WD 01/ 05549 PCTI USO0/ 17669 -1 CONTOUR FORM NG OF IVETALé BY LASER PEENI NG

Thi s applicatd ains priority to Provisional Patent hage Seri al
No. 60/ 144, ggda%fﬁ%led "Contour Forming OF Metals By I\/Eans o Laser

Peening," filed July 19, 1999, incorpordied herein by reference. 5 The
United States Governnent has rights in this invention pursuant to Contract’
No. W 7405- ENG 48 between the United States Departnent of Energy and the
University of California for the operation of Lawence Livernore National
Laboratory. BACKGROUND OF THE I NVENTION Field of the Invention The
present invention relates to | aser shock processing, and 10 nore
specifically, it relates to techniques for contouring netal by |aser pee
g. Description of Related Art Using high power |asers to inprove naterial
properties is one of the nost inportant industrial applications of |asers.
Lasers can transmt controll able beans of high-energy radiation for 15
metal working. Primarily, the |laser can generate a high power density that

is localized and cont@MﬂR@M@WAEB&LA‘E&MﬂM for cost
effective and efficient_gener ytil.ization, i m zes, distortions in
surroundi ng areas, and zﬁ‘ﬁﬂ’ﬁ/ ﬂﬁ‘f‘bsrﬂrﬁﬂ“% VRPN t he | aser pul se
i nvol ves the applAﬁ;ﬁamseﬁaﬂNafsopmg% hﬂe&fmﬂto&ﬂrmnmsg@fmms the 20

process i s adaptable to hi gh-speed nanuf act ur i ng. The fact that the beam
can be controll ea!yd\rlqea@mfwﬂt%eenm dileddyliield98 Naprrporatedfeergindyal / 05549
PCTI USQQO 17669 %fﬁ-‘%g essed Al so accuracy, consistency, and repeatability
are |nherent to System

The United States Government has rights in this invention

pursuant to Contract No. W-7405-ENG-48 between the United States
Department of Energy and the University of California for the
operation of Lawrence Livermore National Laboratory.
BACKGROUND OF THE INVENTION
: Field of the Invention _
. The present invention relates to laser shock processing, and
10 more specifically, it relates to techniques for contouring metal by laser
peening.
Description of Related Art
Using high power lasers to improve material properties is
one of the most important industrial applications of lasers. Lasers can
transmit controliable beams of high-energy radiation for
15 metalworking. Primarily, the laser can generate a high power density
that is localized and controllable over a small area. This allows for cost
effective and efficient energy utilization, minirmizes distortions in
surrounding areas, and simplifies material handling. Since the laser
pulse involves the application of high power in short time intervals, the
20 process is adaptable to high-speed manufacturing. The fact that the
beam can be controlled allows parts having complex shapes to be



| nproving the strengt:h of netals by cold working undoubtedly was
discovered early in civilization, as ancient man 5 hamrered out his weapons
and tools. Syefipidse 1950s, shot peening has been used aspcdnfB@{Yssot O

i mprove the fatigue properties of nmetals. Another nmethod of shock
pr.ocessi ng involves the use of high expr3§ive materials in contact with
the nmetal surfaceprdiRedSQs@hcciiadf, d -&&?,tahd Edtalfitity R Pihbreht dohe
generation of 10 nmechani cal shock waves fo treat the surfaces of netals
has been wel| knéhasysiemce the 1970s. The | aser shock process can be used

to generate conpressive ' e Lhaces. addi ng strength and
resi stance to corrosive @*ﬁ?‘gﬁi%@?@%ﬁﬁﬁ%ﬁg‘éd%%ﬂgs of 10to 100 |
and pul se dur ati omsdodttedly whe distovkoddl easlydn eivilizefiotl, aé ariciggenanat i ng
inertially confined plaspas_on the susfaces of tals, These pl asmas
create pressgres ArDReEe %‘H&‘é“ﬁ?amﬂ'b?’%@g]ﬁ?“l@@% _%t‘*hﬁ?ﬁﬁ‘gpés and the
resul ting shock phgsBdehusshil a REGRESlinkevelR it ekv‘r%@etrﬁé%fof retal and

t hus conpressively stress a surface l'ayer as dee r deeper than 1 mmin

the netal s. Laser &ngther pethed pf shedkproggssinginvelyesthamusofhigh explosprener out put
meani ngful for u%&t&éaﬁiﬂ%oﬁt?&%&%@g%&)%gu{fﬁ? appropriate for industrial

production. In the process of | aser processing, a netal surface to be
treated is painted or ot The wiedf highdetefisitydadst olthats forsthe Bergdtionadfsor bi ng  of

the laser light. The, bl.a | ayer both acts as an absorber of the |aser 25
energy and daot ecMﬂ%M%@vﬁ?wﬂﬁ@ F‘E’%‘F%?ﬁq‘eﬁlé a%‘kﬂeﬁt"‘f n and from
mel ting due to th%n@hﬁ@nk@ﬂ@?%.%l&héﬂ&@k?i&éﬁ%mﬁeﬁﬁa teOf water,

o
typically 1 to 2 nm is flowed over this black surface. The water acts to

inertially confi neomwpressive stresses incthe metpl surfzres adding stzength yrsher ated as  the
| aser energy is ag%w@g | ;F time pul se duration, typically 30 30
ns. Other suitable m erltdath's @gﬁg&{. as a tanper are also possible. A
limtation to the usef ul hases with piise qtpate 5510ts 100Jand prulse dyrdtionslel | ver t he
WO 01/ 05549 1g’CTI U%?POJ

40718(? 1915 are %seful for generating inertially confined plasmas on
the surfaces of metals. These plasmas create pressures in the range of
10,000 to 100,000 atmospheres and the resulting shock pressure can
exceed the elastic limit of the metal and thus compressively stress a
surface layer as deep or deeper than 1 mm in the metals. Lasers are

20 now becoming available with average power output meaningful for
use of the technique at a rate appropriate for industrial production.

