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WD 2004/ 016815 PCT/ US2003/ 024449 METHODS AND

APPARATUS FOR STRESS RELI EF USI NG MULTI PLE ENERGY
WOEGAURCESB15 REFERENCE TO RELATED APPLI CATI ON 5 TPGCBUS2003/024449

application clains priority to and the benefit of U S.

Provi sional Patent Application Serial No. 60/404, 020,

which was filed August 16, 2002, entitled A PROCESS

AND DEVI GETIIODY/AND. APPARAIUS\FOR'STRESS REILIEFF,

the entirety qiSiNG MULTIFIE ENERCYSOUREES by
reference. 10 TECHN CAL FI ELD The invention is

generally related to the field of changi ng physi cal

pr operties oRERERENGETO REHATERAPRUICATION v to
of ‘E}IS %P@f???%rgglg%gﬁrsloer& t]; %rr1d fﬁh %nrgeflptg‘ LPQ yl’?o&s%naplsaggrﬁ fébl%ﬁtlon

Of nore energ
SGFBW@Q@AMXOARNCWHmJﬁl%MﬂU@d‘ Gp%ﬂotzsenaﬂ@ FR@ﬁ@%I&NP&ﬁ\@@E FOR

MEH&I O METWRIALEOY STRESE REAIBFCRE ctfsly bN@ticRBE herBbyORESSOraed by
steps, such as heat treating, welding, and others,

“m¥%ﬁ$ cause mechanical stress within the materials.

Resi dual stress remaining in a manufactured part has

been found to adversel f g igue life,

corrosi on susceptibili h, wherein areas

neafha¥Rledtidras Qén%reh@?é%té?ﬁ@ ﬂweffﬁldrbd cﬁa‘ﬁgﬁ@ pl@%mﬁlﬂfrédeﬂléls of étMctures
a”"i‘%ﬁ% g?rﬁrrt@?gly tctraﬁlgg({.? F?gﬁSgs 1 annumlcalzﬂrcrpyﬂles offictures using

twoche gioeecsibiggsources. oad bearing capability, corrosion
resi stance, and/or catastrophic failure due at |east
in part to internal stress remaining after fabrication

or wel ding. Further m)BACKGROUNaIDEARTand/ or

repl ace nt of co nts i s cost i n many .

G PSR TsTEed R a1 Sie e o e Pl BT hermal
processiag etepd, emi:hfamhleatrtrestmgu\eeldlmg shd ethers dbatrcagdeongchérdal sjregs within
the ?n%te"?lglg RESHRE Fegs %K%fm g%ja Haﬁ'lﬁ!aéfur@c? partTtl;]a%%%eni ﬁ’)hhthro%ﬁversely affect

an occur 1 n g rcraf structures, P
retigygiifes corosigR P'ﬂ%‘?@%"b i @i strerty w&af@'ntaa?ﬂ@ea%'q' JQ'” Sifye been found to
be feRROIAY susE&RiBl S0 stRSs Preblbmasinintanrarayhindshea ssiigtured, oresanent parts

mai?tlﬁjeﬁ %@rlp ge&gdéigﬁj H%aﬁ%eém %%F%llh LYS %&%%r%n k&ISUﬂ%Eg @nd/or catastrophlc
failyrey due %tﬂqagt:'ﬂ aarém. igfernal sHeqsERpRIEING é@fﬁbﬁ?ﬁtfonrefrWeé%&rdft@hermore the
rep&if rR¥F? réPRiGeiA6Ht BF cofpoRerttEis dbstly mfmé?@|s[ﬁ!|dﬂ§nd0| pes

| OOE Lo T S s B A s B B o
andquemave oy eload frastirdg eBness filyses caprocedr indiridaess airdraft stiualiiegs, ship

hull§rb¢peﬁl’f€§| NquititstdiedeHarRs, raldl STEREAS ve&@gr &A@l - REny other structures.
ilure of the structure ma%/%;r esu

RoleHpG PafcLerBgsRs e BTG rang S°rﬁsweér41F§%r@e°a&P9'af'y where the
struseikedie th prambe lmaeorafﬁoeetaenblebytrasn tnay bedur 3¢ 2 esged weltling pipes

togw dﬁ %%féearg% tb grlégte ah of!3 pﬁémﬁl &@Bﬁ\%’lo@ﬁ foﬁﬁlh& taﬁ&‘/grea\ssemblmg

I NVOIl ves FOVI nperatures
strugfura P?i@pqnelas 6‘rb”895ﬁe?h'Psf 1 q'relﬁn%?et':aw laige @pd ¢ral) %rUﬁtU&ewremafure
deg$aiiétld>r06'r$allofe P thatsescturd ey baaefrore terbaidiny infemgl sresdeaC Psrability and

pe rrpacp e%lowg?c?e% %QS ?—: %éctgc%gl lhtre]rQalt g'g?sﬁg ﬂ]tay%a%sre&gg lfe{l]igue Irf]@and
cor@apateéﬁtanc% WW'EQ)OW‘%@M@'@WLBMW@QW@ a welding rod or other

filler metal used to join two sections of plates. The base metal joining surfaces are also heated to

melting temperatures during the welding process. The presence of thermal gradients adjacent to
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the weld line affects the mcrostructure of the plate.
Thermal gradients are the prinmary cause of residua
W@ Leds@s$s al ong the wel d |lines and contri bute POI/US2003/024449
di m ni shed nmechani cal properties and reduced
corrosion resistance in the heat-affected zone
conpared to the base material. In addition, welding,
especi ally when coupled with variations in thickness,
thelWSRMBS affédithé hﬂb&ﬁtruét@’é@l’tﬁabla&t rl'ﬁéﬁ%ﬁgr&:ﬁerﬁs &b emermmry ddluse of
res%%%l%&%’slts%sg %lcgf?gatﬁé H/%ltd I(Flegseatsng %r\l}e eetgghré ev eeP?n gan? a'l Sr%e%ﬁes and
redyeeldj coRjpsian resistenca d ths heaiofesied z9ne peparesde theé@%mﬁtegal In addition,

welkiid tesB&h‘allpﬁlh&mﬂuﬁl}é@ hitisl i fiths & thidkre8s t|éaa§aré.g?rmchmmt&hau stresses as
i onal

theﬂqteéﬁ‘gaqtreg{) Fsé? a% @é@%éﬁy'%?‘g Mgr@égﬂ@ ti me-intensive,
r eqBceordiglya fpohniqess have [wbn develpeyfot wlieving igemasyestepar t s

maﬁﬂéc’cur@@ﬁ‘ar@%ét 9%? bQ%rgFl‘oVé@i dubifly & B rRG oM ok ngdﬁstoﬁéré't%ns

g y stress processes are cost | %@ln terns
Howgvef, gpaventonslstressrieti pch?pées " ME?@W&W intgRRives {faIEYd application of
enefgynte traryiress2t agp/foalbsy Bdris s @ timie NPhod thamifackBing seliigalehgiiny stress-

relléfgnrc?b%%s%§§re c%gt;yqp{ {eﬂgsg §1It5tgl"‘f£61lirc§t§)n it| e tpr%ué)ﬂé)ﬁ gndoér:]r%rr% Time and

eneagsf%? alse ap ﬁnpa?ff@ﬁ ﬁrﬁfﬁd@raéﬂpn @uSFPSSrfe"eMn@ sifuciugesin fedieldn 59f example,
perfoitfiing aistrédsabilef &&ré]lbﬁ) URdesircdfi ih agom.lnsrcat difisetideelelgSifes that the

airc?%{sbreggtr(i?ug\ﬁ%q EIR'I{SIP d’\& s%esssrte eﬁo%el'%t%ﬁ F?rq?rg??t Y\Lf?sdggclé %s R/el%ed pipes in
a renhage pipeling,yshiparr airdnaft Pswt”s estrs, -thapgrieedy f@pl@er%tmesaawll@ffopernttqmeétds needs to

be budh? td3fe RERGBNNLrOn tike- nﬁfé?{sl@ bdritentbRAIs@éd3-relief techniques are
stress-relief tec

i nt ensi ve, conyenti onal
peruBay R REAPRIIOD. DEG PYa e BT gy o Her T eI igueg anc
systepestforf reducingsiressedmstufasiged gdris @hd/oreedidedgtresgurasnd
systens for reducing stress in manufactured parts
and/ or wel ded structures. DI SCLOSURE OF | NVENTI ON 20
The fol I owi ng predHSICL GSUREOF INMENTION:r y of the

|nv n in order to provide a bhasjc nder
T SRt o nd bt ara S atvara Ty ot QL iR, B o e basie
un®rstemd1ng pSsone appeaty ofdve iofentidre Thisrsumnitarydsinot lah ektensive overview of the

mvér?lt)ﬁ nl‘#%%t&%’e& h&fhe}' 3 |de‘#.ﬁf95é)f o chtﬁ%l é?émtﬁﬁé & 'trf‘e%veﬁ#l rFﬁp{osdellneate

I nventi on el 1 neate scope O
the;SgoRe Y INSrhvoRiant E@thef Ee RIPRRYERUPopRIPTiRS srgpary fite PRk Eerye
coricBpté Of thé R8alibn BRMNEIMEIOACPt 8s ®prefubetol themtreidetailéddescription that is
pregéerg%érlétet Ielgiuﬁ u?/rﬁmoﬁ%lgte E)%c%qguésc%ow? ag[fﬁp%y%ﬁ Bllohgrgenstof a structure
us*mwoaple'@nt %pptl@éwqunué@'ef%\ﬁr% Heagiore Prigiiiesand rpetbef@iosieééor
det@lfmlrﬂng%rfe\aéfbhidl Gethrtg%lfd?@oﬁ‘c@ﬁ@ru lapSiohtion RPMLIGHS érﬁéﬁg)Dsfources to a structure.
ruct ur

ot FBUBTGUT L Par o Gap b oY BBEr APreiere wih pp piggent inventin
maf be advanteaequelsiemaloptd to slgiticantif redudetthiepinge andér gyerayieniied to change

a ph{ical p%ﬂér't‘}toﬂlﬁf%resfr Q&h%@'?é‘d%lﬁ& Flatmeﬁ?\r r%%t@r‘n@l'%tr@gs lﬁmahufﬁ’éttﬁ'ed parts or
accordance wt |nven

°thﬁ’a%?”%%read$5’ﬁ?r§@ BoRIEYISHSdeRaNIBYRSd TP% '“¥‘?’€'{H" feY LI"‘&)"V #@8?]15‘8'093’
areb$ief solidwiffesivg/ iocludmpeyug yotiimded to @dattteatinigand eging Budace diffusion
treﬁmﬁtk ﬁ)ﬂne[%fiso(g %r BXynﬁtﬁdiﬁdthﬁﬁﬁgtoarb%Hgﬁb @{%R zgqé' Féﬁﬂﬂg of metals, battery

remal ni ng | nt ér nal manut act u parts

magyiREYringt JaRing §PRISONAUERISH P -8l I S REGTESEIRY v tQﬁ“LF@éaturq'We

serhibar@inétorananeagtufing) dor wtHet isthholoBiet @b Gine @yspedtvedls atdins diffuse
solid diffusion, including but not limted to heat
treating and aging, surface diffusion treatnents for
nmetals (e.g., oxynitriding, nitriding, carburizing,
etc.), zone refining of metals, battery
manuf act uri ng, dopi ng sem conductors (e.g., to speed
processing or |ower tenperature in 35 sem conduct or
manuf acturing), or other technol ogies where tine is
spent while atons diffuse




10

15

20

25

30

35

2 WO 2004/ 016815 PCT/ US2003/ 024449 through a

material. The invention nmay al so be enpl oyed in areas
w@bookioggsi® di ffusion, including but not |im tedr/82003/024449

osnotic nenbranes (e.g., water purification, chemcals

separations, etc.), liquid chromatography (e.qg.,

chem cal s separation, etc.), and chemcal mxing. In
thraggie e mateniele The tnverdine mag plee be ehployed in areeamfiiguid difiusinmt Ihddding but

not 'llt%lt&f ttQ\ﬁérg@cQ hePhbr&12a (04 NGaté prifRBicH Q%Iﬂs%%rtaﬁ{on@fet@) liquid
structur

erein the physical pro can be creep
chromgt raFHWZ‘“e% C'H*F‘?i‘fsﬁeparé "l“e"stg aP%@] Hﬁ‘é[ é‘{"Pess
i nt Bracedrdasice eis onesapbe pf the Kiverdjon, Eobetionl it bnomdgﬁorachangmg a

mk%lgll%é J% str@@&fr %Pep(% Ih)é &c’lﬁﬁﬂo@eﬂ Eg‘p%acr%&ﬂlaten@%e Strain,

acco to a ennlu g I'rst
Strqsatr%s‘@alﬁérteﬁgo ﬁ‘te“FH étresﬁélgﬁ‘@dmk’ftﬁﬁﬁqt@@ Hreign @inAmieng: o a\“¥ {roperty,
sucl B€ fr@ye thitidRayt ke @nBdllet 6dddfdthghy apAhEGHiuSHAE: fastfotdes tate equation. The
me@ﬁg E&\%on?%s[ g\?]éialrg aaﬁ erngrgy %H%? aaﬁrug{a% tdeﬂ?\'ﬁlmqsaeﬁrgt eﬂg’gy process
accgiglingda atoreretigeat gqat@ngq dhe ereiationplsettiog rsior mdime value is selected

accb@tr@tté QFirtféMr@erfrélE réuéueng‘hap"fsrt th& R6 B¥rgh b%@é%sa firdt driidr¥hte relationship
er rate rel

for QRSP RN TP 20 BReIcadS pASREE LS ety v BETF pucture.
In onh exaple) dteuphgsical propertyananderipereal stress, wieys ihealesiyed gpesidal/ property
vallfgw ormaeof 'a%rﬁélﬁ‘i% infrif Stoss YAIGS SathGhidlRsiished r@(ﬂ%ﬁdnc\%‘ue The

