’s‘ﬁ%é;é‘;ﬁ%%ﬁ %‘&?gﬁ% aﬁ’%’é‘iﬁ@&ﬁ'@ﬁ%%ﬁ&éﬁﬁﬁf e fom 5nd

153, respethtifivstlaitd ssohdidRer dM0cRBéchRd ddtPace POrtRABASIJeRirales of the bl ade
108. The first and second | aser shock peening surfaces * 152 and 153,

respectively, are covered with an abl ative coating such. as paint or
adhesi ve tape tHherigshang sseendlases betme 02801 Gciro samied suchl.tidit tiRafimshand\os .

5,674, 329 ' Th i nt .and .t id bl ati, di

ovor it orPhd befa Cry BOF Y MpiRfdne S, RLLiGeoRa Sefeeymrtions 155 ol ear

fluid curtaidn 53usfirstand deboM RierBaB centtpoinsNg1 lahg%z gfﬁé@swﬁﬂﬂtsnh&uousl y
Ile, e aser oC

noved during the | aser shock peening process, wh Kk
peeni ng. syéralel fipst ipad sereud myes AXli andAX?P yhas iarautitbamataily) gorfrial tthe firke

stationary_first and second.l aser be 102 and 103 t hrough the curtain of
flowing vaf e?ecﬁci Rt POLEAS: gt ftﬁ‘? ﬁ%ﬁ&gs% lpges o peagm eRterradniF.ng
surfaces Xbshearslyl aid Il i . e
curtain of 5é\}%’gter y121 flis&stg%ﬂ&iﬂieﬁﬁé‘k}agg&s\lg?g%ﬁ%g%geﬁ%ﬁéﬁ)grﬁ?%ggé)%g{of a

wat er | i né3 29 fwthendbistated on £1Gas e dn wup phboginmnt, 13dd refilomnire dbta@ied24 t hat

is used tq nonitor and/or control the |aser shock peenjng system 10. The
enbodi rrent“ﬂ“l&%sﬁpf’%‘{"é‘aa‘ieﬁ’. éf‘t‘%ﬁgﬂﬁamfh& Og%ﬁfp ahg praigilan spaf diammetbn Bl and

transver sehia1S0 A& PRaS to. e f. r a 02 and
103 t hat a? e set up or gq %ggscg 'cWeﬁéésriﬂlar@bdg%gf%g@%‘%&% %%r‘ﬁ%h s CL1
and CL2 ofmmk(@-lf'), smnarfd12"), 4 mm (0.15"), and 5 mm (0.19") offsets OS using flat

rectangular 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 ﬁrslt 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 sy.stem, 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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second | aser beans, respectively, inpinge first and secofflefuhfao@sPOrtions
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 | aser beams 102 and 103 are then sinultaneously fired with
sufficient energy to vaporize material on the first and second surface 28

s 152 and 153 to formfirst and second regi ons having

February 2006 porfion .

deep conpr é%@ F}{;’é ﬂt"‘? §§PTOEPQFS Lo dotraidesare fiermed at differentdongitutlial patR4ndf t he
bl ade 108 | fRkQMm, .t first and.segcond | aser shock peened
sur f ace pora{ei f%%\ﬁ@’drsgé&pdggﬁﬁm.mﬁl@ f’ﬁ;&anﬁ‘f?&seéye%@ﬁ?ﬂa? Ron-cql 102 and

103 are ai rred_ such that the first and se_cond centerlines CLI a_nd CL2

i i nge the firht gartlstee oot nedesdoate RO kst AR sdQhd s%?ﬂcelgg‘rﬁahs 53 ﬁ&d and
second Ias?r beam centerpoints Al and A2 through which pass parallel first
and second!2k@8d dence the Aixst anhisecond osaysshank ipeehsd spotsrel58t andt B89 fare st and

d j t first | b t ints,
Teapoct fu PRl bEMeI Tk s i oA e SRR pelnLr o sand SPRgR
t illok s i Vdrl | | di t,
ransver sei ed as bEnaeirbulas, MBtveldr! #e hﬁgQﬁXg {égﬁt]@, §vai,(¢%' (8}3% ':I% Qdl men