In the process of laser shock processing, a metal surface to be
treated is painted or otherwise made “black” that is, highly absorbing
of the laser light. The black layer both acts as an absorber of the laser

25 energy and protects the surface of the part from laser ablation and from
melting due to the high temperature of the plasma. A thin layer of
water, typically 1 to 2 mm, is flowed over this black surface. The water
acts to inertially confine or, as it is called, tamp the plasma generated as
the laser energy is absorbed in the short time pulse duration, typically

30 30 ns. Other suitable materials that act as a tamper are also possible. A
limitation to the usefulness of the process is the ability to deliver the



| aser energy to the netal surface in a spatially uniformbeam I|f not

uni form the highest intensity area of the |ight can cause a breakdown in
t he wat er wbiwssp!l ocks delivery of meani ngful energy to x¥drmspmizedsed net al
surface. A conventional technique to dgl iver the laser light to the 5
surface is to use a sinple lens to condénse the |aser output to a power

density of roughie¢ do {2 M8 strfR@'in 3 @pavidllyafitoriFbein. IfrittS condensi ng’
technique has the limtation that a true "image" of the |aser near-field

i ntensity prof i wifarm, thethighestintragitarer atthg lightean capggataealdowrel d  intensity
representing SOﬁf‘ tRENer at ed.
Diffraction of fvgser%%eam as ?]tl‘n:?g%%g%gé d%ﬁ\/\egégﬁbt P%’g surface

resul ts in ver ymstal snfacepatoredentioral technique trdelivet the laseslightiy thehase
aberratio gener ted within t bea e associated with
oper at i onnsgf th%naﬁ%g‘r%‘%"raﬂ‘f’l?ﬂe gh‘é&ﬁ‘gﬁé}eﬁas%gﬁ&b‘?g%%ﬁ%‘t’%’ to generate
hi gher intensi t&e:@ftyaﬁrwghtymoytzﬁzob@geﬂsqﬁ&eﬂgﬁﬁﬁe@rgmeak intensity

regi ons cause breakdown I'n the water |ayer preventing efficient delivery

of the |aser en@“&ﬁ%?ﬁ@“ﬂ%ﬁ%é‘éﬂlﬂfﬁ“ﬁ@n%@aﬁﬂ imagst atihe ﬂ?@?‘éntlal cause
of breakdown | mﬁg@ 'ta?néd‘&tﬂ@ m -I i near
ca r €a

ef fects such as opt| wnan stinul ate scatterln Inanormal
generati on of auﬂ@sﬂ;ramestﬁmg@mmhmgbmemmﬂmaammmldsﬁae out put slowy

buil ds ov atine cee ever Ise t hs s slow, weak
i nt ensi tyfldr;el psB ?‘8‘@%‘&0&% g%hF%ﬁg %018{5%3 g?wpgﬂ %8 bui | dup
ti mes of 10s Ofsﬁﬁﬂ@ﬁéﬁwlﬁ&erjﬂmﬁg@ﬁmmmﬁnoheﬁﬂﬂioﬂ% the pul se out put

of the laser is "sliced" b ext er nal ns. such_as a fast_rising
el ectro-optical sw tcHARFP 8 °§§<@?"6€ﬁ‘?@“’1‘t§m the$ ﬁ@%@%ﬂhﬁ ques can be

expensi ve and C@tBséésgb&ateJ%&%?bhh&ﬂofﬂﬁe%@ffo?ﬂ vgﬁb%lagce @kt on of

conpressive stress applied side of a netal Wi ll cause that
surface to expasmt propagatgtogeneratelhiighenintensity aceas withimthetbears. curve the netal

0 a highly conpygl okl e BRAD reg R la iR AERAI R AR 9660

preventing efficient delivery of the laser energy to the surface to be
treated. Another potential cause of breakdown in the tamping material
is the generation of non-linear effects such as optical breakdown and
stimulated scattering. In a normal generation of a 10 ns to 100 ns pulse

20 within a laser, the output slowly builds over a time period exceeding
several pulsewidths. This slow, weak intensity helps to seed the non-
linear processes that require buildup times of 10s of nanoseconds. In
conventional techniques, the pulse output of the laser is “sliced” by an
external means such as a fast rising electro-optical switch or by an

25 exploding foil. These techniques can be expensive and can limit
reliability. '

A controlled application of compressive stress applied to one

side of a metal surface will cause that surface to expand in a
predictable manner

30 and can thus curve the metal in a highly controllable fashion. Upon




-4 curving, the convex surface is left with a residual conpressive stress
which is highly desirable for fatigue and corrosion resistance of the part
in operati ofoelfigs €Chni que of inducing this conpressive pgirigbdhrily nmeans
5 of shot peening is well known and in general use. However, shot peening
is limted in the depth of intense corrpr‘és?sive stress that can be induced
Wit hout gener at i Neusviry) tHel Bavix saffice IS RBStRR b deal & ivegneds the 10
surface layer. Due _to the required spherical shape of shot used for

peeni ng, the proé‘@%@l i mparts a non-uni formpressure vs. tinme profile to

the netal during;8a6h. 041 %ﬁ -] J shot syre is initiated
at the first con%%%?hgg?%%aﬁ%)ef aggg@;ﬁmgcgggﬁlén?ﬁga&%?géggmg& oss the

i npact 15 area as opératioet Bledediafque of mddciny ehiecdnpressiveatessifahéms of the
shot contacts the,nmetal. This non uniform application of pressure results
in a local xtrugfon of the nmetal, a flow of nmetal fromthe center to the
outer area of theshdfpRéding Rl KBRHARH SR y 4851'5’ one on the
netal as material 'extrude% due to the wedge %@%%ﬁtﬁ'\@?gte % 20 by the
i npact of the sho#s. U S. Patent No. 4,694,672, titled "Method And Apparat us

For IrrpartingAﬁgﬂ@' r LECE e | i ted to a
conventional netho a!r:@l%g%%tolﬁ%&?@?%ﬁlenséregg%?%%g’%%cﬁ%%‘gr to an
aircraft skin. A withatthgentratingsigsificira and undesiralyle coldiwdiking\weepi ece 25
attached thi eto an%i ncl udes a shot peening blast unit ?or treat ment of
t he wor kpi eCe. A Fol systemis provided for orienting the workpiece

and bl ast unit soldyeatDid1s tiRAeHiiRd Iphiel@ehaps bysHoPudtAtbOYéeniiBafiy S€ Stri ps
and only on commrlats’chond perce?gtuagesplai nes of the workpiece. °Thi s nethod

and apparat us t hePEIS§SSémpaRtsanamaiApmRressaresisniine prafiletatthe metad ¢ he
wor kpi ece whi | € Ml ZdcRShFAERA R act of the shot. Pressure is initiated at the

first contact point of the sphere and then spreads across the impact

15 area as the metals deform and the entire cross-section of the shot
contacts the metal. This non-uniform application of pressure results in
a local extrusion of the metal, a flow of metal from the center to the
outer area of the impact zone. Consequently, more cold work is done
on the metal as material extrudes due to the wedge of pressure created

20 by the impact of the shot.