value I1s one of a remaining internal str
re"’\'&‘%(ﬁf}@ f%fﬁ*dF Tt eNRTOY PYRSESS SRt applicaten ¢fi t%f'rﬁﬁlnﬁré‘y PR 8’ the StrUCt”re
ancraedﬂaf_ts:cm psipeity dfdiie étrbeturfel arsitthertignship fotessecorel anbRyy process relates
appifga[%ﬁ 814“ %orgcf %r{éer% p'ertc? Ee%ﬁ@r{l&%{ ﬁﬁé’tﬂ? P{.};}%uc&ﬁb‘?oﬁhg gﬁﬁl‘ﬁ\&hod further
COMREISRR nr@\ﬁ@mﬂ fﬁnergdrof thﬁée@@é éwﬁa tedhe slgyipiure @@ eaeoplexel @gove an
actidgioh i Ieﬁagy RAthektridife S@eRNBe ABIGING ¥edoyidBndrey fybe Hd prdvitiey €

erty. The net hod further
Conc‘::urren& '%rQtné{arso{\?)ec|'fn VgﬂEner gy of the second type to the

str mhﬁt f"mst@neuse@nd ém@ypdsmﬁyllnda@@elé/ berany femiolenerayrepplied fo a

strufied. Ay orﬁ@éxa?n'ﬂ% b FiksCArdr dcﬁl typeEhEriahghdithe Sdcoddéh @Jeds time
r ovi concurrently for at Teast

ener y ar e
Vari"il% S?’% c@‘éﬁ% y mephapical \t r?'t'é’f‘ and second energy types
Thenfixgt orded rale whlatibrisyiiph mag hy LéreermMiddr (g rejptioaghipl dueds that @late the
appﬁEJtIUﬁ: BHﬁ&mgl' Jﬁd%@&lla@a@%@r& to H@%trﬁéttﬁr@ tan@ﬂ@ WanaV;ﬂ@pér@ of interest. A

her mal he secon egfy \}‘F ?
f'rsg-u'lf'ﬁ’a?g‘e&‘é &i qefeamaﬁ?a%eréwam gt L Eﬁ‘aélf’“%‘fﬁ’ °°1"P‘?épqnf’¥"§ O the desired
physicalg¥opeay ealues biad 4 egrsid [P paeamde id detssiainedv/bddorling(td tsecond L-M

ol B REHENT h0 B0 Rl €913l e ot
parﬁrnéteﬁﬂ%b%%te"ﬁm@% é@qosﬂ*r@fa firgitd eetgtionship (9.5., £iM gyrve, eig)), wherein a
dedirad RARINGTY imtSraietedsiaNe h RESRY alon@thte lyeaxfsi of Sk fikst MM curve, and the

corrreggle)c%tg{ng ngrglglgﬁeﬁgggésg 8§gc|:e6g@ecfalmgp a%'él% gﬂ) p'[J ¥econ<§1 L M parameter
is dé@rremfm fnetbe desired dmysgaltmmemeva%@mn@rdlng Ma se@brai li-Mrrelatiqmship (e.g., a

sec@h@gwﬁdﬁweﬁﬁgﬂ@mm %e%@snﬁeﬁ;ﬁwté}ﬁaiﬂ lst"r&@ vRDY 8h #aly AXisQPBkls¥cond L-M
e firs

curl PR 1B e RO PSP ST b s pIpREC § i At L
M pardvhetar(ee, P;emay)aptlonhlblrbeldateanmejwlcoréndg tostha finai amg second L-M

parérﬂ&t@(sqm anditF, f §§ch‘é§|b9§udtr%ct§>ﬁl(§%t gd Bl gag the Y axis of
st L-M curve Jok corres ond|

par éﬁ@?eé?t'°(‘alr5‘3§t‘”91/é’l‘%"'r‘i‘%"a&?@é‘? e prigpted] %‘ﬁ‘ﬁd'ﬁ%@ the thirgl garameter
(P1). A second L-Mparaneter is determned for the

desi red physical property value according to a second
L-Mrelationship (e.g., a second L-Mcurve) by

| ocating the desired internal stress value on the Y

axis of the second L-M
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curve, and |l ocating the correspondi ng second paraneter

value (e.g., P2) along the X axis. Athird L- M
w@asoaieises (e.g., P3) may optionally be deter nP@EUS2003/024449

according to the first and second L-M 35 paraneters

(Pl and P2), such as by subtraction (e.g., P3 = P1 -

P2). An operational setting and a tine value are then

sel ected according to the third paraneter 3 WO
P (B0Q Xt g Sider FRET brhdﬁﬁ)ﬁﬁtﬂdpﬁlﬁlldgtt@ firsP8neng tyygp to ltres structete. One of a
tem?@rgﬁl e sre@rln?'éh@g ﬁll% Q @irs s?i@&gtwopgapy}g tl'té f[r§tten§?§ {y9¥ tJtM@Qructure

uct ure. ture set
for exampleykasge op §t“§>%|r%c€tqék9m1e6tr ecab‘iﬂ“yu%@thPWFé’”F'P?r§‘t°”érﬂ§F@9°m'y The
othérwalaetsohéd‘@teimrnls@ bitdescted bedordinatoHeahirdpmeeobta®; (e.g., based on Py

an 6}:1 Vsrtﬁ M re?a%grlxs?]!}geg%d a&gcﬁ'? Hé’ m_ll.ﬁe prgw?LEé/r&%rec ed value FoHnstance a

e rati ons
tem@p@reﬁaﬂwayrbeﬁlee@@ Beped on g\éﬂmﬁ Heating eidpregt hrﬂ'taflons structural

mafefdl @Fﬁéérﬁés B&., éﬁd Htime b@§@i€ tHeR dBtbrnBingtsy sBRihg alfifed ofdief raite equation
to the previous

di
oSN PR UT GEPSEsTS TR andE P ol Sl brepggon e
timpwlwwahaydieos!lcbiad dgt, and thh danmetature agtiinggs @qm dgimgnmed according to the

tlmé {/emet ik iR Snd scek&%cﬁa%n?e!ters 'Eﬁ& fle Irifdt onﬁéﬁ@@@qhﬁ%n et C
atine value i s the erm ne

st
o oS S Erier S G e oD < BHERY ool 6 bEhmining
opetrainma settingsdorcahauereatragpitchidntohmuitplp aneagsetyess. to b strantoe.hBre method

conﬁﬁpése%?é?ﬁ\ﬁhg %q‘lrsthja}%me{& 5@%0?6%5 YWa E&Mep&ﬁﬁél%@ggy \f/é.IJeSfBr the

strugiireorndiagePrdieg foradirstorder ??Ee r@'atmnéh'p fan a first greroyperese thaiglates
appmaahamreﬁeefrrg en&ggtybbe the tRictufs ha the miySice topértyO A sekcbnd parameter is

deternﬁrﬁerg ggcpocrc? rﬁﬁ%é Q%slrgg %)Pa/%lcalgﬂq’%%ﬁ)? va?JeganH %c&o'?&l %Ft‘i) aC%Fst of%er rate
reladienshipriey geopndenatgy Prosess tag ;ﬁlat@e‘aqnpmtm of ﬁwp@qnﬁleéerehtypggﬂ the
stchMlFLﬁa%dtﬂ% ghySik4l ?Riplérﬁﬁ A thhevdirtdiad op&&lﬁﬁélls&@ﬁg for the first energy

profies & el b o\ aeR G P s o ST, Bl ok Bations, et
Thearemeinilp tigpe tvaluaof apesationst shitingrisasefected|aptordimgsthithye firgfrandisecond

par.fmhétérts (§ BeBrgaythPJ Q&%@teﬁth?ﬁ%l&@é AL 8%t dna s@&fﬂd'p‘é?&trﬂe%s)oéccé’rdmg to the
he structure an

iU e ARSI 131 Y BIPORS. B B Bl pglected one
of théiimeledier and theperatiaial patidvjpe MThy methbdi mapfudhacompikenigtetroiniag the first
ordfalJ rEl%treIQtrOQErg ;:t>sr 1‘8'1I tﬁe flrrsteén@tslefyﬂg ghé? J [9’5 Nk d ener gy

(70 a second ener gy
t y pethepasrres ofsth? wwp@prawée mﬁféowyrsﬁhewmgm Wé'%'yropﬂrtv ofa
strdotu?@bw@lplymg &Wo @rﬂncﬁ@ efieadyi tsz;naaIcor&ﬁtrémtlygnétmsdsthefermialhg operational
SetF r‘igr 'f(%%éonce ren a%p 1c|at%n %F |JnulF EI% %10 yge}pcegﬁoag%eur%g {eag\/%%ﬁ g}n?lgy ggomblned
firspxgdeT inate reéairamamprfgr mmli@e SEFaYdyPes, a@éév%ﬁm&iﬁmonglétent angliqagion of

mufifit rdrFltypssao &ﬂangg alkBudihe plfobérﬁlt |ram@sesﬁétm th@ arrs{améreété

rediisinien S araiver arastony B SoR G ER PP Ry el opdiigond
enar@l tapes dnthhispudtwe atde plivisicgtprapaey gffthgrtroctess Oparational settings are
sel@&éﬁq{y‘ijﬂ'efégmhﬂg b %@raﬁ{e?e\‘ b@rl%%béﬁdﬁ? ks B&ﬁ’ecﬂﬂﬁ/smg errgrg{/ Ydi®and

val ué and the operatjonal setting. The net
derpviie AR PF ‘E?fﬁﬁ?t ings fiory B¢ FMAaRNS!%e first  or der rate
r el 3@ therstdmptistingent dfhiee bieysibg anidelated ends, tadsligying description and
anr@&&ﬁcﬁg\ﬁlﬁg se?é)ﬁgrhoee'iall%ﬁx@eﬁr?ﬁll?‘strgflvetég ec'tsr%g %bl?rﬂerﬂét%“é ngEhe invention.
or changing a physical property of a
structure by applying two or nore energy types
concurrently, methods for determ ning operationa
settings for concurrent application of nultiple energy
types to a structure, which enploy a conbined first
order rate relationship for nultiple energy types, and
systenms for concurrent application of
4
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mul ti ple energy types to change a structure property.

In these nethods, the first order rate 30 relationship
web@naoises i zes a rel ati onshi p between concurr ePtT/US2003/024449

application of the first and second energy types to

the structure and a physical property of the

structure. Qperational settings are selected by
Thege eeerimrigativegof Quipaiiea vt the varioys wayspio whiich the troincipleieaf thredavention may be
em ;95%%' ©fHer HYjEHRE %B\)én%é@éé"é:hd%ﬁgel fééﬁ,ﬁés\ﬂf e uﬂléﬁtloﬂrwﬂﬂ&rc@me apparent

s from To the acco
rorg frey @i F%faléﬁdrf"ésea'ﬁtaonrcg e B BR o 408 CPBRTCRAR g E1on i e
dragiegeri pti on and 35 annexed drawi ngs set forth in
detail certain illustrative aspects and
i npl enmentations of the invention. 4 WO 2004/016815
PfCT/ rL]J82003/ 024WEFTIDESGR1P¢I(DN®I€mRA(WINGS)ug a few
0 e.va S ways principles o t he . ,
i B i areg Sara B eg Bt rP B O SR A glag @ physical
progenty oha stalcturesding @scunfent dpelidationasf triutiple \wnérigy typeimaccordance with the
pregeﬁ]pm&ﬂg fromthe follow ng detailed description of
I nventi on when considered in conjunction with the
dr afiprfgs’s 2 plopiystratinoEpgeRprprtpfistard gwﬂeienﬁh iRycurve fgr gfirst energy
proédsew atcagaraewmith khesiveationng an exenpl ary nethod of
nodgLf . ng a |
ot r g Bt AOSABIT SeBhs sPlroatBb@RERlaTh o fgra second
eneEYereppse '9}99@r¢aﬁ'°%1\'!@bth@a1ﬁ%félow th the present

i nVEl@tSAQQ a fI&\D dizig@m iRBtrbtig An Bkeipldry hdibd 8t strB&s @ifeving a structure in
order rate relationship curve for a

accf’rd?g‘tp “athit?egjﬂ}ven ?ocess in accordance with the
i nvEigt3Bds a iR giag2B ilustraiinp fusthei deltails ofrthe exempiary siscessliefmyethod of
Fig fg,,(st order rate relationship curve for a second
y process in accordance with the invention
3A Fg 4015 PAOIRT HYSigingAn SxPTRIEY ARTSAMAIRT %Mrfﬂﬁ%ﬂ”?h'ﬁﬁ%r}ﬁ%far
applifatist ofessmeiedney tagreas-slisueTOH5-E7 alominlidh stroctares mraceortanté with the
inv‘%ntﬂgnl nvention; Fig. 3Bis a flow diagramillustrating
urther detai I s of the exenplary stress-relief nmethod
of Figi A@ is g glot pip%r_atlrlg@nl geraplﬁqyé@rsprp-wlﬂlgq r,e@fiq)rﬁaip &Hrve for application of
oscR¥eRPALRAtYN bAdrgP-stvbdstrallevé 098) T aingibing Siddttupesan Batdrdande with the
mve/rﬁglgl cation of thermal energy to stress-relieve
T7 al um num structures in accordance with the 20
i nvEiat4in a sFignatia gagrgmallugiraing an Pxesiplest $ystymeiar Eseesrisliening a
strde@FeS.ﬁ WnM k/énws B§Jeal oPIRE vehtieh! ﬁw‘é? bé SdrigPR;i cati on of
osc lbra I on _ene ress

ai uFPrhe g TRl PP AU v B R FrreriFin e g procossed
in aEd:cgdand@/vltfstha ingettiemand santhlesgprazassel hemtdirg to ngnvantional techniques; and
exe 5\‘%' B4 % 115W leSh] iMlstrSino @RSt ErehbmMAd) Shethod %5cf%h% iHE b PhyRical

variqus aspects of the invention ma
proe%ﬁ,yrqf @atn.ﬁ:mre using a combined first order rate relationship in accordance with the

invention.

BEST MODE(S) FOR CARRYING OUT THE INVENTION

One or more implementations of the present invention will now be described with reference

to the drawings, wherein like reference numerals are used to refer to like elements throughout. The

invention relates to methods for stress-relieving or changing other physical properties of a structure
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Fig. 4Dis a plot illustrating conparative stress
relief results for sanple structures processed in
wae@angsnte Wi th the invention and sanpl es pr oRPEFESIN03/024449
according to conventional techniques; and Fig. 5is a
flow diagramillustrating anot her exenplary mnethod of
changi ng a physical property of a structure using a
conmbined first order rate relationship in accordance
usingi cohcurriast apBigatiama multiple en@ESTPIdIDEESIrUGOR BARRES MAnetds for
detJH%ngN}‘%&rg&tQQﬁoPEonl'aPrFe‘?rt éﬂBﬁéa%@??Sﬁn%ﬂp%e sbites to a structure.