~good results were obtalned using an approx r?:?) of f set
OS and a clhepiesgnt épentien invhides a biscdoek peaned bride Bavimg aSer 2hodknmahed Ot her

havi | ' 2 1), 3 0.12"),
(0 157 - cfile BRESebBT ke FRA Bl I8 ah P emmeatvcly.cBbt B Feondamions o
si mul ate 1185 dnAad7HavREIReP LorAfresive 1@&1’;11\:/% :strhééé% %}@érﬁfjm{dqthg Ib@de iﬂ%ﬁaanm her

enbodi nent_of the present ‘invention in I'Tst "and sec aser
beans 102.thekastpod seeanddasee shakgreetdtbdur fabe pbitions, regecdiebonCouptangd®est | nes

CL1 and OLZ int t d ed v th t to each
ot her ana WBPIREORSY osfts BB RGP soafo Wb eng ot repectivelss  and
 second axage ohgiudRAFackd 3bark 1 IHARIADY Wildnto 191 IR (84 B9 hd gk, 2N

second surface portions 152" and rot and Secon
cent er poi rihgckapeeaing pi@gess egplacfifst hhd/sectid sur€ies pofiidny 193 add | 88 eichshack

eeni ng syst.emj nmpi nges it ase eans W th six degree
P 9 SYSUEor tlhgrs)umg?aneous yfasers ock peened first and second spots in a given couple

b}

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 1_:0 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 ‘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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angle off a normal to the article's laser shock peeni ngagpebaas:20b8e
article or blade is fed into a crossing point of the beans whére 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 forned on both sides
si mul taneously and are centered along the sane |ongitudinal path or, in
other words, the first and second axes AX1 and AX2 are collinear. For the
~present i nvent FYA, 7 iipstraies o verlanning rovgRt meraer fewenfdvaemay be tibel, of de  of

-of th . o] - 20 t hen, t | ts f
bot h i dos Uy enapRE et e o R Riota B 38 350 oneFbaliendiidhe pRstrt ana

second axemvéitioroadaddiP odseoft tha EMeDek heaiihs Shotedd AR Ish n
general but not necessarily, the first ?nd s%g%ond s%r aggﬁggﬁ]ﬁe r%leqSZ and

153 and hefi differrntpagses andhthegatebridSinasehe whaatedieenes thopissesl 38djacat 159 ar e
substantia al | el e first.and second | gser shock peened spots 158
and 159 aréﬂe%ioﬁﬁfsrtowg&%ﬁgg OB%F%RBIH&??SE@MQ PRERtRS erots 1 Heand pdiacentnaes

el |'i pti cal of thy aVerl:himt IheF ; ' i A | aser
.S hocE pe’.en?ed art?rc@gn%tavi ngﬁqbg?gﬁlg%gﬁﬁs {é’z’g‘?\"gﬁh&?‘@ gﬁbgér%%psog%iéﬁ‘g%ggrface

‘portions 187 thalpsashiock pemerg spotsiaye tyBically abowul 63maqodsieg)ons 156 and 157
havi ng deep conpressive residual stresses extend into the blade 108 from

Coupl e5 88 of iR a TS0 Fead BReLhoue JcHeulty e papbanbBondngpol 5 158
and 159, rfseReté pRldice fitdh And EDhll Y&k | t ongi.Ludi nal
di stance LD and f())ﬁr med bly t he Iase%ﬁgﬂ%gé tg‘ggiﬁl&%‘g’&%%’té%ssgﬁ%éﬁ % rst and

second surk@cangokBi gnspetrclnnof 1S asticlé havitg oeatdppivly hdjecent Tulk ageous| y

| aser shock peened f.irst and cond spats in_a given couple have a
transver seovgﬁ?%pé{‘g &‘af’?rgn‘?@aeﬁﬁlﬁ ﬁé"ﬁt 3&8t $ecpad speis, fespedhiaclyonli auabpreal

di stance. pERRUIRWARBRES¥n] the Fir@hdS 850 WhpeDBy WiidRighore | o
ener gy Iepvel_s on the ordéer of 540 Jg\%uﬁ%éagtfé&évﬁﬁ per%g ¥ CPIUBIUSH| s t o
al | ow snaltheying dssarticlepehids heldingssationtey fel verihuossly iisiak OB thsémbddiist ed
St ates Pat eﬁ;[ No. I?I 93%, 12Q ) . :
- wiih 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. 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