TU.S. Patent No. 4,694,672, titled "Method And Apparatus For

Imparting A Simple Contour To A Workpiece," is directed to a
conventional method and apparatus for imparting a simple contour to
an aircraft skin. A treatment chamber has a conveyor with a workpiece

25 attached thereto and inchudes a shot peening blast unit for treatment of
the workpiece. A control system is provided for orienting the
workpiece and blast unit so that the peening is done only in narrow
spanwise strips and only on common chord percentage lines of the
workpiece. This method and apparatus thereby creates chordwise

30 simple curvature to the workpiece while minimizing compound
curvature effects. See also U.S. Patent No. Patent 3,668,912,



curvature effects. See also U S. Patent No. Patent 3,668,912. WO 01/ 05549
PCT/ USO0/ 17669 In U S. Patent No. 4,329,862, titled "Shot Peen Form ng O
Compound Gedbpssss, " a flat sheet netal part is conventi ®CR/US§013660t peened
on both sides. The part is shot peenedgon one side with an intensity
programmed to vary in a pattern for matching the part to a 5 chordwise ,
curvature, and the parln U.5KRasend Not 4829862 itedd’'Shotr Reah Bormigg Ofan ai rcraft

wi ng surface. 1§ would, he desirable if a Laser process goyl d achi eve an

i ntense stress hﬂ’&‘ﬁ%’é‘% RRIOPT @a%ﬁghﬁwagﬁﬁ“ VeR Yéf"éat er curvature
of thicker 10 paédngd ohbolsided, dirt 19 BlRot {elsiddd with int he | aser

f thick 0 ppé Wided balrt 9 B! otesrie’siddd with on t he |

process could generate n i bl'e cold work and thus | eave a very snooth

egli > |
surface fini shmtmmfmgi@VWNPmmtbﬂ@am@%w&a the present
i nvention §o prgyi %‘s@:hﬁ? | | | an intense
stress nuc dee‘|(cﬁ:)ﬁédrr I nto ?’r?glagi;ér%%Q%ﬁgeg'?@égﬁﬁg?%gwg%urvat ure of

t hi cker netal saebiraaft wilgsurfaceenti on is a nmet hod and apparatus for formng
shapes and contours in nmetal secti.o b enerat i aser induced
conpressi ve stress on ﬁWé’“L‘ﬁ??%’i?gal?}Fﬁtsaﬂé%ﬁgf%Fss\ﬁB € % he | aser

process can gengitaise sti@s Pch HREse sits ChepdrLatd b effsch gRateeven t hi ck 20

conponents w thout inducing unwanted tensile stress at the netal surface.
The preci sion ofurvaire of 'nduced stress enabl es exact prediction and

subsequenty cont | : J | | i ght beam of
10 toqloog(} oul SE&EI%AS OwBhidRRidifonalf bl Hé‘sn%l%i%éy ﬁgﬁéggé’%\},\& 9

.
| raged to create an energ 60 to 200 J/cn®
on an absor pt i vgenepBe hegligibleigyid wedk and:thua leawe alveruantanttesurfacpi cal | y, wat er
is flowed over t.he absorptive |ayer. The absorption of |aser |ight causes a
plasma to form consequently creates a shock wave that induces a deep.
residual conpressive stresSUMMARMGF THEINVENTROREt al responds to this
resi dual

It is an object of the present invention to provide a laser
peening process that can achjeve an intense stress much deeper into
15 the part and thus effect greater curvature of thicker metal sections.
The invention is a method and apparatus for forming shapes
and contours in metal sections by generating laser induced-
compressive stress on the surface of the metal workpiece. The laser
process can generate deep compressive stresses to shape even thick
20 components without inducing unwanted tensile stress at the metal
surface. The precision of the laser-induced stress enables exact
prediction and subsequent contouring of parts.
In the present invention, a light beam of 10 to 100] /pulse is
imaged to create an energy fluence of 60 to 200 J/cm? on an absorptive
25 layer applied over a metal surface. Typically, water is flowed over the
absorptive layer. The absorption of laser light causes a plasma to form
and consequently creates a shock wave that induces a deep residual
compressive stress into the metal. The metal responds to this residual

stress by bending.




stress by bending. WO 01/05549 PCTI US00/ 17669 -6 It is a well-known
concept to use a nechanical neans to contour thin netal conponents. The
concept of ugd\fnssehaser to generate shock waves that i nGugarsgoEEIPr €SS Ve
stress into matafos Is wdely practiced for I nproving the resistance of
metal conponents to 5 fatigue cracking an® corrosi on. The present invention
applies a laser. i nduced 1pAgGalhoiitcontalf tohleod fRhictHsRL 00 1O Produce
a precise local curvature. By applying the sh nore generally over a
broader area, or ‘F@S\FQW' mnm@gmpomnta %esumfeamgladageto scal e

curvatures are on._enp hi gh ene hi gh
average power 10 I a%éjs %@"%SBE e ’E‘?’?’Y%St g {"gy‘fo achi eve

preci se shapi ng ofmdegxma&&aﬂsonﬂibtcﬁnﬂg’:mefes@%aeéﬁﬁé&m oRERtS %o
especially usgful faor thick reater than 3/4 inch thlg% rraterlal that is

difficult to shape?Bgueq CPHAsiIARt eHrgseemmr\mhe%ah@p;er of
material that absonBfcdd¥Bocklts ohesi is flowed
over the absorptive mat er?al andalél()ft%g{r?la?tvgﬁpg %ﬁﬁgéeea%reﬁg sequential ly

appl yi ng | aser pullgéaj curyatyre. r%@mﬂymgﬁn%@tmm,gemaﬂbrwabmﬁa ess is

I nduced- over the e. stress |1 in turn generate a
strain of the top é?ln 4 ﬁgmtn%#j&;zfgg\eﬁ 8565 %a?ﬁ?%whfr&s?%e materi al .
The i ntensi ty and &ﬁledabthuﬂhvaﬁimreﬁqﬂcb @ Mg &egyo RighiRerab@pewen | ocal area
can be contr Iedslése\éﬁsel ecting the_ |aser energy, |aser puI se footprint and

overlap, the' pul F%FPPBﬁ"a?rﬂﬂsIP??éﬁcrﬂﬁFﬂ%eﬁeréfo Tfh}eé’éﬁ’f%f?pﬁ aping @f each area.
The part can be p-_rog@oﬁ&{ty mk&*ﬁ&ﬁﬁgﬁgﬁﬂﬁ% c@{;gsm f§1yst ematically
I"ona

appl yi ng inpul ses of "l ocal stress'thereov control of two 25
di mensi onal = cur vatthick (reatershang (4 inchethicky matesiabthetis Hifficudbtoshape om whi ch
pul ses are placed gp.tfpe surface that becones convex, by placing .
conpensati ng pul ses on the surface that becones concave and by taking
advant age of the increasThgmetatisanverad witharster of mitecial that absorbs the

15 laser light.. A thin layer of water is flowed over the absorptive material
and illuminated by the laser. By sequentially applying laser pulses in a
raster scan fashion, compressive stress is indutced over the illuminated
surface. The stress will in turn generate a strain of the top layer of
metal and produce a curvature to the material. The intensity and

20 depth of compressive stress applied to each local area can be controlled
by selecting the laser energy, laser pulse footprint and overlap, the
pulse duration and the number of pulses applied to each area. The
part can be precisely contoured over its larger area by systematically
applying impulses of local stress thereover, Additional control of two-

25 dimensional curvature can be achieved by the specific density in which
pulses are placed on the surface that becomes convex, by placing -
compensating pulses on the surface that becomes concave and by
taking advantage of the increasing mechanical moment of inertia
generated within the part as a component changes to a curved shape.