I nvent ref erence
Thet"é"et‘t‘%‘ BASRR RS ViR Q?Sﬁc'f‘tf%é” it éV?Péﬁ'@@”%ﬁth@P&?sssuﬂt T
manugatirédpartef asserbloies bikauliplegyaetn tveeldshoratiegh siritcturésh @her8ib concurrent

apphc%‘t‘grpef'aQHer&%i é?t(ag;ﬁ })&)@ aWB%OQ%Jr@{ mec‘\trefrgﬁ’gsenre?giy t)‘r:p\é's ng ;ngde for

roperties
emvwam“}eewfetl%lsi @epﬁﬁrﬁsws'?@e%f @Qﬂﬂ%@fe‘wﬁ'ﬁ @tt%'tﬁﬁ’&HSf"é ﬁP"Van'O"a'
stre@sﬁ:wuefewqmqnbsoﬁ-lowet/du thé Rveaen @yy slypiesutiigedtingssstistiontuith @ny

proé‘ z'lélwﬁan lngﬁorocgssng gndg's tExose thar‘ti g% de]?d Qo%?nrdﬁrélté)ﬂst order rate

t|n S or concurr en Ion o e en _
equstinns cenereima glutslity gEeneray. typesrnesqurwe Atej eoploypchigpccelerate the change in

oneRﬁ‘Hot&;&Hy@Eal Bobbrits/ shidh a@$§rﬁ>&h|ﬁ§ |ht‘éFha¥‘6rtr%bla%bg§r%§s tIn this regard, the
S Ures SucC act ure parts,
vy et S o Ui i S e eltS sty " ot hor

st r BefeingmitialyHie Figs. nI e rend 2B eant exBmplpyylnhetizodi 20 illogtraged in Fig. 1 for
mocﬁ@fﬁb Hpéhaﬁ@ﬁé QBhJs%Q%r@deqy Qf%%trgétu@&iﬂg Ebﬂ@rré’rﬁ%ﬂﬂ)li@ﬁlon of multiple

ener g pes can ﬁrOVI ofal acceleration of
enefq¥éyp§§ fr'b%cgorp@]cp &fith Ei5er %@Ptd'ﬁ’ eﬂt&n gﬁ@t‘% te|srermplanyiPrrgpiser method
2 antisoting methode ot thoin@dntiors ire @8 strateel dné idedctibduhetineds a sdoweofects or

evemg e1t \knp Kg Qﬁed ?J‘até%t%at%ec' Ere&?tt |H\tlent o€ ﬂotI hF}tht? g’)Ptﬂh ﬁlhét%ﬁﬁiv&rééping of

processes,
suchags greevgﬁtge F@”&X%Elé rS@[ﬂﬁ @ctﬁ @ay,opcyr m&gf@éqnt prgers and/or concurrently with

othéﬂw’@tor @\Fb‘ﬁts apb@fr@h fthode mbsﬂrrawdlahwomesameﬂ gareiyin @8cobdance with the

mven(t)éilnr ap 2t ron n rtrglll ﬁé{s?dtetd%teag r% gerr% ired to im lﬂ e%?a methog)ology in
(P proper'ty 3 il

or “nor e’ pnysi ca e 99ENR° B9 &R M
accpnde@emm ttmpreasst ld\watlorst r ess. In this r egard, the

i nvmt th&Rod §érl|rug@%teg Ergersﬁéhzaﬁbntohﬁ,o@aé@y ﬁbﬁlnéétroﬁbﬂﬁéﬂs%at 6and 8,
err
°°"§%t! ’éf% f"sgﬂrlaﬁri atﬁﬁr'atmsmemﬂﬁr%orgr ’%FP%@N‘*E?{%@% for ﬁ'ﬁ@{ ehtle”ergy
typdsaat 10 delegtiongf operatioas gndignavailes or saiingp rOYSeta andeppligation of
mulﬁﬁlé Hl%w t?péésalt 92 (FRNEME LERd o@&‘?th‘atzaetrt'aﬂrésﬁgctsrﬂt' lttte' np\}eﬁtlon provide

¥ pes in accordance wth t present invention.
metﬂ?‘ﬁt%ﬁﬂﬂ‘t‘gtt%%c*@?éﬁﬂﬁé'w cpreetion 55985"9 ﬁ%‘?‘ﬁ'&)'&i ape epergy,gpplication
featdtel @esonbédtastksn, afhilé btaed natiesalk obine reserit nlvergibn b eet requile all these acts.

As (Sjn% e&gllr\@g qhg %L&Wo@érg\ﬂg%erﬁétﬁ%s ?Jr cﬁ%éﬁttg ?)F\)ﬁlc%m?%e?ﬁes ot structures that
may reﬁ‘l“feélﬁ‘lyk?)‘?rt@'h ef the peis Hlvsreied fc@ﬁ@@xplﬁglawﬁneﬂgqgl@n Té‘éi!“éle'ﬁ'lon also
proﬁd’é%ﬂﬁéihodgﬂl’r d@%mh@ope‘ﬁﬁlﬂﬁal @éﬁnfgs ﬂ&)boﬁlﬁlﬁ’ﬂﬁt abﬂlcdﬂlcfnf&h@ltﬂﬁle energy
S an or. C er a or events

wr ity PRl s S MRl et Ik PP G BBl her e .

i n Begdimingahd.ece fwsttolﬁer tate relapionship isotetermined gich for afirst anetgy Pl' 0cess
andaénbthbﬂ flrét%t*cfeﬁ?a%—.dre%tl@rﬂﬁlp r@aété?ﬁmra@tgw tbieflsdcbnd &Rt PRStbsA The first

caor ce w

or B S PR B B PR H SA T Py o e, SRR @) paaspighs resulting
fronp Curvenfittirereesegips effjalal poats, oreny cbaregerzstiantor Expaersio8 of a relationship
bet\ﬁéHnra%blﬁ:ratldNbf He &trés%%n@ﬁgd&%rdy%}pg t(f @b §ﬂ'|.ilcm?? ?r‘looe?' piRHal property of

first order rate paraneters for different energy
types at 10-14, selection of operatlonal and tine

val ues or settings at 16-18 and application of
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multiple energy types at 22. It is noted at the outset
that certain aspects of the invention provide 25
woretrods13 ncl udi ng the characteri zati on, correP@l/US1003/024449
setting selection, and energy application features
descri bed herein, while other nethods of the present
invention do not require all these acts. As one
integosh rigylegamppléyénduding ibtii rohiinpited Yo ickesontiitdn odlatiohghipscinadog equiyalents
theRBY Sﬂhﬁ@'th&l{r&%ﬁ& Feﬁesref%flon%ﬂ ip U%Wlﬁe% dt B?élate i EROHb tfl":r‘e first energy

certaln o e acts Il lustrated e exe ¥
typ‘?ﬁé’tfﬁ%ﬁruét“reﬁﬂg e RIYPIES! BIRPEIYR ”}SrSESW%résa“ﬁ‘é'ﬁ{%@rq% Fate relationship
detelatirex ai 8 chitgacipresthe aamaibnssptbctwegs apmitation BEME s&tohd energy type to the

StrlﬁRlpé én%%é ;ﬁﬂs@% S@E{Q}S HJ gie Fﬁgﬁ{v%gse % Igt §1y|ﬂf§§at gaa'ﬁ eQ@rXplg}%lrst order

ratqutaﬁqﬂghlg Curpe i ﬁ,fﬂshgwgy type, gncrfig. 2B sbqa\@seq plpta’12gﬁjstratlng an exemplary
first cﬁbé&&at@fwdmbnﬁbhipscud/@tf@rarﬁb&ﬁld e&érgﬁtyﬁ@ I sRcdriidris w&lﬁl@lbgha(/entlon

pro t order, rate I‘

det é?%%“’% rale r% oF '%m%%conﬁreé eé’rag? 7 TET '83%33#?1 ge' PE fepresent
a peersithat ralies mmhaﬂtfﬁusnrsmdmcamnemtmmew ame6F@rredar8plerw}re$§erellef may
be %éé@@d as BRirb e Pé?@équ@ﬂ%rr&ﬁééeﬂ% g8 84dk lof A8locahibihrough a material.

i B pepepton o B P b PlheBTay e rgidno hodss o e

Arripmiusequetiap,End ol be plotdd dsteecucerof @ sinysitdi prigpeein sudap\astrgrpaining internal
t \imll]

or rBQdJa,‘ﬁre%% gﬁégg%_ﬁdlg L\jggéglrs% ?rgigyr%ff an@;tée??«gg 12 X L% on- @I"g% ameter) P" on

the Xa@dsy i tH@ example\efistressireliebirough grpficatian g thq:r@pl energy, a rst order rate

relatiehshipican B8 pipBedasdénsinifgnterall kS vs. bitesrmalffirst dldesratetpaameter Pt

thEH fﬁ?&rp&%tgg both ﬁ%? ﬁﬁoﬂeaﬁé ?ﬁgeg 'efﬁ)terqgtﬁv%r n;cltlfagst%tuﬁesrr%d%te%ﬁessed and

progﬁ?ﬁeﬂt yeingphsrRlsies el apargtiops attVﬁéOL@ttlrr@é a0¢ empargtyrestirorder to

cretk BFlot O d@drallrerh@nih§ nkraPsiels s, fildedr@srivats @Qraﬁktegvalues
cha act at.i on

¢ hel BB Eh iy reChEbh SR R er e PR bl be poted
on Iekigrsé srales ploop thetYyaxiskf guch2¢atipnshin cleeesar plbistwitBit the scope of the

invériti bN Stredd éﬁlgar@%th%xml@feﬁhﬁlédé hafbé @ﬁploftéﬂta@ 6 and 8 to determine the
rel at|0n for a first ener

flrstﬂgd lo%hwﬁ fcsséhe-l f|rs1t agci §egpndr@1e£g¥ p, ﬁ%?gnrfipcorf@r}cgg\nth the
presantl ar/erttlam elt sabft! trahsbrie phanuwey er_la‘rgyrty;aasmcmqbrcmded tp/thé stpeeture in
accbﬁa%%‘ii?éqlﬁ\?eny\m %d%@aﬁp@%‘%ﬂ gl'aﬁ)r\E' whbrbih §rrre g ffrseﬂn%er rate

relatlonSIprm e expressed as an equatl
relatienpbips ar,e terram® PR 4ROrg pperatiopd ,sgtgnﬁﬁgﬁlor t|me values for
accdnefa‘nomfme @fangh i6 iregpaydicanpropdriy ofnthe wRlictdré.Meis fllrdler noted that the first

ordgﬁgg%lgﬂopﬁlgserﬁ%tgee e e?r'ﬁllng@lysm ]%39% ngﬁc)a(é%&?e o?ﬂﬁ X33 oﬁ éﬁ'ﬁér

on rep
maigrials axihe p@@r@ﬁp be gwcgssg@w@pqem the sqmrplq;‘rq@ey, but need not, be of the same

sizd, B’ﬁ’ép@@@t @Jth@&ru@furéshﬁmte?é’se rlh |tiﬁ’5ﬂregé+"d Mw@%ﬁirdié?'ﬁ&e F@é{lorﬁ%ps and

o SR SRy LRI B0 L NG O, BT 1o REB 51 MR rest
whegeldHheafirstrastrniraié retptipmships aad the parametsisdigsivedgberefsmn ang univafsally
appﬁé‘db% ty §ny ﬁrut:ﬂufegrﬁadérﬁ@ﬁlrthétﬂa?erﬁlar aneter (e.g., a

{6 F ar.anet er on the X axis.

ex a§b GrodEa Papneproens Gatderspe Feorsipsgfe conaated o
diff¢remetrenergy pex. g%ﬁ,ernatl\felyr st dissusked belaw evitd bespedt &t Fi@ss 8 cgmmsite or
con?b?neglﬂgﬁ Br%gr 0 rélgtmﬁ’sﬁ?b HQ)( b@&%rﬁﬁllegﬁotr 'Frﬁlﬁi?le\éﬁer gs<§ (?ers rthlere the

SSILE MG Ll e e e —
structures may be stressed and processed using
thermal stress-relief operations at various tines and
tenperatures in order to create a plot of severa
remai ning internal stress vs. first order rate
paraneter values. It is noted at this point that the
physi cal property or characteristic of interest may be
plotted 20 on reverse scal7es along the Y axis of such
rel ati onship curves or plots within the scope of the
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i nvention. These and any ot her suitable techni ques nmay
be enployed at 6 and 8 to determne the first order
WO a008/0168llnt | onshi ps for the first and second ePET/YF2003/024449
processes in accordance with the present invention.
It is noted that nore than two energy types may be
provided to the structure in accordance with the
i nvention and the appended cl ai ns, wherein
embodied Bpocmhbirgd first sideoridesiativashdp &1l spedifict first osdler e parameters
ther@&‘p | O(Mr?ﬁ)eﬁugdg fﬁgt@r ra?@&aré?ﬁ?té'[]ﬁ% &Qﬁﬁﬂeb %pﬂj acebrbihd 1 First order

time val ues accel erati on of ecaneln
ratetrﬂ%ﬂ ﬂy%ﬁ%tap fiksE RIFEPRIOSEFS: t’VH%fe“é‘t”FeJEftlﬁ’P@meFef Pi gorweam“H%P the
desifetpBgsidn plopdriyevaluk Fd the stuctére. rat e rel ati onshi ps may be
detlﬁfm 284, “dzers?% %”Mca??ﬂl@é@ﬁla B ASoedtdls %@Waﬂés y gfthe plot 31,

I a S as ures to
and ifeeqorrpspondieg _aheh & fidprdebigte qtié’édﬁ idestifiedrs %falqna éhes’éms 31x.