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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entitled "Laser Shock Peening Using Low Energy Laser". #firengagyobgvel
range -of about 3-7 joules has been found particularly effective as has a
| evel of about 3 joules. The |Iow energy |evel |aser beans are focused to
produce the small dianmeter first and second circular |aser spots 158 and
159 having a dianeter Din a range of about 1 nm (0.04 in.) to 2 nm (0.08
in.). The area of the spots are about .79 - 3.14 square mllinmeters or
about .0013 - 005 sguare inches, The |ower energy range has shown very
good resul ?@eﬁa‘?ﬁs‘flﬂ&%ﬂf?}lﬁ’gé@qﬁﬁwﬂﬁ as faly W@hladgq trae epirip and sops afdhel | aser
shock peepvBgidnesults, and is very economical to use, procure, and

‘mai ntai n. These energy ranges result in surface |aser energy densities of-
approxi mately between 400 | oul es/(square cm) down to 100 joul es/ (square
cm, respectivehycordihglyg whabisudesite@ 30 beFdeured byl 1.atetd RhtRSt SF ﬁiéeUhﬁef}Pi ng
rows R nﬁée ogﬂ%emer rows may be used, of the overlapping first [aser
shock peerft'A§S &8¢ Lrvesdonrgichned anddifferpatiated in thedoliovéng nlaims:nvent i on

adj acent ones of the | aser shock peening spots 158 are | aser shock peened
~on different passes and the patch 145 nay be re-coated between the passes.
Adj acent. ones of the rows R of the overl apping | aser shock peening spots
158 and adjacent ones of the overlapping | aser shock peening spots
“typically having an overlap of about 30% and the |aser shock peening spots
are typically about 6 nm (0.25 inch). Thus, the first and second | aser
beans 102 and 103 are ained 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 overlappi ng adj acent rows of
over |l apping adjacent one of the first and second spots, respectively. In a
nore particular enbodinent, the first and second patterns are forned by
continuously noving the article while holding stationary and continuously
firing the |laser beans w th repeatable pulses with relatively constant
peri ods between the pul ses, wherein the surface portions are |aser shock
peened using sets of first through fourth sequences
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S| through S4, respectively. Each of the first through2é pebruarys®geences Sl
- S2 includes continuously firing the | aser beans on the surface portions
such that on each. of the surface portions adjacent ones of the |aser shock
peened spots are hit in different ones of the sequences in the sets. Mire
than one set may be used such that each spot is hit with a |aser beam nore

t han onc&LAIMSBY e particul ar enbodi ment includes coating the S .:.y fame o
bons t"i h a va WU~i bla coati ,., A' b "UAaetVlr b p waa..r rv cu.i
tiu6 Wfor\+ aLl ULIl V& + i iil each of the sequences in the set. The

present iinvenil mathbaford@eNsdRE peédifglan frtidR, idid HetHodlcb¥prismpner. It is to be
under stood 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 descri.bed er el n.,. what e consi dere 0 be preferred and

exenpl ary enb%lg?lﬂ%ﬁ?ds{ﬁg? y ‘gtaﬁ?oé*fgﬁﬁnng ! Weﬂﬁ%’rﬂrs{)ﬁ%ﬂcgﬂﬁ@?ﬂri’ﬁm%ns of the
i nvent i ofvithhatficide cARRRIEMpdiRe eI oK ifrdtadd 'sébornﬁgurfﬁéetp(;rﬁ&{y dfige t eachi ngs