30 The laser peening technique can also be used to precisely

straighten components that have an undesired curvature. An



generated within the part as a conponent changes to a‘curved shape. 30 The
| aser peening technique can al so be used to precisely straighten :
conponent syd fiakspave an undesired curvature. An WO 01/ OpG2UsiATERS00/ 1766
-7 inportant exanple includes nechani c_:;l_. drive shafts that can acquire an
unwant ed bend as a result of nachining,” heat treatnent, hardening or other

manuf act uri ng p%&w\esxanﬂiﬂe&elmhhté&wﬁ@mﬁwmm&e&qwe stress to the

concave si de of e unwant e(g curvatu rt can be systematically

e .a.o pa
strai ght ened. | # tByWaRtgd pescgasagssully ?qhgyn&ﬁsamrwgnmrﬁewnm aser
I ntensit r of § %Jﬁ&ilﬂﬂg rdeddsbs0 B el BIVAddivihbat to rofile and
Y pPe0r ot G Eart) i mpact s trﬁ%\ﬁé@?&k or

imaging this profile onto the 1 _ uni formy over the
entire inpact ecompressivastressitg theicancayy sige of theounwanted cuyatmes | ittl e
extrusion of 10 L Lok | é@@ﬁk' Thus the | aser peen formng
process cagrjl prB%E%%l%ea%Sea.aé%@oﬁ%%to stressed netal with little cold
work. Relatively | ar gin cotitrastto/sten pesning) ¢he méfdrrh Mser inkinsiey Net al
sections wthout severely, distortipng the tal surface. BRI EF DESCRI PTI ON
OF THE DRAW NGSP"qﬁi ﬁw%&@e%g?%wwgffaéwﬂﬂ@ﬁ&.md imgginggure 1B shows

the curvature Ptk drito iHeSaRs idpach b thetA LhSbrmAPRIVECAE kRreof the |aser

peening process to its top surface. Figure 2 illustrates the set up of the
| aser beam and impast arga resaiiting ine(‘hlunt'Specetthatsanges litlstextrusionof rat e and t he

absorptive, |l ayer. ' " e | | rofile of an 20
I ndi vi duafu pul s{életcﬂ] rg}é(gyg% cgla%g%mﬁebpg@eéisrg?g%% fgnla %ﬁ’g&g%%/caaﬁn and
correspondi ng Sproznse @ gtelater volmoechf sirebsedhmietad withtlittle edld eorkeeni ng.  Figure

3B shows the "t at" intensity profi)e of l.tiple rastered pul ses
preci sely spacegg]f‘g"%}’mfﬁ%‘a‘rﬁﬁ#eéf?ﬁéee@ﬂrﬁﬁe&tﬁﬂﬁd‘%ﬁﬁfﬁ@%i formstrain
and correspondimsﬁg&s&egaaig@ﬁﬂlgimeﬁ@mmh, 25 after peening with the
rast ered beam ' _
BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1A shows a flat metal plate. - .

-

15 Figure 1B shows the curvature produced in the metal plate
after application of the laser peening process to its top surface,
Figure 2 illustrates the set up of the laser beam and tamping
layer with respect to the metal substrate and the absorptive layer.
Figure 3A shows the "top hat" intensity profile of an
20 individual pulse directed onto a metal surface and the strain and
corresponding stress pattern produced in the metal after peening.
Figure 3B shows the "top hat" intensity profile of multiple
rastered pulses precisely spaced to produce uniform peening strain
and the uniform strain and corresponding stress pattém in the metal
25 after peening with the rastered beam,
Figure 4 shows the means for imaging the laser near field
onto the absorptive layer on a metal surface.
Figure 5 illustrates the removal of unwanted curvature in a

drive shaft by laser peening.




Figure 4 shows the nmeans for imaging the |aser near field onto the
absorptive layer on a netal surface. Figure 5 illustrates the renoval of
unwant ed curwalogss4s n a drive shaft by | aser peening. WOPOTAS@®BI6HY
PCT/USCO 17669 -8- Figure 6A illustrates ¢§he production of a predom nately
one- di mensi onal curvature by placing dense rows of doublely peened area
on a surface with |arge SipnresAlihistreresthefprgducionBf s predeminapdyiohe-such as

shown in Figure 6A,that. ig -5 furfher straightened,i hey dj nensi on by
peeni ng densely al¥ lﬂ%ﬁcﬁ?v?‘ﬁ%‘@%ha{“’?g F?Fgﬁgﬁﬁp‘%ﬂ‘f‘gleﬁyep%ﬁ agR concave
side of the curved0n§g_§;d'ceﬁithli§§ aBda Hekwédn! PTI ON OF THE | NVENTI ON
Techni ques for |aser peening are disclosed in co pending U S. Patent

Application Serial No. 0%igBetBe@wstananeksuch asdhowpdnFiguee Getipbisal And

Spatial Tailaqring Eﬁa?r K Pr Oﬁ?%gi. % LG URY d rein by
r ef er ence. Lg');er tfgl(%no ogﬁ;lteuiggg‘#tgeiyn e pregeeeﬁl}'%idnven‘?%lg?g?‘g descri bed
in US. Patent No.orthogBhal3idimendidrech theibgtk orRoneive Bidg efitheatutved Laser

Amplifier," incorporated herein by reference, and U S. Patent No.
5,239,408 titled "¥FYMPower, Hi gh Beam 15 Quality Regenerative Anmplifier,"

al so incorporated herein BETAREDTSERIPTION OB TIEINVENTIONS €I Systens usabl e

in the present invention are described in US. Patent . 5,689,363 titled
"Long Pul se Wdth, Narr decmigresfardaserpreningare disclpseddn co-pendirgror at ed herein

by reference. 20 faPbaeeSpelilioh SN, 9ABESoR Al FAMGYeiy 1 ot 2l

sections involves the us asér I nduced conpressive stress generated on
the surfaceltof t HEempral AndiSpatibliadoring PardsiserShnclgPmoeasssihg’’, deep conpr essi ve:

stresses whi o 0rigal Ly Al b'ReS0ER! PiheblechiShy GORGNER! S Vi Lhout
’ present invention is described in U.S. Patent No. 5,285,310 titled "High

Power Regenerative Laser Amplifier," incorporated herein by
reference, and U.S. Patent No. 5,239,408 titled "High Power, High Beam

15 Quality kegenerative Amplifier," also incorporated herein by reference.
Embodiments of laser systems usable in the present invention are
described in U.S. Patent No. 5,689,363 titled "Long Pulse Width,
Narrow-Bandwidth Solid State Laser" incorporated herein by
reference.