The%briﬁ@ dedia B%srcalt &opert?Sal&é‘h@ uSddrdi ¢2 Wtﬁ’éSmé‘fhodi ﬂfo&feﬁﬂhme b@econd

rst o
parqHIST Pk B fhe Ut Pl s 15 e 3P 3P p3Ptn, For
exampleuic Figr 28, thediesiodd ghiysicaimtoperiyakluefs lpaategiratang the Yvds éitnyf the plot
32, smhé wrr%g c%H§ boih@reiné f@deP RRGERRe .@radnﬁf.’e@ P fe30EIE harameter P,
derived ere romare universally applicable to any

alongyihe X i éz’ﬁ'mde fromthat material. At 10-14, first

or dihe opartatiorpbgettings for sonawmcently previdiog theror matesenergy types to the structure
are Eﬁéc@éd & Zﬁ gllucp’F‘S chcgrd[?@ kd tﬁ!a ﬁr%?d#dgr%te BQEEF@FSG 'Hne%'f‘g G value and an

tive ow W th respec
opef%orﬁl gettmg foréhq:fgﬁﬁa@grgy glp% pre sglscted A¢rowiing te pReser e g@lectlon criteria,

mcuicmg&)uf .ait BiniteAts blrlﬁztumyedaﬁbnﬁﬁtt efgtormtlc éapsideatidnispdrarbitrarily. The

otheer(]/aﬁr& it #n seﬁecl‘ted or I & t%rnrrtnrtn] ¢ 5|ﬁ%ﬁtﬁe ﬁlrgtfaglﬁéécoﬂfi Paramete{s P;and P,

using t@tfrr%t@tclﬁ tate rglaémﬁéld @@@cmed with mfmenﬁrmeqess
Pafd@m&/ega%tﬂﬁd pa@&?ﬁ&@“ 6 dpfiodd déié}ﬁm‘ie@%dhf édc&tdlng to the

er rat

reI e
pareglgﬁ? F‘r@t %l? E g¥ subk gctlf]?l tsﬁcﬁ? Eb avhﬁrelné{\? { 'P%?ndzof 88?[‘8“0{]3'
settings ‘@“ﬂmmteﬁ’ or degeraizee mreco@danae WIOPaatdér dhegortetation of the first
orddrirdts bar@e&fs p,/Rl © fn%le@‘;rjmglﬂé e rapérgﬁongmdft.h{e%htt.ﬁgs%gabpucat.on of

r ocess, erein the first paraneter P, corresponds to
the i teene@@gpleé@subshg) gt?ectglrd Rﬂr%?)eé&th thak reflects 3 jempreal 2 celeratlon achlevable
withgithelsdope ef th&inbentibm. gThiZascelerdaondiasirn gacilfpditng isteds-relledgrer t y
, I I 0 \
mpl%%gHt?h é] 0(1:‘ gfﬁgﬂéﬁ%lég% ngl% t%ﬂ rc%g%s)étk Eoec’;\%ﬁe é pi@gg &Lc&%rt)?’c]f a structure
in legg fipe anchUﬁlf@é?ﬂS.Gﬂerewthag WPEP%?IS'B\‘?Q‘SPE érexoa%(mgths%( .Thejpentor has
appﬁeamdqm umaebuahmmahnhmm@btnbe (¥.9l, sgchiss dusecktreés rblfef) decurs by a
dlffu lon (o] s angd ca ﬁ 9 H]b rst gr grorg,% e H'?a i Qmﬂ er P2
8¢ 8F§?% rF8 7 PRIeETSE Py A st o eaiaP onshi p for the
second enérgy process. For exanple, in Fig. 2B, the
ﬂ)de§$FéhepﬁyS|cal property value is |ocated along the Y
axis 32y of the plot 10 32, and the corresponding
oi t an t order rate curve is identified as
wndp D addd s

5&UBR ?Qﬁwtﬁf talong the X axis 32x. The

op et inibal adte sitiffusipgs f or concurrently providing two or
Tor @ ENeEAach e ifiGetiditbbgr are selected at 16
and 18 accordin Irst order rate paraneters.
One of aR rPH%e@%WQ%C%ﬁ@“% operational setting for

t he firsT=émeregniure ynpiegaeeKgiedldgt ed accordi ng to one or
nore selection criteria, 15 including but not limted
to structural, equipnment, or econom c considerations,
or arbitrarily. The other variable is then selected
or determ ned according to the first and second
paraneters P1 and P2
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using the first order rate relationship associated
wth the first energy process. Toward that end, a
WO boor@1gsas aneter P3 is optionally determ ned aPCLAS2003/024449
according to the paranmeters P1 and P2, such as by
subtracting P2 fromPl, wherein the tinme and/or
operational 20 settings can then be sel ected or
Gendretl the rate df stresactiefodiainee using therPRl methads, is Fiiven by diffusion and can be
des&f%('lr & lg;ttht,oﬂrrﬁgndsm%t babShte cQh&lBR (Zr) HofheB Bft&TRE SemidPsvana@
eterm ning the operational and time settings
A"“P'HFS appl ication of the first energy type results in
the third paranmeter P3 that reflects a tenporal
accel erati,gn achievable wthin the scope of the
i nventiomy-This acceleration, in turn, facilitating
@ st "BISARI ef or i nmpl ement ati on of other nultiple
energy type processes to change a physical property of
struct loe and using | ess energy than

Whe%asr‘pf@f ?’Btreést?é‘?fﬂaés%‘? us nethods. The inventor has

appkeconateeid t hat di slocation notion within a structure

(e.9., SHEhRLndY) bk BbERAS relief) occurs by a
di ffusi on process and can be described by a first

order rdtaUB¥RISR! 9Bheong®Rt 1) D= Doe RT, 30 where D =
rate of T fdmperatune mtdegeaeKtime, t Do = initial rate
of diffusion Q= activation energy for reaction to

begin R = universal (gas constant T = tenperature in

Thedﬁyghgégqu rsllggqaylbﬁyelate o adirshorden iy relfB(B’PfBlp or equation. In one example,

a Laréoh/Nife? QOB 8x4dd 8Os oiteined i thiing thé Rglothe Aehersdsrag@stion (2).
relief gbt ai ned using thermal nethods is driven by

Assgf‘nan WS4 QN @@ af@ying ehe ARFEJubRRGortBdrREl dird8s rilidf ) bbbl 8xpressed as:
first ornder rate equation (2), narred after the chem st

Svandte Arrhenius: 5 (2) r(T) = Ae RT wherer =rate
of stress relief at sone tine, t A = constant H =
e@@rghg tqg reaction 10 R = universal gas
const ajg T rature in degrees K The | evel of
ress relief can be related to a _fi

Whe{%\’ S ihe lrdHiry opter st Raraarier- (ihes Areciis &Wﬁ? 89 ! rsq gQrder [ expressions
mayLise e d,-wiiich|aes lo§driti)ic egussibmofias Aobérddsresdativp, wiskeim barsdneMilier or

"L- I\Jl'o% Med hBEiInAE Enhgﬁb(#:t% 'rﬁcﬂﬁ@tall QLQ:h (ie) on fd&rﬁaé%@b‘tmnggpsr arGsdociated

rearrangi n equat 1 on hermal stress
para@t@réfuh‘qhy‘hqg@t%yap@gg@tﬂm§§xpre§swn of the Arrhenius equation. The first order

rate equation (3) may be plotted as shown in Fig. 2A with the first order rate parameter P on the X
axis with the physical property of interest (e.g., stress relief or remaining internal or internal stress)
on the Y axis. For example, such first order rate curves may be obtained for a thermal energy
process using three or more data points determined by experimental procedures at different times
and temperatures, although other techniques may be employed at 6 and 8 above for determining
the first order rate relationships within the scope of the invention. The thermal first order rate curve
(e.g., plot 31 in Fig. 2A) can be used to predict the time/temperature combination that may be
employed to achieve any desired physical property value (e.g., stress relief level).

The inventor has appreciated that internal or residual siress relief can primarily be achieved
by moving dislocations and reducing the overall dislocation density, and/or the density of other
lattice defects such as stacking fauits. A component of the overall stress state may be due to local

lattice strains, but is anticipated to be of absolute values. This component is pure elastic strain and
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(3) P=R=T(C+1logt), where Pis the L-Mfirst

order rate paraneter. Qther specific forns of first
wo@r@en1asat e expressions may be used, which arBCT/US2003/024449

| ogarithm c expressions of an Arrhenius equation,

wherein Larson-MIller or 20 "L-M, as used herein, is

intended to include all such first order rate

rel ati onshi ps and associ ated paraneters which
is locdh avitisic therattive. ahé fogaatiot lofe dslecetiorewill result whentthe strgin igaches g certain
va!u@ gb‘tﬁ\trdlé?@to tﬂ_@ﬁchf/étl()ﬁ Ené'g{;)d o dlé&%ﬁb@ﬂt@%ﬁﬂldﬁ%l( SBoulM¥esORis

as shown I n rder
enol3aicalwrratis B EeWien Sierd, WhEHEHIH S [ el tear s Py ving
(e.gQbsdillafory, pariodicepulsed) abblieispengg thaefanaauseanmessuregvave telvengenerated,

is apg)fieci t{a %F)%?alllmé gc%llﬁséfh)er Qan%Q@toYh@&ﬂgécatlg f’é&ﬂﬁé A ex&th‘n@@helr

cury be o her mal
motiepePifge FTY spsien wdlanqys {cq@e tow,e@%ne&y state: @%%awsmﬂgry to attain a
lowell @h& it dnagLirBion B BT bifTR drahnipatieg thiks @sduaihg thefiftemnelstresses in the
tlpes and tenperatures, although other techniques may
enployed at 6 and 8 above for determning the
f i rls eddiaethe inserdorrhab aprirenipi¢r that siilehinathemeticaldelptionghipg gheuld hold

for dn ¥ﬁé§s'rélﬁf or-éhfér ﬁrhﬁ‘ér%harfgﬁnb%etrﬂfddlﬁt cAREE dislBEalen mbfbndising a
N |

it BoR arogeit, BeLre s B BRI Ao R SEoe S eyl @yebove. I
accaddrice with theprassestiinvetiopharsiccelérafiinapeits in theadifiesicheprepess through the

cona{[lrreﬁtsa?)plrc%lldne{f HuﬁMl@le}nerg?’@PJﬁS alsPY&NE %r cHéf@n@@%?&éa@ﬁr@ﬁ’eﬁy (e.g.,

resi stress relief can | gy
stregsrelipbHyherRife G 2RRRRCFRIORR! 31 iNga AIoTRe NG ?%6‘??85'9?33*‘??‘? To further
ilustoate il dccéiersﬂldh(r@dultﬂ Ifhed‘elrwlirb)den\&ﬂdi i9 pravided e ars exaynptef wherein

ther%tape% ﬁ;g ﬁ& L‘bﬁéﬁ%n € (I%H&F @ﬁéﬂktb thesg %Efye&ec‘a stﬁlcture

| o suming thet the rr@trrxar tﬁ@ masyiel qrgaramquesﬂﬁaﬁwet R?rtas@n%ifmto strained

and ABESHrahel poRloHE SachMiihSa GAFEREAVALC, ke tRHI@nh@ationh enay be akptessed
and 9 WO 2004/ 016815 PCT/ US2003/ 024449 is |loca

S“Within the lattice. The formation of a dislocation

will result when the strain reaches a certain value
@ eaubyglanl, L9, e ackyation energy. Mo dislocation
interaction Wil éccurunless it is energetically

favorable to do so. Wen energy, whether in the form
In ttefcabeaftstrein raliefy theifeliewing refatingship(f@ldg: , oscil | atory,
periodi c, pulsed) applied energy that can cause a
pressure wave to be generated, 5 is applied to a
) crystal line s® TCnenergy is added to the dislocations
that results in ex0|t|ng their notion. Since any

Thegf%t%lt gcréng\{%é ﬁl),'f cgr?cep ratlf) Ee stre% 2l pglrt?igﬁ Qt%lrinatéf’?ésg ’rellrepr%ay be expressed as:

airn a
confdcyur ati on by conblnlng or anni hil ating, thus
®) redugy iy e internal stresses in the material. In

addi Tion, the inventor has appreciated that simlar
mat hemat i cal rel ati onshi ps sWéuld hold 10 for any
for hé FRSEhand bref restiom tWnere oy arerty changi ng net hod t hat
Thgauses di sl ocation notion using a diffusion process,
%nd can thus be descri bed by the Arrhenius first order
rat gcequation (2) above. In accordance with the
U)pre§§pt ikw&mtion, an acceleration results in the
di ffusi on process through the concurrent application
whes¢ kyigitheiArheniearsitglienter e osdliigtaly ibralRiylpeeond energhingiand: a
physi cal property (e.g., stress relief) where the
time and operational settings are determ ned as
descri bed herein. To further 15 illustrate the
acceleration results, the follow ng derivation is
provi ded for an exanple wherein

10
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thermal energy and vibration energy are concurrently
applied to stress-relieve a structure. Assum ng that

wo b@4oedsni x of the material or part in questi OPCT/HR2008024449

partitioned into strained and non-strai ned portions,
each wth a concentration C, the total concentration
may be expressed as: 20 (4) C(total) = Cs (strained)
+ CdC(non-strained) In the case of strain relief, the

®) f ol rogwi highw &mat i onship holds: 25 (5) Cs -> Cn The
rate of change of concentration of the strained

wheglitis e Adberiiysgeayetiop §as athgrinalfengrgy tyBe expr essed as:  (6)
dCdts =-k-Gs ax for the rate change of a reaction,
wher e = e .30 Thys (7) dd k, " CSC, where k" is
théhﬁﬁ$ﬂéﬂﬁW§“§§U§§ﬁﬁﬁmgg? an oscillatory (vibratory)
secgud egergy dgpe, and: 10 WO 2004/ 016815

9) PCTr%r%ZO 02 =) *ddi TC= - kv - CST, where kT is
t he rheflf us uation for a thermal energy type. The
total for the conbined nmethod is: 5 (9) dCs = dCsv +

sm?&%@ké p{kv + kT) . GCs. dt dt dt Solving for CS (t):
10) Cé (t) = Ae-(KT +kv)t + B 10 Appl yi ng boundary
(10condit Fene ¥ 8P tB= 0 and t = oo : (11) CS (0) =A

e-(kT+kv).0 + B = A+ B, and (12) CS(t)=A0+B=B 15

Conbi ni ng equations (11) and (12): (13) A= C (0) -
APP@'“Q(b@é')da"&S?&Bg'f"Pflslﬁ‘fritﬁ&e‘i“ﬁltf) °¢10): 20 (14) CS (t) = [CS

0) a- (oG (€@)proe; f KTHky) L+ CS (00 ), and (15) CS (t)

w1k c?i(o)(o’)*(ee-(kaké)tRﬁ’ dice) [ 1 - e (kT+kv)t ], 25

fromthe boundary conditions of CS (0) = 1 and CS (00)
(12F Oc,dBysio+B=8B

Combining equations (11) and (12):

(13)  A=Cs(0)-Cq ()

Substituting into (10):