herein and, it is, therefore, desired to be secured in tthe 12 28 February

2006 appéattigledtoc foainnrshliand seesmdmegions davingndeep sofmprdssiwg trbsidual Isgegsesie spirit
and scope_.of ..t he  invent.ion. Acgordingly, wh is desired to be.secured by
Letters Paradipe dpto; ﬁ’g @h?‘?eﬁoms tﬂ’égt %&Xtﬁ?goﬁ\\]f’éﬁ'f ShorkaRegied i WE@ S nd

di fferenp@,ﬁbﬁgré,s@eétﬁﬂgf ol owi ng clains: 28 February 2006 CLAINMS: 1. A

met hod for |aser shock’ peening an article, said method conprising: aimnng
and then si nu$aid aistng cgmpiising gintingthenistgnd secend ket beame sacH thstefirsbeans

\FI)MO'; [] i iﬁfsf i Is?ecﬁtgd %@St%ﬂ neg %f Vtﬁg cHristz gn({rgéc%}’uli allase? %e;ring si%np%lngg tﬁg Cﬁ)rgtd at?du rface
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, 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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article to formfirst and second regions having deep coppresghyeonesi dual
stresses extending into the article fromthe first and second | aser shock
peened surface portions, respectfully, said aimng conprising ainmng the
first and second | aser beans such that first .and second centerlines of
the first and second | aser beans inpinge the first and second surface
portions at first and second | aser beam centerpoints through which pass

paral l el first, and, s nd axes that are substanti all ormal to the first
and secofd sdt F’é‘%]éo‘ggfgf ﬁ?ﬁﬁg ck fpgeRpg <qn é‘ﬁ&i’?‘%e%ﬁl\ F@Q@r"%’fﬁng:
centerpoints, respectfully, such that the first and second axes are offset
and first and second centerlines are non-collinear, and each of the |ow
energy first amingendnthehasmplteansdy Hringrgomcokimedr v enenggyfirsotndibout

bet ween 1-10,j,oul es. 2. . hod as clained .in claim 1, _wherein the first
and seco ﬁﬁcopgjsl%ﬁﬁr E’ﬁ% Wéﬁﬁesql%é' lﬁrgoe“ﬁ@’ht_ot YapOrige tatgriad on fygt §‘§§6??8n$]
-center| i g@Fadenp&HiioRSe lofalfd 3HRIARY! B Whfsp %ﬁsg%hd fe '&@Cgh\@ﬁ Rleep 3 A

met hod as clained in claim1, wherein the first and Second [ aser Heams and
t he firsrompessiecwnidudetiessel extesding it theadrtiele fandthefffrsteidse¢dndriasspect to

each other. 4. A nethod as clainmed in ¢claim.1 further conprising using a
t enpor al glﬁﬂcgf iHegn%f %’é_gaﬁepl?f’gl?nﬁa\??sﬂ?ﬁ"tgﬂ@ur anq o simyftagequslyy eDIgUGRG Ut 20 to
30 nanos gaeRASnARH spadeliSEpari Tt ARE Sedol@dMa88Moc Ogﬁg@ﬁs‘gﬁfgnﬁﬁt ae A method

as claimed in claim4 wherein the rise tine is abo noseconds and the
ener gy ofransdverselyséfsetftanmsaclsothérame ndh-palihes, ani4 28 February 2006 6. A

nmet hod for | ase C eening an article, said thod conpri sing: aimng
and then si nuf/‘at%ﬁﬁhdﬁ%rv?ﬁ??r% r%‘ié‘ﬁgéﬁchnfiﬁ@&l? %P%W é‘i’gg?ll?"ir‘r’fﬁf eREREY second
l'aser begfgont bdtwest {16/&iiks. €nergy to vaporize material on first and second

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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surface portlons of the article to formfirst and seconQ8$eghgﬁ@2mﬂw|ng
deep conpressive residual stresses extending into the article fromthe
first and second | aser shock peened surface portions respectfully, and

si nul taneously producing |longitudinally spaced apart first and second

| aser shock peened spots that are transversely offset fromeach other are
non-col | i near, and each of the |low energy first and second | aser beans