20 A process for forming shapes and contours in metal sections
involves the use of laser induced compressive stress generated on the
surface of the
metal. The laser process can generate deep compressive stresses which
greatly aid in the shaping of thick components without inducing

25 unwanted
tensile stress at the metal surface. The precision of the laser induced
stress enables exact prediction and subsequent contouring of parts.

Precision forming and shaping of metal components without

inducing



25 unwanted tensile stress at the netal surface. The precision of the |aser
I nduced stress enabl es exact prediction and subsequent contouring of

parts. Pyeyosss form ng and shaping of netal conponenecI/usooATe® i nduci ng
WO 01/ 05549 PCT/ 1JS00/ 17669 -9 undesifable tensile stress has inportant
uses in DOD and conmmercial applicatiohs, especially in aircraft and

aerospace Conpemdedifable taeile afdbdshhy infiorfadt G3ck i DO a{dicomiferkial O t hi cker) ‘
metal sections will revolutionize how {hese thick sections are formed for

ai rpl ane 5 compspRbetions genecially in werrafk prdaergsprce companeRBe The | | nake it
possible to f%Bﬁiﬁfgﬁgfm{ﬂﬂal(ﬁh‘hﬁrl%fﬁﬁﬁéﬂ!nqetﬁ%c&%?\smﬂ”ed- As required,

det ai | ed enbodi ne e present i1 nvention are disclosed herein.
However, it i s rewolisdonizecemsthessthidksectione andifermearisforiairplahodi nents are nerely

exenpl ary_of the present inventign t . 10 enbqdi ed, j n_vari ous
systens. Ther ef8 ,"“%’E‘é i%%%ﬂ'%%%%%@gﬁw%g}%gﬁpﬁsmﬁg? to be
interpreted as fhintphitdthat dthiérwisd doRld Rt ba fdraeds for the clainms and as a
representative basis for teaching one skilled jn the art to variously

practice the present Agveaireg detpiled; e_é“b&%?’}ts RithomreseMdBYRNos use a
mechani cal meange 3846dd hbrif SHAWRRE it %o PETHEstBbd [ the B&BsNEhY. the

techni que of shot peening, to contour and shape thin netal conponents. A
conpr essi ve st repgmdimgeritharemearelst exemplary ofithe present invedtiomthafwtayl subsequent |y

expands 4 One 12l oS il il .fl%\%réérr,e%%?iﬁ%?&a&sié%ﬁée tial expansion

{o curve. e conc usi n aser to
gener at e shock hepig sretridfito berifitegereted a6 timitigs buvratier aes basisfop theet al s i s wel |

known and becord B9 124 La & reprosentltib Ehbis F5r9aching one skilled in the art

to variously practice the present invention.
It is a well known concept to use a mechanical means, such
15 as a peening hammer or more recently, the technique of shot peening,
to contour and
shape thin metal components. A compressive stress is "hammered"
into the |
metal and the metal subsequently expands on one side to relieve this
20 stress. The differential expansion causes the metal surface to curve.
The
concept of using a laser to generate shock waves that induce a
compressive
stress into metals is well known and becoming fairly widely practiced
25 for
improving the resistance of metal components to fatigue cracking and
corrosion.
By appropriately applying the laser induced shock to one
_ side of the metal a precise local curvature can be achieved and by
30 applying the shock more generally over a broader area, larger scale
curvature can be achieved. This invention employs a high energy, high




25 for inproving the.resistance of nmetal conponents to fatigue cracking and
corrosion. By appropriately applying the |aser induced shock to one side

of the metal wg @josses Se | ocal curvature can be achi eved anddiyseiFs@dPp! yi ng
the shock nore generally over a broader area, |arger scale curvature can be

achi eved. This invention enploys a hi gh-&%ergy, high WD 01105549

PCTI USO0/ 17669 - 10 2%EH5WE 1 - gp‘?m;% ]ﬁg cific
parameters to achi e\e/eg %reci g%'s atlﬁ?ﬁglragfa%g%eﬁpoﬁen_ S. rt]cl?‘ﬁs ager peen

M ming process i s presisesbapihg pf cosponents.oFhis hiseripegiyjfarmiivey probessis3/ 4 | nch
thick) material th | difficult to shape . gr.contaur. Fiiqure, 1A shows a
flat netal plate fgéeci&ﬁ)iﬁ%@‘ﬂgbgﬁéﬁﬁeﬁ%ﬁ%3?ﬁémﬁ%%ﬁ%?ﬁqﬁ'&t ocess to
its top surface 1iffichieto SMapebr dhiue, nghiﬁMoWsdQﬁ{h@QIfﬂfé@ture, as shown
in Figure 1B. One enbodi rent of the present invention, illustrated in

Figure 2, usés a Zteyapplicafion ofdhe laserpeening pracessto s ppsurfagilsthei s t he
appropriate range)nopiididt ﬁdﬁéia' | . d arising 10
edge on the pul se)n(\)(?c Iﬁésg t aﬁ§§d§gsﬁ.rea e Hggrag%%%?fg@ﬁgg'ed to a spot
size (ranging from 6 nmm ©néembodimest ofithe Brepent irgientiorg ilhistretedigy f | uence of
between 60 to 200 4]/ ¢ at t met urf , The petal is covered with
a layer of materi f%ﬂg’%%q{sjlwp%e%ﬁ?ﬁﬁﬁ?ﬁgm%ﬁ’@gﬁ €tic

appr oxi mat el y 200 appiophiaticinge)atittodpllsdurafién 6986 20 hokHd a Aside t anpi ng

| ayer, typically a.thin IayiesrF of water 24 froma flow nozzle 26,

appr oxi mat ell§ 17 nefgseihepulse phlessthan 1 ps. Jheqeas fiald istimagedtoaspete nateri al
22 and is illum n§iz@chd?%irg¥fbﬂlﬁﬁﬁﬁxl@‘?ﬁﬂ‘tg§mn$¥3§ﬁﬂ}1§%ﬂigf%“eéerg§ppl ying | aser
e

pul ses in a raster scan fashion, conpressive stress°w nduced over
t he surface il | unifinemcsdf batveen 6stor20b b am? 28the metdi sudare28t Fhe metapisnent 30 can

be noved to achie raster ttern.,. Th stress will in turn generate
a strain on the té%’%gé;‘glr Sﬁﬁ'ﬁg%atﬁ%ﬂﬁgzgypﬁﬁyﬁ%&&“ﬁ%%tﬁre to the
material . The i nt ehstit ypproscime bt 200Qim thick) that absorbs the laser light, A