(14)  Co(t)=1[Cs (0)- Cs ()] €™ + C; (), and

(15)  Co(®=Cs(0) € ™™ 4 Cy(o0) [1- ™4™],

from the boundary conditions of C; (0) = 1 and C4 (o0 ) = 0. Thus:
(16)  Cy(ty= e+

Applying L'Hopital’s rule and substituting for t at completion:

(17)  C(t)= e ®,

11
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(16) CS (t) = e-(kT+kv)t Applying L'Hopital's rule and
substituting for t at conpletion: 30 (kT (17) CS (t)
WOE2@4/0%x085 . 11 WO 2004/ 016815 PCT/ US2003/ 02444BCT/B82003/024449
the case of two diffusion-controlled processes
occurring sinultaneously then, where k = Arrhenius
equation: ~~ LHT+AH' (18) =Ae RT t 5 Taking the
natural log: 1 (19) -Int=InA - AHT+ AWlv RT 10
For Reanasaofdwa diff@ainh-otnalled pionggsésoodcaging $didutianed\dly( 1), widRe ¥ =
AnfenuSsbRgb).- Thus, for any conbination of
si nul f aneousl y applled stress relief processes, the
sum of the 15 stress relief process rates can be
rel gted t(&7eHe| first order rate paraneter P. The
msbscrhuaeory pr.ocess, whether using sound, mechanica
vi bfation, |aser inpulses, or sone other oscillatory
or time-varying applied energy process, is usually
at a fixed tenperature, where tine,
TakF‘P trhe naggé;/l,logand anplitude are the variables. The
vi bration frequency and anplitude settings can be

det er m ned rgl ny suitable techni ques so as
(19§ 0 ﬂﬁDﬂhd@-%ggigﬁéggéﬁzigbove the activation 20 energy
of the mateni al st mnthln t he scope of the

present invention, for exanple, identifying a
resonant frequency for the structure and the systemin

Reanlanging arfdecopyertingttailog: i s to be nmounted during
processi ng, and selecting a frequency at or near the
resonant frequency. In this regard, the frequency may

20 Aflyst AH, urtRp ﬁ %cessrng as the resonance point

( %ha ges,g wherjei tH€% nvention is not linited to
fixed frequehcy or fixed anplitude inplenentations for
providing time 25 varying energy to the structure. The

i nVﬁrtts Ofbr tr@%oﬁb.ﬁgtloﬁrapr"%Gltaﬁt&réryfabated £ &QUAREN otHRYesNRY¥ Sum of the
ak’ pendence on hat

streé%regﬁp‘cﬁc@%f rates £24) Qedﬁgted (tcgﬁﬁ frr@t_orderfratte param%ter PbThe oscillatory

process, whether using sound, mechanical vibration, laser impulses, or some other oscillatory or
time-varying applied energy process, is usually performed at a fixed temperature, where time,
frequency, and ampilitude are the variables. The vibration frequency and amplitude settings can be
determined according to any suitable techniques so as to provide energy at or above the activation
energy of the material of interest within the scope of the present invention, for example, by
identifying a resonant frequency for the structure and the system in which the structure is to be
mounted during processing, and selecting a frequency at or near the resonant frequency. In this
regard, the frequency may be adjusted during processing as the resonance point changes, wherein
the invention is not limited to fixed frequency or fixed amplitude implementations for providing time
varying energy to the structure. The inventor has also appreciated that frequency may have a weak

dependence on temperature, that can be calculated as follows:
(21) c=0Of,

where ¢ = speed of sound in a material

O = f (specimen dimension)

12



30 where ¢ = speed of sound in a material ~ =f
(speci nen di nension) 12 WO 2004/ 016815

WEDMOBR0D3/ 024449 | = frequency of harnoni c. PAI/E82003/624449
( 22) ¢ = 1YP where Y = Young's nodulus p = density of
material. 10 The relationship between density and
tenperature is expressed as: (23) p =po (1 + QI),
wher e f|f=freguencg oblrmimeni®@ i s the coefficient of thernal
expansi on. Solving for frequency: 15 11 (24) Af=

Al PJZ,and [Y]* 1 (25) f=p C* | 20 Including the
SQariation with tenperature, the frequency is expressed
as: (26) f = YalPo (1+ ,0I) Thus, the working
frequency f, is a function of T 25 Consequently, as
the t mperature T changes, the working frequency wl|l

@zbhl?rfag wel | . Thus, for greatest efficiency of
stres elief, frequency can be adjusted to a fina
val ue once the processing tenperature is reached. For

mméQ”? q@géé % techniques, this is believed to be a

atlonshl at best and so adjustnents in
the OSC|WFa¥BﬂVC%E@Fﬁ@|onaI frequency setting may, but
13 WD 2004/ 016815 PCT/ US2003/ 024449 need not be made
se of the

The relaﬁl n%l%ig g?%"’f%‘gneggg%l Sy qnggee n[%\l%m% isex re?%%éa%er gy is
proportlonal to YOung S nndulus E and to Poisson's

23y at p e pitdhgm, a single nethod, the frequency/ nodul us
relationship will be unique to an alloy and product
formand thus nay be advantageously determ ned by

wher fer 3 aeatdk:. [irthe extlficest dtherma exaoeip.i olyirar for fraguency:
questi on.

(24) Af= [—g—]z,and

o ()

Including the variation with temperature, the frequency is expressed as:

1

(26) f= [—-——Y ]2- (l)
po (4 /)] (7

Thus, the working frequency f, is a function of —

Consequently, as the temperature T changes, the working frequency will shift as well. Thus,
for greatest efficiency of siress relief, frequency can be adjusted to a final value once the processing
temperature is reached. For some oscillatory techniques, this is believed to be a very weak

relationship at best and so adjustments in the oscillatory operational frequency setting may, but

13
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5 Furthernore, the resonant frequency may change as a
structure is stress relieved, wherein adjustnents to
W b@4dtasgiency of a time varying energy type negI/b82003/024449
made accordingly. In addition, frequency nay al so be
hi ghl y dependent on part dinmension. In general,
t hough, specific frequency ranges for alloys can be
predeterm ned for a specific nethod of frequency
neegemaEreanaderin asshreteheerwithdfueinyentiona Hecause obtbe eyaialattice displacement by

waVvERaBeRY is%rodEﬁféHé}"EB Y“G’ljnlg}I g ?ﬁgﬂ?i E ggc‘(!:‘%\rfi%lss&{ s e Wit Qﬁﬁgle method, the
syl gR e SR I D A s e ok e R EHeERR SoinbSzaay be

adviethgdong)y detertriried by kegpesimeptel ppdcetilres omthe Bpdciin parfRatquestiong

to Eurglern;lore %CrganQﬁ’c éiegre%&%ﬂgga{an %&sea Q%@F@E @trr?% ?&e\?e% wherein

have een determ ne e Operatlona
adjusimenthig therfepareney olalimrvaayieg Qneraydypednayibe made paeprdingly. In addition,
frecﬁJblﬁfyerdetahso@b highly aegbndiént oﬁ)ﬁ@rt difeRsicH. i 10 getlerss afidugh Gpé&fic frequency

rané eforfallloﬁt taﬁ Qg %r%getgrmci)ne%%%‘ a e(té 12(1 néétft'lcgdcepf “’?AL%ECJ %nerﬁtlon whether

oncur cessin
SontcehﬁﬁirQiQQIlCé' @@grtermh gne@har@pab endmicravave. oF enrRasaNeTdyPe| \lerem

adjlifs@ﬁédtd’lﬂ:cm%g&) dpB&id dtfudttires BREMBYNtihY Bdtdnts drélEdrdkplatdd @ falling
var elected (e.g., independent vari able)

WMW£@ B%WSR %WV%}wﬂa based on structural, equipnent,
e c oRetmining tofFig.oft, hege tewiivsti otder eette parametens Pﬁ-ﬁ’mblmedb;aen tigieronired at 10-
14, %%Egrlaﬁonal Mtﬁ'\% ea8img vé?m%r@ B8O ed if Heddrddfcd thEEwR atq @ %ﬁ@ YB One

y g§ limts on tenperature,
opey %t'%%\;?etﬁi’é? Toyelas ?réfda“? RECCRRSAY et valp f copourreit P@Fess‘“g s

seldzidaivi @ sealf & d tempaniateseting or ascbcuredh@ogissing e sdtting where the first
eneﬁéyr t}l/&tlé"{hgrn]ia? Wﬁférﬁré? Vartkh etslel@&ec'i Pa Og SiﬁJeggﬁdﬁﬁt%anM% rn‘raa?%e Zhosen at 16,

erature val ue wou crit
based apeifugtufal: @qﬁlemefﬁth@oﬁ‘ﬁﬂléﬂr giher gongiderations.on nderly.y lrong gxample,
proed%euh@qudmﬁnefsuuh ashiﬁbrﬁllQihB@Sl SEKEIIPhEY hale upRE lihB ortEmperature,
andZor ]gtfnaa(%fa tde?r%d gnta %ﬁe sl{r@&ure aﬁo%k{evra Qageete Xra%?e tg avmg changing

era
the atﬁmuéﬁtentpemmaltm @eaﬁ’frdsttwp wmasgn rwmmugl temmtaltetva@ﬁ @guld be a

critigdl Eémﬂebbmﬁéforwaeﬁa%rm 8 ékdbed ARRARNIGH & ér@ﬂﬁ thémwr h»earto%eexample a

secidht o 358 Pl et RE S 085 e BE a6 it tabe gnigpereture,
duetthembienionditicne andiorebiegtad from atieched rirusetes, aberein dliengcongiderations
may Hsetaﬂénr irfth a@d'oqarm E@écﬁn@é‘feﬁ%@ﬁaﬂre Ee%tm%%t g.. or sinpl y in

accordance Wt P2), I n accordanc
wi t At t8nibe ,sPhéwr@u% fry %@P@w@bﬁm@g a@d thefip A @pipsted or determined
accu@ing &bthe first@dertréte palaoerr Bx@0 IOESlm\blymaz:cadare:Em&th &4 aifdeP,), and also

ina &Hén@@w e ?r%&gt(fstg?&le% gd %{9 g. I {hg] eh&JﬁB vgl‘?elb%e F'orc"the ab?ve example

rm ned ature
Wheaﬁa tetm?@raétﬁ? aettinoaraspgletad ateﬂﬁpihﬁ- @@? Wéihe 'éfdeieﬁ@wq gtds accordg ing to the
tew@aafugysettmg and Be bhRmster pg:fbumné’a@omsﬂtmwgthzaerby fypé t&ﬁ@lﬁfucture

u5|r¥g%e flrst orc%tr rate reratlgns l%r ?rttlbeethﬁrma ene S'gy oecascgy f-@? ?rs?%ﬁ,pl rgte relatlonshlp

re 1 ons
is upgd, foy axample, hage\@ll@mr@w@mnﬁlgg flrus?csderm’r@l equatien .g., equation (3)

abRE)YS thMtsticRerdy pro@éﬁéaﬁsllr@rihe( @Qraméi@?‘é%)\d frnefentd@atirk kéting as
ranet e
BT wP e sat iy b FrbananirRbie B b e gae i s

exagwlevi ng for the dependent variable, which is the tine
val gFerhtfbntsbitifgs 6r1REBcEnd SerdyRRIBES @R be @éi&ét&gg'cc&grngwq&her criteria
second energy process can be selected according t
other criteria 14 WO 2004/016815 PCT/U82003/024449
for concurrent application of energy together with the
first energy process. For exanple, frequency
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and/ or anplitude settings may be selected for an
oscillatory second energy process, wherein the

wa@tooiasne, together with the systemin which PCT/1S2003/024449
nount ed for processing, is scanned to determ ne a
resonant frequency. The processing frequency may then
be chosen to be at or near the resonant 5 frequency,

for qeineureentrapplvatidn & goeracipaethsy viib thedjrsi soesay roeaspgior example, frequency

andfdr 8 ﬁﬁe'}g’ftma_shﬁa;f Hees‘éléﬁﬂéﬁ Yor @R dschiihy &Uﬁﬂ en@fgy%ﬂ)@@ssa\ﬂherem the
r econd ener, roc e al so
strugropiat WA ISGHRP ) BV BEBU EREE B o AR Tl e cetormine

resanahtifregoénoy Brearrepessimy frdghenaymteg thealbe ghoseh éo et at genagr the resonant

freqlJE cj;&lswﬂéfgu?ﬂe 'erqJehbﬁnéP&aJo%steh @@ﬁng"ﬂ?&fe@@tﬁ; t1ihe rbddehty and amplitude
ér rate relationsh |§ﬁe d first ord eL E ded

of Sb%ﬂr%r?é?‘%ﬁi%’y BRAOR RSB SHesBETE 2150 BAVESGFUS g@ﬁ P &gy provide

ther@By ie Bbdle an petdifiancenan f@ theusdteriabofi tlnujsmuetnrée nt, that 10

onelf 8 fneth|9$egtta%2th9%e%ds(?Mrst%%e‘; k r%laﬁ&?‘fshl s and first order rate

app |ca ener e _structure nay
pargypeters ggtgﬁnngﬁgcqg pdi @Qoqe@rwr@fqﬁj wnaiepa épqqlfle and structure indépendent, that

one(d? ﬁﬁ:lred& Elﬂdp@ﬁﬁor{aﬁs@mgs R bibpridtio B tRéeregyy, tysis Go the sTm:R:ture may be
of.. I
chog?l}%;&?ralpg? rﬂ%?r al sp%crﬂ ns%en.sépon\(;é\,‘gé g%tlgétloﬁ eR&é{ e&é Hwell as

ra sy S emin
accbwiina dp the srasEisseld, pashg@lhr drocitiend/osa sstensinapish tf@rstréftwerls being

proSeéSddS %ﬂcﬂ fas lﬁ{a%él Gl Pasd) @{ (tﬂﬁér%l]étéﬁ\ bﬁsﬁquc@%aﬁa&@rlstlcs Once the
erati ona S n r.va
opeglpen i sebfos s Frird e §f Sub Bl fofi i 2psoneecs o