~ havi I I f, about between oules. 7., A nethod as
clai med i ol & m@%ﬁ%?éﬁlﬁ%@wg ?lfns? e A Cif‘pmga% @r i SBERGL i al | y
paral I el airfhil Andretehfelt a8d GbniBHrhék E&Iﬁbﬁ% Qre"\ﬁ???ésghré hea!sasin higals are

ained and fired in a rmanner to produce first a secon patterns’on the
first andespedtionly, slitheatdoil glong & eadingfedgdef the rirfilile havi ng over | appi ng

adj acent rows of overlappi ng adjacent ones of the first and second spots,
respectively. A nethod as clainmed in claim8 wherein formng the first and

second pabt er pSmktHol 8 L1GAEPH 35 fp%b&upﬂaéh%effpaser %Q&eﬂr&mﬁ{s qwhile

~hol ding stationary and conti nuous Iring t eamns repeat abl e
pul ses win la. mamleattd viebquoeafiist amd smndqﬂastehmtme&m fitse apd|ssemdvhiefaee n t he

first and econ sur.fa orti o s are |aser sh eened usi ng sequences
wherein 8% ’rﬁ’%@ﬂﬂ’&?&‘@igﬁgw 5 E'@nglaﬁl?ﬁﬁ‘glwws ﬁgww PP adjaceRt ein; | e

cont i nUOH?ﬁMﬁr&t@nHQe&oﬂﬁs@&t@tﬂeﬁ:@ 1y.aser beanms on the surfaces such that
on each of the surface portions dej acent ones of the |aser shock peened

spots are hit in different ones of the sequences in the set. 10. A nethod
as cl ai in.claim9 further .conprising coating. the surface portions with
an abl aﬁge cbafiehpdpas 8{3@9‘{@“' e d hedhereife fasming thee §rst randy, @09%4 15 28
Febr uary cleis a
gt%@n@s fikthef R P]?&g c%ﬁtxlﬁlo%hlgelﬂohﬂg %g%hmggeC%E Sufragl%ggtuﬁ{ |

gas turblne engine airfoil I'rs e portions are
- on pressamdcantitususty fiomg thedaser beams with repeatable pulses with relatively constant

periods 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 statioﬁary 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.

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 clalmed in claim 15 wherein the rise time is about 4 nanoseconds

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

17. A method for laser shock peening an article, said method compﬁsing:
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respectively, of the airfoil along a | eadi ng edge of theg#ehi@h) 20062. A
method as clainmed in claim11l wherein the | aser beans are ained and fired
in a manner to produce first and second patterns on the first and second
surface portions of the airfoil having overlapping adjacent rows of

over |l appi ng adjacent ones of the first and second spots, respectively. 13.
A nethod as cluaningdnd theglstnwlangowshefianglovoenergifitshend secend kasat tsamond
patterns_f.urther. conmprises continuousl Vi the article . whilg holding
Prat fonarutt e SRRy 36 St Re ST nf (TSR deteliet TR bR i o pul Ses
Wi th rel aitickeloy RN fifsthd SB&INAORSIIASIHARRE ddip RHIPPQSvANELighdl ditgel i rst and
second surface portions are |aser shock peened using sequences wherein
each seqe@eterding onfor theearticlenfromuthes figst andvsasgnd Hasenrshodd peeril| mirfacat i nuousl y
firing the stationary, | aser beans on the surfaces such that on each of the
surface BS?%OP%HSSPS%Pé@ent ones of the | aser shock peened spots are hit in
different ones;@hirhiif cEAPHSIAE Ainin thd'Arst Gld scbnd AsEARd sAsh Hadhired 10
claim13 further conprising Coating the surface portions with an abl ative
coati ng bed geeendmtnienlingstofetbn firve and geronddaser rbepine immpingelthe rstrendod as

clainmed in claim6 further, conprisin sing a tenporal profi]e aqf each

pul se hatiRY é"“gjﬁcfea]?cfréﬂnﬁ # ﬁrspp%%ée%%d;l%?oe% 9 %@P%ﬁﬁf%’é‘&%ﬁﬁgd&nd arise
tine | epsssiphalePRQUAndILRcHRIDSS RN AR substintiafly LRG0 e fitsRhiBebiy ¢! @l m 15