' 15 tamping layer, typically a thin layer of water 24 from a flow nozzle 26,

approximately 1 mm thick is typically flowed over the absorptive
material 22 and is illuminated by the laser beam 28. By sequentially
applying laser pulses in & raster scan fashion, compressive stress will
be induced over the surface illuminated. The laser beam 28 or the

20 metal component 30 can be moved to achieve the rastered pattern. The
stress will in turn generate a strain on the top layer of metal 30 and
produce a curvature to the material. The intensity and depth of
compressive stress applied to each local area can be controlled by
selecting the laser energy, laser pulse footprint and overlap, the pulse

25 duration and the number of pulses applied to each area. Two-
dimensional curvature can be achieved by selectively controlling the
area peened and the intensity and number of pulses used in each
coordinate direction. Additionally, deformation in any desired
direction can be enhanced by mechanically inducing a bending

30 moment (although below the yield limit of the metal) in that direction
during application of the laser peenforming pulses.



conpressive stress applied to each |local area can be controlled by
selecting the | aser "energy, |aser pulse footprint and overlap, the pulse.
25 dur at i yp awessbhe nunber of pul ses applied to each areer/uSwn7eesli mensi onal
curvature can be achi eved by selectivegy controlling the area peened and
the intensity and nunber of pul ses uself in each coordinate direction.

Addi tional Iy, defor nat Bez@userth@loyalijesiplied strebs Wall directlycetfactihie Ri2iianced by
mechani cal |y i nduci ng a bendi ng 30 nopent (although_below the yield [imt
of the metal) i fAVARYFe e RATt cagrbe AIeriSelyFoR aYer &t 1asgeranea Waser

peenform ng pul %gﬁm%éﬁﬁg?ﬁwwcy&@sw&&gg yse the locally

applied stress ect the local curvature, the part can be
preci sel y cont obigete B shows smptal spafaced theh'yop batSingeraity pedfile42xqgfpl yi ng

i mpul ses of |ocal.str.es r..the.l e area | A.shows a netal
surface 40, theanf'%lﬂ)V1§'é‘?§'P%‘:{s tdérﬁgﬁl?g%%&?t%s %ﬁe@g@r@ﬁgﬁﬁm dual pul se
directed ont o nedrodspondihg sitess Patdersl 44 rethe mithlaftenfeendy. IFRAROBEI Ng stress

pattern 44 in the netal after eery'e&g." Fi.gur.e 3B sh{%gs a netal surface 50
and the "top hatMowspBaRl suriace of mathgtophat’ ity prefieof gulliplees 52, 54 and

56 precisely Sp%@e&ﬁulﬁs@%ﬁ%kﬁé&lﬁ?ﬁm itk Rnifddae figure shows
the uniformstrain and 10 correspo dlrlﬁ;.s ress pattern 58 in the netal

af ter peeni ng wpeemingsirain. gEhedigage ghosysthewriforsi raimand | ap of nultiple pul se
profiles nmbi n | &?g i r beam and the
top hat u?l‘?formgoq’fer#%é\&s}flégﬁ%%sggl eggﬁﬁcg%%lgﬂgﬂg%% g%e finish after
peenform ng. Fi tusteredibeaho\Rredsiomprerkaplof saditiplp pulsaprafies dombirteeld t 0 | mage 15

the near field onto,the ablative lagyer. The near, filed 60 .is expanded in
negati ve | ens. 69 e BEPPEYAT RAPGIRATA laper SEanany &4 BROABLRE | & | maged
Wi th positive | giénsfif pRIfI@pidaRicahl stidowesurfice infR aftér pehkmitigece 70. The

I mging of the near tield of the | aser beamonto the absorptive |ayer

produces a uni f or m i nt&gaverhshgws an ppticeheet ypdhatean bppseddodmagerrti on 20 from
produci ngy4 nt engjely, I lia SRR e ablative layer. The near filed 60 is expanded in

negative lens 62, is collimated by first positive lens 64 and is imaged

with positive lens 66 onto the ablative layer 68 on metal piece 70. The

imaging of the near field of the laser beam onto the absorptive layer

produces a uniform intensity profile and prevents phase distortion
20 from producing intensity hot spots.

In an analogous way to achieving desired shapes in
nominally flat metal, the laser peening technique can be used to
precisely straighten components with an undesired curvature. An
important example includes mechanical drive shafts that can acquire

25 an unwanted bend as a result of machining, heat treatment, hardening
or other manufacturing processes. By selectively applying
compressive stress to the concave side of the unwanted curvature, a
part can be systematically straightened. Referring to Figure 5, an
unwanted curvature in drive shaft 80 is removed by peenforming on

30 the short side of the drive shaft. The drive shaft 80 is provided with an
absoréﬁon/ ablation layer 82 and a tamping layer 84. A laser beam 86




I n an anal ogous way t.o achi eving desired shapes in nomnally flat netal,
the | aser peening techni que can be used to precisely straighten conponents
wi'th an undegjg@fsqér vature. An inportant exanpl e incl udggriRed@eiscal
drive shafts that can acquire 25 an unwanted bend as a result of machining,
heat treatnent, hardening or other manafl&ct ur | ng processes. By selectively

appl yi ng  conpr essis YSpifddrt6 #e shorts{a@ of MRGRNPasd 4 sRifs SthSotiaaRt ed curvature,
a part can be systenmatically straightened. Referring to Figure 5, an

unwant ed cur vat ur empiipda pulses greapp is renoved by peenforming on 30 the

short side of the drive gggs re 67 e g@sf LS. RrLovi with an
absorption/abl ation | aye?ﬂl ans@ﬁgpgédr?pl ng f&g%%%%af%gg? g3m 86 WO
01/ 05549 PCT/ USQQ dhiie6éd by placing derpp rdvesiof doublely pdened argh OR agirfaidee shaft and

the shaft straighte as multiple pul ses are applied. In Figure 6A, a
predoni nat el y one-t ?st?ﬁcaqstbﬁ Tﬁi’%p‘}e's&“éﬁﬁgléaJEﬁ‘Wfﬁh%Em&jense r ows
of doublely peenedesfldn @BnedsmnsBAR carvidrd. 1t P&icwagn- The