22, where ¢het fingt afid ssbndierdrgyqrageses raa@eyfomadd@smhaﬁret and second energy
typ&etB ft}% ffﬁ&ur& Qo%%r}ﬂyw? &t ibhdt e s@l@gteé; %Q%iu@te %Ergé/ve dc¥di&8ted change

structure concurrently fo | east
I iR BTODFST YRISTEONTS, S 1 oE 8 ORI T FeFg mplgmentations
of d)hkﬁlrrﬁlﬁt)éﬁbr@ﬁlbpnnéalbﬁrntvyndhfonb lokths tiiargyt tyipess,is thedval, ¢het Heat may

prep?ato %g t&n?cﬂg'ﬁﬁrﬁt le%/AH +J‘os%ﬁ5t%&'eﬂeﬂgmnﬁlﬁ5 Uﬁtﬂl{heggﬁ ﬁeuﬂé processed

concurren
(e Qe,rﬁéﬁi?gfe'leyﬁ@@h'%veﬁ ﬁ@wrﬁﬁwm temeergfwrgtiorgisipepionmabiiyl y be
tur N@é&eﬂfpfmefdln{ ISlbs 1] 2R \eh O 9B [thein@Gor pravidssymeRivas gy determining

opeg%iurog@ g &%tagg 88? v%\I Cc%srfgr coné:ur}r%nipaﬁ?l?c%tcl‘o%eoq muﬁi?le (aﬁer M Bes toa

strugtusd tochangem phnpinal brogerty agthe sisubire.fthas thay he FmglgyedlalonzAr in
corﬁmgt oAith ttmaeachﬁv&%e'sﬁﬁb &rSQMétlQS&orméﬁb@%htlﬁéal ﬁ@ﬁ@fy"ﬂf Ihtd?@t The

erational  set
et e PO LA LTS NEr g e § Shoxe st Elp i o
labbretoysatige usingsayplecspkcipeopeatgiven matenel typerte detenmine, ptappropriate pre-
exugm%{ fulgforgémgatg}’e?ﬁloﬁéh ‘?n TheluBed. GRRH HEWR! $h8 RrsVbrbidh réte%arameters can

rocessi n ructures to change a al
be ﬁ?t@fmmi;&e &1 21AY16T 51 dOSTRLPIHIoH SRR Yelier ghf 5 © I%/%ﬁ%ma' settings and
timé vdlSds cah deﬁeléoﬁcﬂergeina‘ta @ gBiapsse]. €T hgre,afternthé fimhahdSecond energy

procesgg e%am Bﬁeddtg g@f étll?Jct%re Af %%%@r@[% \ﬁf%ﬁ th@ ﬁrs%&é}gelatlonshlps and

para@fstefsr!naw%bee@ rde@rfpm@}awh%rﬁ@ 0pf aLMerg |°e%rﬁﬂ*ﬂgalfﬁewggs (619¢ §ch as vibration
frechl@ﬁ@ Y B sehrsddl dRGorY tolpfoddsditl syMbintpattib@ss (e.§. Ng/slehv r@$onant

ord e& rate paraneters can be determned (e.g., at
freq§"Y}) for a desired physical property value, and the

ope féfutreahotedthei theygaranwlaspettsrel thainvragoraay beeerapipyed inegoncurrent

ap pglgag%?] of r’gﬂg %nWerﬂe@g yaRRYerhusihe frﬁ@ﬁtfoﬁ Eentérﬁ';ﬂatéé Ecnburpdiblapplication
ocesses
of Y L NS N RaT BT IPeP O (8 RIS ey Bl nen 1, wheroi

rel ati onshi ps and paraneters have been determ ned,
wherei n one or nore operational settings (e.g., such
as vibration frequency) nmay be selected according to
processi ng system particulars (e.g., systemresonant
frequency). It is further noted that the various
aspects of the invention may be enployed in concurrent
35 application of nore thamstwo energy types. Thus,
the invention contenplates concurrent application
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of any integer nunber N different energy types, where
Nis a positive integer greater than 1, wherein 15 WO
wWQOeMABEB15 PCT/ US2003/ 024449 first order raP@&r/us2003/024449
relati onships (e.g., derived or pre-existing) may be
enpl oyed in determning N first order rate paraneters
(e.g., P1....PN) corresponding to a desired physi cal
property value. One or nore operational settin
first qrdely rate ralationafpsy/(@lou dlerivgy of MéﬁXlB@QM@tﬂ)elem@@Ned@t@ﬁ%@ Mingng N first

ordér Patd PESReBR(AFEPES By) c@rrresbbrﬁilr@% alBsiel PhydRYl P6perty value. One or
correl ated usin

mor? peeratiopa) setngs ang/oq_ﬁ@? valtf%rg aggeq lPquéerlgng]ep F?ci%({}r}gat{) gwgse
paraaneters] @s the ipbrecheteed roay e dolrelated peing anotheFparamster @.gsiFngl=eP1 - (P2 + Ps
+. i%{))Stln 2 éﬂ@ﬁ as llﬁg@atécﬁar@tdegaﬁgd IpeIW\Xnﬂpr%s&%{ tb‘FdeS Oersmgle first order

al ne or concurren I catl on nor e han on
rate gaiatiopship MgpRe dafest %ruoﬁfaméag* C?nﬁafﬁewawfa&ﬁ%f’féf‘%fem opg.eneray
typenﬁﬁéiad fawer aah BGiatangptdrh@appetaidednatledting thel dperatmeu anidrtigse
settlﬁgsdan\é IHSSS fo gp{?ll?&? 8% l)fq\?(%r{epg’}/ éygyes l\lln%gr %r}lé( Rk |5]a firPst ngigr rate

rate ati ons
relau;@sf@nmamyeamplhmd thad redatessangfigationceft wrayftypes E’n%?t@‘ytuf%ﬁb‘é@
physi€dl Bropdriyltf thdlsBudhite, veheldh @Eﬁy@é Q@bmﬂé@rﬁ@f Beyused intdaRcting the

opegah?rwgg?qd,{yeﬁvs%’gmgs %jrgirv% u%% ﬂlglthls 5o s aq%%agqmglgr%gntatnms are
conteablated as Fafiing hitgin fregaen, of {ghehn\@mm aau th@@nmr@ed claims, wherein the
lllus{ré'fpéi ﬁB@Méﬂb‘h%ﬁar@ﬁw@rely@%ﬁggﬂ ated as falling wthin

AT 1R 0 6 4 S48 Arigh CRUMEHET BREDSE & hrgsly mplemented
in regMeinglemgininBéft@nali(ag, redud)strEsggs aluBium3Buctanesl uging eibeurrent
appﬁcﬂﬁor{ A?Yr%%al QRq Q@cﬁlagﬁﬁ‘éﬁeﬁv g{& Srﬁgéﬁlahlgal MB}%!n&{ﬁJ‘&&n%ve $§lgh|ﬂcant

red uc:m?%‘rerral I'ntern ') stress in
redygfommit G PAEY KeEptal? ﬁegs'rewa@wr@mternaﬁﬁﬁsaawﬁ (0. 2 desired
amduhﬁfffmérnﬁﬁﬁes@%‘dubthom OFFiys. 8N eﬁcgys {lestigte, annmerhplady eradthod 102 of stress-

rehe;f usneg Iwg ene)zrlgggr %SS%SDQI g ﬁeac‘(l ges rl%%n;gl v:br&gh’)% Egﬁ{daﬂcet\{»ﬁw the

inveptione Bigs. \Aéq ane 4B diugtrate @fen@la@@@rsogdﬂlllaaﬁ@wger@ate relatiopship curves for

therﬁ?af&féﬁnb"ré%&&‘ Gﬁéré’yn}es Edﬁgﬁy Aﬁ.%rs’i:ﬂd/hl@ﬂﬂs{ (Lrblé?rtrétatr@atﬂﬁshlp or relationship
SS-

curv(gn%sr Wg b rS'EE'QQlé% sgay Hst orieé éeﬁe 3W§¥|?Pe06ﬁogﬁllrltguglc%xwg?sqn of the

Arrhienius equaticiarfig 4Giiltubtratéssarpdxeinplaryrsystem in Wiigisthe giresa rrijel4gphniques of

the |nl/édt'|§ﬁ fal @e [y T h@rﬁpﬂu%!eg @rploi bffc%hp%%rstr@%t rBlief results for
tionship curves for, the br at or

alumlglgﬁ é@fchﬁ?q %;oce}g‘sqgél? gﬁ;ﬁrquq vgtp tifq |qunt|%ta%q1hef g@t% struc?ure% processed
usnrrge:bastenmmmtrpssarel|¢feécamqtmssh| p curve, as used herein,
| nol pdesa ergﬁﬁésﬁ OzoJegﬁE af Y %m%?éiﬁ& {34 E_arjs&gﬁiﬁlbltéﬁme%rst order

expre SIon enl us quatlon I
ratej rP'PUE‘F'F'B)t'%@et%fﬁ“@Q &N ddyctioy seathe ﬁﬁﬁesazﬁ?"efrpr?q?és %?%%Séhe exemplary
plotr1el| ineig. t4ﬁc nthig eRsmEd, the ;hkﬂ 15 NWE0ddseMmunibyr di@ata@bintsedmesponding to

measPrehg n{é of ](:(?%fT?raePusrr{HHrﬁjg eC| g% ras]aml%%g a%)fj%ct?eﬁéggt%rﬁhégrﬁounts of
therpwb@@sseaﬂeﬁ Uﬁmadtﬁ‘eﬁedfaweenmtqnwetme seflingst Tomtepicgesines were

obtdddrort & blﬁ‘dléllb% &rt@ ﬁﬁiéS@ﬂltlcaU&* ri%Grl)C Qe irﬁtrén;ﬂ{ysmal propertles and
SSs-re

echni

tne Bugrovers shossed FRIGPRITHER il s, A Keshmpe e gy g ent wes
takgnfdnraie obihel balvesrtabgiablieh abassiehiaple forgerdainieg infernatistfass inamits of kpsi
(thdu&%%ur% p@leéfubrrégnéﬁs rﬁé%arnates @éreme%ﬁés% rel%UéJ]atQﬁfeFeh?tlme and

exenpl ary  pl ot . 4A hi s exanpl e,

pl ot 151 i ncl udes a nunber of data p0| nts

corresponding to 30 neasurenents of 7055-T7 al um num

speci nens or sanples subjected to varying anounts of

thermal stress-relief using different tinme and

tenperature settings. The test speci nens were
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15

obtained froma single lot so as to have identical or
nearly identical initial physical properties, and the
wGe amploesiyer e stressed and separated i nto two Pel/Usm03/824449
basel i ne stress neasurenent was taken on one of the
hal ves to establish a baseline value for remaining
internal stress in units of kpsi 35 (thousand pounds
tempsatursyalteseusingdhgrmalfneras anpicationyising indyetipngeating gquipment. The
remé@_}? %Yégr%b%}egg ﬁgg@ﬁ H*ea&dré'ﬂaftolatﬂg strels@-réﬁ@e%@@ﬁbl@i @Bé@ctenzed in terms
rature
of perFE G et ok Froa IR SHRIER T CPEreRIg U PR gpeioved to
comphie an Levifrstiraey rateparemaler eiuedBE favaschtdfithe stresssreliayed samples. For
exaltn‘Blg tﬁé 55%%@ eé@elﬂbﬂé?@asc'@éggltc?&alcu%t@'b@%r%%bl?@a%pﬁé" udifd t‘ﬂ@

cent remaini stress. A Lar M |
corrp@oncy%tgner"y and e ok (feaEses &)rﬂﬁsiyglaer?ia theé’@h‘g HS gagHsed for the
condtad¥"€'i dogrespandleg tortisis ellopartmb&matealthaednﬁé?eﬁt "€'ovalueaete uskd for

dlffetren? mt% eﬂgsc' ztf%; e“%gljngx % f%as[fg%ll 46- 15 9 'Eltaé uﬁxé%l%relﬁ Hﬁﬁﬂpﬂﬂj\ég may be

to cal cu
obtaymﬁﬁtpr@theu@pﬁgal@ ﬁfgnter@gtr ﬂ-@ysyﬁﬁdprrﬂggl‘(qnﬁguetwe the,gpme C value is used to

obtdir® @B@h&t bb!l&natér con(jﬁi@nw feesl K op’é‘r@cd)nal%laéﬂoﬂa sihgle Vtedss ealid0
pro%yrsy ?‘hq plot 1§‘>1 é‘vﬁﬁ hge Ic%qsiraa?%% pl%}{: qgfter’@gt?orp e{?aqe éﬁora%géé (e.g., "Pt"
valugsieonydire X dii¢ f&ixend thembeespaiding remeainies Befpéng intepmal pigess Values along
the §vta§,gl151ylég sil.,g,‘,,f gr,:, bj\anl um et c wher ei n ot her val ues

i
v EidelowPg oblp i Rtes LA A srws%‘a% Qe B G reglary L

curweptd 16Din FQy. abt Althouglathe ploatf‘s ris astrotet ixt termscf dercerd nisess oglief (Y
sgl elqu&/Ja(]ﬁ}t gﬁﬁ ﬁ;ﬁ\t/ésc?{éﬂloe }fl@ 1R ’tefnﬂlg~I offabSAINE fess R/&Igésg fdr 8kdnfie, in units

en construct
of kptiotnadaon. FRYersp rsgat'eSd?%VeﬁltemafeV@'vF?srem@v@rfgf tt‘%X@X'\é valjggs-and/or for
the Yalxid@8lesal ong the X axis 151x and the correspondi ng

TAéL%!”[PI ning percent internal stress values along the Y
axis 151y as shown in Fig. 4A The follao bl e |

T (debieas Fr at| ds(mirdesdiat| d-WMoprmstenBied | BirassiRstef (et i ng t he

s7sEXenptary gt- M 15 quige prot 15T [ s Fig. 4A° At hough

the plot 151 s j}lHustrated in-terpp—ofperecent|stress

275r elief (Y2%xis), dqdial ent L-M it ves can be plotted

278 n terns o0 absol ute1531t4r ess val ues26 for exanple| in

57 5uu| ts—ofiypsi—nragditom—reve scates ay
alternatilvely be e DLoved for th axi s values!and/ or

290 or the|¥ axis valluéd TABLE 1: T2¥degrees F) T

o M NUtes)[ g-- M par anesaz Pt Stress|gelief (%9 275 0
14,9 25 1275 2 5 14,900 31 275 10 g_r. 4426 275124

29015 71' 34 15290 0 14.925 200 5 1552 31 290 16 15.9

2084 290 Z24416. 03 37 16.03 37

300 0 14.9 25

300 5 15.73 33

300 16 16.12 40

300 24 16.25 54

325 14.9 25

325 16.25 41

325 16 16.65 77

325 24 16.78 97
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300 0 14.9 25 300 5 15.73 33 300 16 16.12 40 300 24