- wherein the rise tine is about 4 nanoseconds” and the energy of the |aser

beans i sswfgapogionsat the firdt ind\sevehd datef banl ctarpaihsclespretinily\gueanthat ti cl e,

sai d net hod. comprising:. 16 28 _February 2006 ajm ng _and then sj nultaneously

firing I i _e?‘?“:&g‘ixe%ﬁ'& EB?‘FHiJg‘ﬁg%‘?do s e %ﬁess"cﬁ? peRceiedner gy to

~vapori zeggpterial on first and second surface portions of the article to

formfirst and second regi ons having deep conpressive residual stresses

ext endi ng i nt eachlvd the tovc breergy Girst ahé sédond tlasanteanechaving adsel shaskgypeened

surface 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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portions, respectfully, said aimng conprising aimng thertbiualy #08 second
| aser beans such that first and second centerlines of the first and second
| aser beans ' inpinge the first and second surface portions at first and
second | aser beam centerpoints through which pass parallel first and
second axes that are substantially normal to the first and second surface
portions at t§ackr ofrthe lowgneray dinet dndsseeorigdelaser beame hpdngadsvel e pearey ul |y,
such t hat ' d second axes are offset and first and second
centerliH%g&gggghgﬁﬁgﬁﬁPW%%ar, and each of the | ow energy first and second
| aser beans having a |l evel of energy of about between 3-7 joules. 18. A
met hod as clained in claim17, wherein the first and second | aser beans are
ai med suéh- t hdx methedfap cliimedih elainoRf fedhar somiprising usingrastemporh grafile angl ed

ith : h ot . 19. A net | red i l.aim 17, wh [
the 1B sach e et ot T Rl Ao R 2Eic M Bt v B¢ mes are
par-al | el tiafedes3ithaeibow 10 ndnRsdesds.t 0 each other. 20. A nethod for |aser

~shock peening an article, said nmethod conprising: aining and t hen
si mul taneously firing non-collinear |ow energy first and second | aser

beanms w suf,fichent enerqgy. to.vaporize material on first and second
‘surface %g'r'ti et Ef‘?élalé’?%y]ﬁlcgm@-‘fdﬁrﬁpgﬁ?gﬁe tRg s @88{)%85“?0@5‘?05‘(5% “havi ng
deep copRI #eThyg bgﬁedwbﬁﬁﬁggﬁtgﬁbﬂegi ng into the article fromthe
first and second raser shock peened surface portions, respectfully, and
-simul taneously producing longitudinally spaced apart first and second

| aser shock peened spots that are transversely offset fromeach other are

non-col linear, and 17 28 February 2006 each of the |ow energy first and
second | aser beans having a |level of energy of about between 3-7 joules.
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21. A nethod as cl ai rred in claim20 further conprising ggq:ggnﬁgtmor al
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. 22. - A nethod
as claimed in claim21 wherein the rise tine is about 4 nanoseconds and
the energy of the |laser beans is about 3 joules. 18 28 February 2006

SI MULTANEQUS OFFSET DUAL SI DED LASER SHOCK PEENI NG USI NG LOW ENERGY LASER
BEAMS ABSTRACT A nethod for | aser 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 peenedSBOLFTANESIS OFY: i rticle
(108), sinultaneously |aser EE&?@R&&%&%&% ?@%&%@%@@% (0S)
from each other. Each of theL@WNERG@VLASERtBMMSsecond | aser beans (102,
103) having a level of energy of between 1-10 joules. Fig. 1 19.

- ABSTRACT

A method for laser shock peening (LSP) an article (108) by simultaneousty
firing low enei'gy first and second laser beams (102, 103) to form pairs of
longitudinally spaced apart (LD) first and second laser shock peened spoté (158, 159)
that are on opposite sides of the article (108), simultaneously laser shock peened, and
transversely offset (OS) from each other. Each of the low energy first and second

 laser beams (102, 103) having a level of energy of between 1-10 joules.

Fig. 1
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