%B,aéﬁgﬁm

one-di nensional nature of the peening results nea on -gl nmensi onal
curvature. |In Fi guthewsin Figupefifels funther straighteherhin theyy Rimgensiond i s f urt her
straightened in t s [ j i gg_ |y al he orthogonal
y-di mensi on on thgsibeglggdggéwcag%l §%°§ﬁ§%’ 0 ﬁﬁéﬁ‘g’&}’(\?g eg%é: on. Finall y it
i s recogni zed t hatconteye iide vEtheanived seationeRinalhf it istecdgnized thas thef f ness about

the axis contai nin he. .curvature (x-axj.s in _our _exanple), increases as the
part cur vesr%By égﬁcﬁ‘?fuﬁﬂ@%ﬁ'&ﬁé"@%’eﬁ’ﬁﬁ s ghout theaxis V‘é‘_}gtpﬁe_ i ncr eased
moment of i nerti auddaliSrei(Rats BAdur arhIE) iRErRARS RIWAE phuReg B Nensi onal
curvature. The initijal &genl ng, pattern is applied synmetrically and

uniformy to 15 t PPHARG theswe keshnigpes dissnssad abeveathd indsensed mogtent ofer ti a
ool o ey o T BB ol L RRDD SR i 11,00
The initial peening pattern is applied symmetrically and uniformly to
15 the part so that the curvature and moments of inertia develop in a
symmetric way.
The foregoing description of the invention has been
presented for purposes of illustration and description and is not
intended to be exhaustive or to limit the invention to the precise form
20 disclosed. Many modifications and variations are possible in light of
the above teaching. The embodiments were chosen and described to
best explain the principles of the invention and its practical application
to thereby enable others skilled in the art to best use the invention in
various embodiments and with various modifications suited to the
25 particular use contemplated. The scope of the invention is to be
defined by the following claims.



I ntended to be exhaustive or to limt the invention to the precise form 20
di scl osed. Many nodifications and variations are possible in light of the
above t easto oupssa¥he enbodi nents were chosen and descri bBETUSVIBSRt expl ai n
the principles of the invention and itgpractical application to thereby
enable others skilled in the art to best use the invention in various )
enbodi nents and with various nodifications suited to the 25 particul ar use
contenpl ated. The scope of the invention is to be defined by the foll ow ng
clainms. WD 01/ 05549 PCTI US00/ 17669 -13 CLAIMS 1. A nethod for formng
shapes and contours in netal, corrprigi#@’.‘—s providing a netal workpiece to

be forned; and geneﬁgwﬂ&hf)@g&gogﬂgggﬁ%ﬁgm.&&ﬁ '-gﬁ@%{aﬁ%m?ﬁisﬂfurface of

said netal workpiece unti esir ape 1s forne ere The
met hod of claim 1, pkeviding atmhetalsyerpiete tpdedormedagnd aser i nduced

conpressive stress further .conpris sel ect.] | aser ener .%aser pul se
footprint, |aser pulgg%er%ﬂ,gr fﬁn%dp §5° ﬁeg%Y%%%@%ﬂﬁgﬁgg?m ul ses

appl i ed to eafdtalowekpiete Gitild desired shape igformal theretont rol i ntensity and depth
of 5 conpressive stress applie area, of said netal

to said each | ocal )
wor kpi ece. 3. The Relheme d&?élian‘ﬁ‘i',wgﬁé & StEP 8f &INSFALDE 1356T ect i ng t he

llaser ener gy, &R bRBRsAG: Sfdss RftHer boRPFises SEAEMIN }Ms%f‘éﬂ'érgy,'ié%@ﬂe of 10 J to
100 J per pulse. 4. The nmethod of claim 2, vvhergl.n the Step of selecting

the pul se dpulseifootprnhipserpudsenyedap,pwsealutioneanduumbeonf pilsdsi n a range’ of
10,15 10,20 VgpieEip ol Bt st Bl R R | 002 2
of genesat i ngompsessive strebs applieccitnpaidsaciviecaltarensf said mptalsesrkpiever i ng sai d
vorkpiece W h 3 | eysh Sl PhLal Liat sheo e, et gLy, 7 The et hod
energy comprises selecting a laser energy within a range of 10 J to 100 J per
pulse.
4. The method of claim 2, wherein the step of selecting the pulse
duration comprises selecting a pulse duration within a range of 10 ns to 20 ns.
5. The method of claim 4, wherein said pulse comprises a rising
edge of less than 1 ns. o
6. The method of claim 1, wherein the step of generating laser
induced compressive stress comprises covering said workpiece with a layer of
material that absorbs laser light.
7. The method of claim 2, further comprising imaging the near field
of said laser to a spot size on said metal workpiece.
8. The method of claim 2, further comprising imaging the near field
of said laser to a spot size to provide an energy fluence of between 60 and 200
J/cm? at the surface of said metal workpiece. |
9. The method of claim 6, wherein said material comprises plastic.
10. The method of claim 9, wherein said plastic is selected from a
group consisting of polyvinyl acetate plastic and polyvinyl chloride plastic.

* [ L ] S *




of said laser to a spot size on said netal workpiece. 8 The nethod of
claim2, further conprising inmaging the near field of said |laser to a spot
si’ze to provigsemessener gy fluence of between 60 and 200 Jéangsogizséohe
surface of said netal workpiece. 9. The nethod of claim®6, wherein said
material conprises plastic. 10. The metHéd of claim?9, wherein said
pl'astic is selected froma group consisting of polyvinyl acetate plastic
and pol yvinyl chloride,plastic FLLE g 1111311 LIl 21111 11 ~l~~ L H WO
01105845 PO/ USO0! 1766dT THEEtod phciiin 1n, Hgeipsatd Westis & rpamemately, |
plastic i s appr @bimmheigk. 200 Onthick. 12. The nethod of claim®6, wherein
the step of generating_laser induced conpressive stress further conprises

flowing a thin |ayer off2whigmethgqef claimy &) wherein theistepgf gerarstingdasert hi n | ayer
of water acts asy ' i rein said
thin layer of wat gtrtéeiaggin E%S%ig%&frfeg%%e{&%h?g%ﬁ%f%h@eﬁé{w\é%?of claim
1, wherein the gvepsaid mgtemial, atherein $aidsthin layerdd sederaotsps & smipitg hiyeess
conprises sequentially | aser, | ses |n raster scan_ fashion on a
surface of said netal \%g'%‘%/ﬂég%?éﬂﬁ@%pﬁ"@gﬁﬁme?gts‘g‘aﬁg‘f’r"ég’ét%I be

i nduced over saiappsoithaiely,1 mbethkn said conpressive stress will 10 in turn

generate a strain of tlﬁ op ’Iﬁgy‘gr of said netal workpiece and produce a
curvature in said netal V\t‘ﬁ&) e of claim Iywherein the gteprof generating lasgher ei n t he

SLep, of 0oner oL ke shtpns AR CAPILESSLNE B SHAYERTRG SRR3Rl VY

appl ying conpressive stress to the r Kpl ece
havi ng an unwantradersganfashier on o surface pbsaid inetal Worlgtiece, winirein comprassive 16.  The

met hod of claim f | Si. hanci ng the anount of a _ bend
produced in sai d %tﬁp%%i%%@@rg?ag?ﬁ]ﬁ%%ﬁ sﬁ@c‘ﬁ&’rﬁ’?ﬁ Ve stiesiihg nonent
during thdOpeeniimturpgeneste a strain of the top layer of said metal workpiece and produce

a curvature in said metal workpiece.