16.25 54 325 0 14.9 25 325 5 16.25 41 325 16 16.65
w(O'7004828124 16.78 97 17 WO 2004/ 016815 PCT/US2003/024449

PCT/ US2003/ 024449 The nethod 102 continues at 108,

where an oscillatory Larson-MIler curve (e.g., first

order rate relationship) is determned for a vibration

stress-relief process, such as the exenplary plot 152

in Fig. 4B. A simlar technique was enpl oyed to

eSt'@g lnie\ﬂ%dq chgnﬂwes%%g)l/vﬁé% afl @&cﬂlaf%ﬂ) IRk soninilidr B@N@ eQi first order

erein sanples were initial stress
rate EHHiORYNRI i dePTinge & BV Pralipntigss- Eﬂ'efaf“é o N g‘e exerpiary ot 152
in FigC4B. iedimn il te2hisit @ywdstampld)bdto Eétadlishtheatomeaempiatyidetatpoints in the plot

152 tvshgpe?n Q’rﬁ)le% vs{efe H"tlally sg?s%gg rtﬁe%%,ﬁgeétgd ttor\“b?at I@lg%é)ggt or bifbve the

ress stress- r

activaiorenesoy iR 7853 e AlumBHIIA aabier tIRREEITP (Re0-t fiedegraediihiniigxample)

to rdd0éeth® Alersdl ERSS.- T%‘@re@é Rlievéd %’arﬁﬁleeﬁh@e théBmsasurédierletermine the

B e

alongttiree)s sxis/ Hi2y @Bd ik caesporeling reivdining Bipynal §t(¢8$ pralugs@lqng fiiengaxis 152y.
t abhg tdiolvin %Hﬁﬁ&%at%@%e@@ia%oﬂ%‘ UBtSines@tubtihg the exemplary L-M
constructing the exenplary L-M curve 152 in Fig. 4B.

curvg BP0 FIG- 48. (hours) L-M parameter Pt Stress Relief (%

Tab@29 0 0.2 10.33 26.67 0.5 10.54 80 1.0 10.7 93.33

A h toashd s7151 and 152 for the
T(h%Sl?{g 01 lI'Madaddmo‘%éc_f‘IPI?I a g?g/?sﬁeg%\fégzp 15 determ ned at 106

0 and 108, respectivel§, a first thHermal L-M paraneter

OZHTS fiederm ned at | 3§67 t hat corlfresponds to a desired

remai-ping internal—stress—valde—Hor the structure. In
05+¢he j ?qﬁ‘irated exal 3? 3% rendining internal stress

1.0 was sei(Ett ed (e.g., 937.%:stress reduction) as the

desired—physicat—property vatue: Using this value

along the Y axis 151y in_Fi a correspondjn

£ bW o LM feRiarsAPUBES FE! 418 158Gt B AGP IR processes
detathingd 25108 ahd 008, tdspeqilay, aTibst thehaal Lingpagarvetbr Rt isdet@in8@6t 110 that

corrgser%o%&s to a%%sfer& rgr?i l% ﬂ e?r{aiY ftks%ﬁé{%ﬁé @tFucPYe Iﬁ the illustrated example,

e OSCi curve shown 1 n
3% mngalnlrzganternﬁtﬁérp“awwe@éﬁeﬁ é%%o??&y stegs teﬁk#?t'a@)sqsrﬂé‘bdes"ed physical
profePiyRbIné. NGsing thie vABé aiBihd B8 ¥ axig 188 in FigesAl @sorresboridimptherapL-M

para?r%ertgrsﬁ is identified along the X axis 151x from the plot 151, having a value of 16,800. At 112,

an oscillatory L-M parameter Pv is determined from the oscillatory L-M curve 152 shown in Fig. 4B,
that also corresponds to the desired remaining internal stress value. The desired remaining stress
value (e.g., 3%) is located along the Y axis 152y in Fig. 4B, and the corresponding vibratory L-M
parameter Pv is identified along the X axis 152x having a value of 10,800.

Referring again to the thermal L-M curve plot 151 in Fig. 4A, a final L-M parameter Pfis
determined at 114 by subtracting the vibratory parameter Pv from the thermal parameter Pt (e.g., Pf
= Pt - Pv = 16,800 - 10,800 = 6,000). Using this Pf value of 6,000, one of a temperature setting and
a time value is selected at 116 for the induction heating process, and the other is selected at 118 by
solving the L-M equation for the remaining dependent variable. For instance, a temperature may be
selected at 116, taking into account one or more limitations, including but not limited to equipment
limitations (e.g., maximum temperatures possible with available heating equipment), material
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value (e.g., 3% is located along the Y axis 152y in
Fig. 4B, and the corresponding vibratory L-M

w@aroaoedses Pv is identified along the X axis 1BCRUS2003/024449
having a value of 10,800. Referring again to the
thermal L-Mcurve plot 151 in Fig. 4A, a final L-M
paraneter Pf is 25 determ ned at 114 by subtracting

limitgtieas (pidarkaering/thp Siruptiee empeature kalaw BRGSO crjiisg! éq%cteéqtures for

the stiuct(R- rﬂaterlaf)’f andheBingthddtructudkbo 86flea térﬂpe&ﬂ@refelﬁe@@ﬁbue activation

energé?{lﬁ%@agﬂﬂ et%vlﬁ :ﬂﬁ%e&%gxlp egtl%gdegr%fg s g‘el%c?e?})fgrr s?regsr r%hevmg the
alunimgugiiuciore witsautimetingooaltesisg thammeh@‘ ﬂ@ﬁ maleridl.s Ingdhes situstions, the
proc@&s t@t%gerQMre m&) b d'kgatéd"l?y d"chévlc&%%thl% §LQ:F| akBe mﬂﬁ%kd&bé&@vhere the

ent va nst ance t
struggrg%%rﬁeamgbeaf1f88‘f95 &R ﬁ@ A OISR BHRR e HsAURG ProceSe, n
whidhicasd taé pressnt inverdion diap be buployedtio Higterimiredhe imevaliefmesencurrent

N
appl%gtldh ogl\)/%c?l foﬁrb'% E?g g??trﬂ%ﬁggédun:a%%%f%@m&gfé?gr&fﬁ%ﬁb Bl mperature, is
being geri¢d) PEBERCIBET/ US2003/ 024449 |imitations (e.
keeph oy tﬁeh!épértcfeblﬂlauﬁlﬁe i eapaedatin e ilneirasd mhipientyle Processing time t

is de% F‘Iﬁ'l %]Ej&d rgqﬁa t e‘%m@‘?_r I@ﬁsglraﬁ]%tei of detetrlmﬁ"teé Elr HgftaHS\% (e g., 6,000). In this

he structure to abov
exam@'ﬁﬁbﬁ st (Brieep¥ed farife Enetvalpit Fong f?@mggﬁtttsﬁ Tisplgcted at 116

(e. g”@@(ﬁddtgf:ﬂgs steimé ctohgtarttkl«b §| @kaﬂmr%{ugﬁ%)%@m@@rﬁan (e.g., 6,000),
cte or, stre ell ey, e
to ylﬁhstar%quﬁ ﬁﬂgn% %bOBfZ%QS sg??r}qa% ﬁonc%lré lggg?ph%% HﬁherH'l%} éﬁd%lbratlonal

enengy tosachiale the desitet 81% esintainitiinjersal stress vBlupy @cegrgnore vibrational settings

mayl RERRERY, YorexTRYie REqUER&! aﬁ‘uﬁ%@’a@b‘hﬂ@e hﬁ Bro%%%lrdj/ﬁib%tsblﬂ&lﬁy or time-
such as an in-1line rocess

e ru
Varyﬁ‘@.eﬁ@' ghatgr ap?vgeﬁn@ﬂtl ationLNefs of @ﬁﬁlgpwgnymrgatﬁr fcbjneete?tgnque that may
be emploged f\wvets hietelraiaing a gesprant eamiendyrior tdstuhtucesne thengystem in which

the ?Fu@t%?e% p?&!e%&ar& %yserégtm%rm g%@gy LLQW qgér?é H' Q@Pﬁﬁ%low) the

or conhcurren OSCl
reSO@ﬁrérfrggue@Pv g f&%mawﬁw@ afﬂyﬁ%d %mnp 8r°PPﬁ§‘”§t infhie &reéﬂp'e itis
notddShal begafd® SFpAtAIDR of Hedt at ifd 8@ perateatl of Wratipneid s éat this fine would

not }%t IF gh%%’esi{ela trgsesprglnﬁgI g&atl ﬁ‘iad's tﬁg lnsedhgn %gliltgl%g @?mﬁc!aﬂt ztaéggleratlon of

stregfereliaf, rﬁsrﬂb@tr@t@ctf@rtfaﬁrh@ow it ﬁfépﬁfq'f waﬁlg EDMAba%Za%muctPﬂ heating and

vibr&t@h Qfoﬁéééeg a@tpeﬁ&ﬂweab&%@rrérfﬂy ﬂ)r at 16asPP@kseledtéd firfé ﬁaluet and according to
i me

i AR PoRRr RSt R teh eoicd aay P el rbcpiods. B e
metfi@ 192 en@0@ 1@€&grees F), the constant (e.g., C =10 for

aI LKQ lﬁUé{ﬂt?% ?Jggert ifEig P, BB ShalBhd chﬂl%ory ;ﬁo&@@s nee@ Rot be exactly

ahgra%*ﬁ%uw é’ﬂi”%ﬁﬁf"?’@%\?‘?%‘ﬁd Bcrncvrf?@%ér thH&“'WPrﬂr"ﬁ‘Fu"S'H%Pt 15 to achieve
the a¢stedymbnt afditbreuiestredsaeite sithietie Scdde pethminventign.i Tibestresd-relief
proc,%ts{ r?gsfzzg)%b P?at 130% ﬁ% 30N Rertth me%b'réﬁg broﬁ@srstl |ﬂ|9§1l sz?th B€132 and

e frequenc or a
coniuga Ay e sPIBY PRSP TG T BH§NGIES ?%ve%r"gfl n&eetn@fre_{,processmg
begib aof36q\bmréeh@\nbrat¢dhlcuatnuw) afBe G3mpefatdrl & nadritofie@wim38. Once the

seleggg ?emrﬁerature Sgttlljl:gelés: ge%g %ha(ts g MO ?%?ee% 'FH.L wseeg%\#glgf) h\éesglected
températurp\and gﬁratmna}\ﬁqqztms afqmal@tplngq;qtlj A untgthp@omjélrrmt(p&gggsé\g time tis

detétled 8 RIQtd hatFeds! tREILEEM tRfe Value REATheRafler, thé bprlibdtiol of thermal

bel. o the 20 resonant frequeng rein. the

enoRY SEHBRLY AG: 18 S PO AT o S AE b e Sty fegporature
exanple, it is noted that separate application of
heat at this tenperature or of vibration alone for
this time would not yield the desired stress-relief
goal . Thus, the invention facilitates significant
accel eration of stress-relief, as illustrated further
bel ow with respect to Fig. 4D. At 122, the induction
heating and 19
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vi bration processes are perfornmed concurrently for at
| east the selected tine value and according to 25 the

W@ edogoiads operati on paraneters for the inductiPEI/US2003/024449
heating and vi bration processes, and the nethod 102
ends at 124. As illustrated further in Fig. 3B, the
thermal and oscillatory processes need not be exactly
aligned in time, but need onl¥ be applied concurrently

is lepsgthan #eritipliernrangtare FermAgiou EE et 148), Vthsreaﬁwf&/@brawqﬁ\és discontinued at

150 @ﬁcﬂhé ArbtrRaR UM bndafat h 24, Qﬁtﬁ‘eﬂ|mﬁl&rﬁ&ﬂ&oﬁ@éﬂc@iﬁcuWeﬁtfypﬂhcbhﬂ of multiple
ess-rel

enerlgy g}ég§§reﬁ&nqirﬁgat6§ mtlﬂg H‘StSCT&S’?{hﬁ e |on3 or %mplg,i erllth?rﬁéocesses
(e.gv héat at vioratiqn) e bs staded hefaré tk bghelsqr‘@r Qr@gtfa'nantga;glnaqﬁ the same time.
Furtﬁ&mofenglﬁ'ér M’B&ésls rﬁagge §§4t1ﬁ@d%ﬁeﬁﬁ@bhéﬁ§&sé}'ﬂ%tfeﬁ %ﬂb@lﬁ‘ﬁﬁ%y end at the

are achi eved ma rOCESS %
samf§g1e( Wrerees te w@vqﬂt e Ql‘"ild('iﬂ OE’W rpﬂgl.@gj ressRs dIlUﬁgo the sence o thermal
gradienite) & fraly be eedirablatiat the bediadty dBRyy et rhdigaingdlnditthe bmperature

fallsggm%@\yaﬁje e&ﬁ)’%& l‘orf] gctfvgtlofm%f‘t‘ﬁgg tiGH mﬁﬁ%ﬁ nethig rega?bo%e example

I S exa e se era ure
I"usaiﬁad piFigr- 48 |'Sch‘|‘éP”95@t5§'P'ﬁ garlementatian witin Wéacoc?ﬁ 01238 inyggtion, wherein
the hiEnti6OATLINS QfﬂenMdQﬂ‘eﬁﬁ§br@ gommrfed {o thesexdmpliet imprimeadtidast illustrated

and%i%’%cir éegq; li.bez?n? t '{‘ﬁ’ﬁg §>t<a It :?eg gﬁere rﬁg hérpﬁa\é%%ﬁ g‘e%@it a temperature
valug iissestested atielicrahe imn@ﬁr@rmyrfernvlis b et apglied: §%@ﬁtﬂpm®e tegperature
vaIuHrﬁgH{' BE bledidiashd H%ﬁééf @peFa@F@@ﬁ’@bﬂéfu% that alp%rt\O@I see |n service, or the