15. The method of claim 1, wherein the step of generating laser
induced compressive stress comprises selectively applying compressive stress
to the concave side of a metal workpiece having an unwanted curvature to
systematically straighten a part.

16. The method of claim 1, further comprising enhancing the
amount of a bend produced in said metal workpiece by utilizing a mechanical
bending moment during the peening process.

17. The method of claim 1, further comprising controlling
peenforming in two dimensions by selectively applying pulses to a two-
dimensional area, controlling the number of pulses applied at each spot and
the intensity of each pulse.

18. The method of claim 1, further comprising controlling
peenforming in two dimensions by selectively applying pulses to a two-
dimensjonal area, controlling the number of pulses applied at each spot and

15 the intensity of each pulse, by placing compensating pulses on the surface that

becomes concave and by taking advantage of the increasing mechanical

W 0 o
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17. The method of claim1, further conprising controlling peenformng in
two di nensi ons by selectlvely appl ying pul ses to a two-_dinmensional area,.
control | i mpmhssanunber of pul ses applied at each spot aPREI/USqd? q?‘ltensmy of
each pul se. 18. The nethod of claim L jfurther conprising controlling
peenfornmng in two dinmensions by selectively applying pulses to a two-

di nensi onal area, controlling the nunber of pul ses applied at each spot and
15 the inten&hémez&fofa&eﬁa@etkmdwmemacswﬁmtmngw@as on the
surface that becones concave and by taking advantage of the increasing
mechani cal- ¢ ryedshgps-01/ 05549 PCTI US00117669 - 15 noment of inertia
generated w thin thqopehd mifhod of AHROTSMerEiRdROSASD %{&erafiﬂ Yaize: shape. 19.
The method of claim 1, wherein the step of generati I nduced

conpr essi ve sndwsicomteyeiﬁssig@nmcmdehgeneamlﬂmmeimmwa/e stress on
a surface of ald nel.a med therein
wi t hout i ndud %s%nn?/v%ar{#a {%gdsﬁgélggi@ecgggﬁf%é&gﬁép%gé% né‘g{ld net al

wor kpi ece. Z%enémwmmrtaﬁdmﬁgometedmxhhapmtmmmmaﬂmétah metal 20
wor kpi ece, n&rl sing: a laser systemthat is capable of producing a series
of laser pul SEXkPGRiarein each | aser pulse of said series of |aser pul ses
has an energy w t hi npaAnppadniforfdrning@hdsie add REAtoM|iR & meMier €i n sai d each
| aser pul se has a pulse duration within a range of 10 ns to 20 ns and a

ri sing 20dge twierkplese,jcemprisingn 1 25 ns; a |ayer of material that absorbs
light fixedly attac n.'{’ﬁ&a ] - | ter flow ng
over said |ayer of %aq?se{r‘%éq angisc?%ﬁﬁ&&fﬁg&%%%ﬁ?he ne graisﬁg\gl d of said
each | aser publseeﬂmeaehhmpulsﬁ@fsa@sermaoéhseip\ldspehaammtgyrwuhmamhere| n sai d

series of | asrgxr1 & c%jfj 1%? o moljlpegg 3 Pilerein said each laser pulse has a pulse
duration within a range of 10 ns to 20 ns and a rising edge that is less than 1

25 ns; :
a layer of materia] that absorbs light fixedly attached to a metal
workpiece;
a thin layer of water flowing over said layer of material; and
means for imaging the near field of said each laser pulse to a spot
30 size on said layer of material, wherein said series of laser pulses will generate

compressive stress on the surface of said metal workpiece until a desired
shape is formed therein without inducing unwanted tensile stress at the
surface of said metal workpiece.

21. The apparatus of claim 20, wherein said means for imaging the
near field of said each laser pulse images said each laser pulse to a spot size to
provide an energy fluence of between 60 and 200 J/cm? at the surface of said
metal workpiece.

22. The apparatus of claim 20, wherein said material comprises
plastic.

23. The apparatus of claim 22 wherein said plastic comprises
polyvinyl acetate or polyvinyl chloride plastic.
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conpressive stress on the surface of said nmetal workpiece until a desired
shape is forned therein wi thout inducing unwanted tensile stress at the
surface of swodgshal wor kpi ece. 21. The apparatus of cl apor/®@Sevéser ei n
said neans for imaging the near field of_said each | aser pulse inmges said
each | aser pulse to a spot size to pr0\7i18é an energy fluence of between 60
and 200 J/cnR at the surface of said netal workpiece. 22. The apparatus of

claim 20, wherein said 4001 Fal L. 1. Ihe., appar at us of
claim 22 wherein said % ‘as iaﬁ%%ﬁn%@@ﬁ%%ﬁd‘gﬁfﬁ%cﬁr pol yvi nyl

chl ori de pl ast i apptdxithately|2D0 pmithibk.1 1 11111141111 WO 01/ 05549 PCT/ USOCCQx 17669
-16 24. The Appar at us | ai m 23, ere'#(g ai g AB(? lastic is

approxi mately 200 pmthc .eafg?raﬁ‘ﬁé’\?gﬂ% heredp saif Hiindayer of atetds n sai d
thin | ayer of \A@bﬁfoxhﬁate@,gmmmtely 1 mmthick. 26. The apparatus of
claim 20, further conprising nmeans for 35 sequentially applying |aser

pul ses in a raster scal6-fEsHpparatig of gaing2Q, T gémprgingimeeasdbor wor kpi ece,
wherein c ressj ' ' ce I il lum nated,
wherein Sglgg co%ﬁgéélx@%%eéés%%ukggﬁat%?t%y%érr‘l}ea?ﬁlfne‘%g S ra|°€f1°tuof the top

| ayer of sai d mesidimetairvkgrkpiees, herefir @thpressive stressatill be inducedsaved thiet al

wor kpi ece. toll /Lilt # Jill r s~ . , -
P surface lllumi‘gtaled, wherein said compressive stress will in turn generate a

strain of the top layer of said metal workpiece and produce a curvature in

said metal workpiece,
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