2004/ 016815 PCT/ US 024449
e R R

becamnd sotid after wsldihp sweroght mayteeh taatuseqas)thangbrpm@tqmmo thephgtess and

temﬁé?gt%reaét whith to Qpl@/%e \hﬁmtlio‘ﬁ %P&B@rtdsafbﬁo&f)roeggc urrent
appl i cation

ed
wi t Her Pv?ete%t?ﬁ@s %ﬁ” ffwéoe %‘r‘?%tﬁ’ﬂx heBs gw&ﬁ%ﬁf gsin t|"? {’fatra“d
secHdacKsaansHims. fohm eitheattvo Girst artidrrate iradatipnships do &ors taasirigledombined first

ord«%%tg Fe?qgloﬁs% rpo«%g% teﬂﬂﬁg co%lﬁrggit P%Yorpcﬁmuﬂlp%tente{)& yfﬁ@gq:gr example,

oces
whegg @ thermpal b-Mbgusesr afidsr}md’P@'t@éﬂﬁ! -Mrsevesye %f@t‘?ﬁ)'%ﬁﬁ My e seicyiaied by
subBahRg P2 flem Ph N OcAESIes lsfoﬁtamé@\ﬂ&fﬁre\t ALy Relettddl ferdferatéré/value may be
use&f Adeg iﬁing%wtert{err?’es rS th%goen Er(r)enr aﬁrgﬁf%ﬁl?c@&c?‘nh Qlfhe tfiltl?%rﬂia%econd energy types

€ O0SClI
are gprdieg)goricurvently foe thmpmma’@fdnm heginningrpace theptvciyrg has reached the

temf)élflaﬂuﬁé Rftle Q¥ettB® b URa iR W tﬁé}mﬁpénel%?tabbﬂ@&tioﬂrs @fcontinued. The

sec?qq (ﬁ’gt’ Paﬁll@@rxq%ngp)éfyp%gayg %I’L{I L%ﬁ éhebeg&tgr Yol mﬁgaructure temperature
dropsrtrelowmtwabm enrergyl fothdistodatinm reatiop éor afiprovied strmeeitSf eaylts. This
tecﬁMthE l%{; %nmd-[ghﬁe é%}fﬁff‘éde% tﬁ@ %ftérh@mé\%pﬁrt‘mﬁqerﬁ{aﬁédﬁgyéﬁﬁ'ce may

e exenplary i | ement ati on
a0VRtpaROYSIRPEP BoHTeaIBNa FTpEeP TR AR Cr?aﬁedoWéh%Sbamﬂ' gradients
inhendietly BrebBieiomlg ceaiesgy | s al ready present, a tenperature

VaI Hg 'CSIIILfs?r]atgg Ei&eﬂ@la\“&‘é Ftlam 1|3§ w?‘a?c%’rggwcgmﬁ g?fotf]é? Q?Je'ctsof the

mvem'@mn W@w'm @&r%meﬁ &albg ﬁ‘é@t’”%}ﬁlé?%?t”ﬁ?fbt°taeﬁ?ﬁ@\°‘rﬁt1 B¢ to change
a pitysial pﬁ)p@ﬁy thetdb (b.gS @fterhd) sBRE Vdt€ Bin adordahée withethPgriegdntiheention. The

sysfl &9}?@ cgmar?sgg tgl[l i V\Hctllgﬁ H?%l s% %So%%r%@\% Sc%@@?d \g‘ﬂ{ tp% QtﬁJcture 162
via adlegiongthendeleling wenynectivan 1 %eto U‘s@d tegsmelipaergy i Hp pirustuse 166 wherein
the bbrRctioRs t 8EEm &Y IREERScofdr imbSRERRsUt Be 8fructhie 662 dcRor@Pg kd/standard
the vibration or other oscillatory process. The above
techni ques can then be used to determne Pt, Pv, and
Pf using the first and second L-M relationships from
either two first order rate relationships or froma
single conmbined first order rate relationship
characterizing concurrent application of nultiple
energy types. For exanple,
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20 where a thermal L-Mcurve and an oscillatory L-M
curve are avail able, P3 may be cal cul ated by
waemoasti ng P2 from PL. Once P3 is obtained, PeEUS2003/024449
previously selected tenperature value may be wused to
determne the tinme for the concurrent energy
application. The first and second energy types
indugtpyp Iheating tashaitivase At¢ gystest 160H@thapipeléiss isathsation gystem 70 COUpled to
lmpé?ﬁﬂ;'cﬂélbr? @n&@@@e d., hﬁ’ecﬁér\" ST {ibieRonN RShed Qaetiech 82 connections 172, such

as cglﬁeg%? W%ﬁ%ﬁ %g&afée Se ‘T‘@Ef % atu?ﬂb%)n\é%ib an %ﬁ tejrés queang 3% %loperated
accqreingyto,contst siphadg t7|43p)1d aPareppedtiyels finemye deetrel @Vﬁt‘?fﬁ u%QJI and feedback

slgnEIQ‘Jé’er &aflﬁrtﬁtfonwébbéncy R®ratibh é'rﬁblit{fo% §tr‘é8m|%r téhbhfrﬁuredét@ Sre provided
ctiy

alon GRMSGIEEE LY L Bt (PRI SoepRg 2P Eﬁw'ﬁ{}%e gfucture fothe

contobsystenui8®dg t he second energy type after renoval of the

t hepr,dnab ilfaBfrtéYa SU06 of m@%al s%gyéa(ﬂﬁ@g@lﬁé'lﬁﬁg m%tﬁ"?@@é T'f‘QWnlnum

residual stresses from bein created her mal
samgles giogyfed by pp AT R8I tgNse tesotherdinpl the tes |Sa%<i}me“53/r?m;?e¢ected from
the ke Heattfdat attestad, 2 esgddainylersysdaan chditidng teaersoredisat albthe

sam\é\%% tstaﬁ(laao\}lﬁ ép%%’(ﬂ}ea% eo({uw!al r?tmtérﬂgl“:s{?éss%%tes: H‘h@#ﬂsﬁmrég |8ternal stresses

concur r ent
are @U%ﬂateg éallaviag i@@smle&mmegsng ecpdipg tacfaur tgfrhmse?% g difigeepiedspths
belo(nﬂh@samdleﬁéﬁéébﬂMh&%fn@ﬁeﬁobs@i/é?d \)arlbﬁbnﬁﬁiﬁfysé ACEepti frdin thBGurface was

= oL P KB ey TR B aPSRPRE PRl dastepyle ore
first sérapls t#1 here iluetrat@pby aguaveciib tbsreemltsmrmeC@@@pmphg#Z) are illustrated

by £CRRRESS IR %e]r@&lté Rrb 'ﬂ%fs&mbl!@ @;T?,Sf&le ||@Bt%t&yb¢epcdr¢é91 93. The fourth
structure wher ei n onnecti on

samplgdf4iges aesfquaC?%?mq s th?%f‘rat yeBfenaisig hﬁﬂf@“é WS[?&JP Aad the
exeﬂ:ﬁlaryaémmsr fr thg fdueth strapid aredlius2BedM) LAOE 26815

% %%?e?%lg\b%%%r% Asgrehélv@&j P&I‘E}d \)(kﬁatr&)ﬁ %Elly 210 #r@cﬁlgﬁuyw g% Hz QP € minutes,

ratron system1l
ylelcgr@g}bs Egnaining lntﬁ@alrsltreﬁsssgpwnp @tﬂﬁﬁ‘ "}Pr‘@n@ﬁ g§ar(n@le 2 was stress relieved using
vibréa A ueddr siilbr falqu@fty coralitbiefos24rmiatitas, eeslifidg Wiitte stress shown in

curvqug € ém;%] %3 ng@st:F%éJ P(ﬂeve@%sﬁ&lg ﬁnal gﬁgp%@és% o] vibrationl%t 200

act ua or's, ati ng an I'On systemns
degm&@lFiorGf@f“éeﬁaper ated according to control signals 174

an drr{b?&rthrsaﬁp@w)mk Yiresh Fesnmea ue.ﬁ@&mhrr@ﬂ shphBatidbi Of théhdl and

virgBgeae s AT e Sad g it AfarbaFfH G188 ars segp n the curve
194 (b0 b apekimaidip pero thorugbert ihersepth 8ch¢ measurerngnt dindieer ibus{rafed example,
the ﬁ)'[]ﬁl%gmﬁl)@\@&aﬁrbé’egséﬁ d‘eﬂé&gh)}e&c%lﬁ%‘toﬁﬁ@oﬁﬁﬁﬁl Hét@ngts%ettfbr% the

control_system 1 rate é t
desgriRfio A&1SCHA é%gbwpsfnp af@ﬂ%ﬁfﬂ?fﬁge ing ¥ eRpit 58 §egf%es !
vibrationaisettings stieied ésprpvidedenceyy abyvedine dBVdoi8ndregynatior Bedr @ s¢sonant

: | ; ) £

et} BlRe Sl A SRR RSP LG rRGHEERHD, o da
demongtradesiib Figothithe ioveativedressst doyraRutes, pirespreeligvagipeigurth sample
(#4 SufiicioRty tvriebt tROMIsPXd $TRESlefudtignl josRinedds timatteanreithersiier s ation only or
the g_llte%uai{s)m%lTh I esu M} Qgel nt gr Qal stresses are

Powi ng SsS-relief processing
acciog.di ilygtrates ﬁmher p&nnlﬁrxqmetsoch¥02d@wémma RIWpEH property of a

strubBfeid fRr QeRMARh G osdditoRs @etthﬁs%r%l cBnédﬁt@ntQﬁlﬂtﬁileV@%rgy process in
om

sS.Wth pt.h
scopatipifithe el orantract A7 o 20 8 afed o o i dhonie
this product form The stress results for a 15 first
sanple (#1) are illustrated by a curve 191, the
results for a second sanple (#2) are illustrated by a
curve 192, and the results for a third sanple (#3) are
illustrated by a curve 193. The fourth
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sanpl e (#4) was tested according to the present
i nvention using heat and vibration, and the exenplary
w0 eauiotas1s or the fourth sanple are ill ustrat edP@yUS2003/024449
curve 194. Sanple #1 was stress-relieved using
vibration only at a frequency of 53 Hz for 4 m nutes,
20 yielding the remaining internal stress shown in the
curve 191. Sanple #2 was stress-relieved using
deternilecefoi concuorehtyapalinatien o iwri drarord ereraydyrey teasticturoieschepging a

phys%%lzrm) %reo? Q§ Wid ABfod, 'fhetcgﬁ\bﬁ&ﬁ %ﬁor@éﬁ%@rdldﬁuonﬁiﬂr&lﬁtes
WwWas StreSS relieved

concyiF opRGRIEg (G VA Bhoat I oRY DBB0° Tl Relie R pavsiel property
of thesinutiLes, wh‘&l@dy@u@tsmgleaﬂmb’eotﬁémpst welsr reterceys. rel i eved

us 'ngi{a\(/‘e? Catjﬁrgt%mer ?a?é) e Eﬁéﬁsh 8'@ g f ch\nae E&mltlorf'" %d&Setc } that combines

Vi br or ener accor |ng
the dfiegie at croawrremmp oHOT 01 Ve RS BTG PSSR r?'r?éoranev groperty
chan7g8 4hé RIBRNPRERXE Fl 8k Yisetiett 208. IFob thglerarhplé bitheteat dAnd@kcillatory

A AV R e o
alloyogndpart ceniguratinst(e griggudinstthg ®pss; pize, ﬁ'éaped% &f thgsireriurg peing
procgéﬁg andthie 4Bt PUhichusd éﬂr@ct@reﬁ@ﬂfﬁ@rﬁ&i dtfrlﬁg Frotdssing) £ weakly

about 0 d br at
A I TR T (N
systereand alloy eBioerauning 3ty foe dopesnut gersfally the fr@ylﬁneyrwi" momrycﬂﬁeaﬂy overa
widd c}gﬁges&f déﬁ%%tﬁeé’%e ?&V&ttr?edsygﬂéﬁ' |§‘Qalﬂé OfL8&PGns ANSahps, preferably

nstrates i n Flr}gg he inv ntl
rom s HGIPL APTRR B o8 1okl et cipa o Lree I e % sgifedor poting 2
combifid firstrder edtertdtiynship coeet Forhesidleborirdena stresgelict gemsraliy tensile

spe%rﬁa]ls 'ﬂ%’ bn,gﬁ‘g‘du&%dg?&r k@%ﬂ E%'ot‘ Q&ﬁ éd}ﬁolé( {egﬁﬁéthcgmar@%él’eooefepropnately to

techniques o er sa I g
failugs. | Qrielnglf phaaek braken esle eoueapisaFsd Reerbd (@gompeuing) the baseline

resudﬂéﬂéi@b@ OTH2 oY BaiCa lbadtones t;c)o poil is Btres3TelRlddassingrcenaient application

t
of thﬁ{wa F?)({ (éscipﬁtgr'y ggersg gr a st%g g e fseggt%nrcg gécttlr]é;ocfei %Rfﬁgﬁ gllfgvg)eam/arymg
times Aue tetriperaturdsetypsmnitayeld e vigangatof RObparametensiwithia dhefliit of the heat

soun‘a%:_qiﬁcf tlrﬁ@‘é\%lléb@ aﬁh‘e%@mh@ dd, r@éasM@)Z@tQéﬁlﬂé-ﬁt%% values (e.g., or

82003/ 02444 det
celod s PRI Fo s e i B° Biteegy B5 BtEspaiinaLsy permeler o
genérate tiehangineg raiatiopdijsiucal winareip et ieast fitecuointsf are [dealtyhised to determine
the m&% forttﬁlaeco%'mw@@ Eé)d'cﬁltrer@)r;fd@d'es%%t er el at | 0n5h| P

es concurrent [1cation of the f g,
sectisdesHiag @%f“ti"ﬂﬁﬁé?tf’@e% R e ISR VTR 2 ﬁp(ﬁﬂsPE%P“'tab'e pre-
emsﬂﬁ@c{bﬁibtn)éd fiet ortidreats ralatiohshipd js thidn wshd toedetdaina tigieragd mipeature
settlng p%F n(eeté;ri for ?,J'OQ& ;ﬁl%%oﬁ uk\égmblﬁed-rﬁ?st%?t}é? La‘?@pé'?arﬁétérsﬁc is

t1on,
detep_sm@eg a&%gﬁromdwmed fnﬁéorgqerfr@te pgrv%pr r@lamw‘a,éiqfrespondmg fo a

des?&ﬂlalu%%f ihe 'ﬁh)%fcal PAEh Rl of TRERSE ﬂ’ﬁ?ﬁegahdtdpplaﬂorfat)fettﬁ'fgﬁ asSelected at 210

for tF‘%S‘?ﬂ‘fF'a %réy %%tyec{)%r% Lj%ng)retg¥c<§5£ngqg%e flﬁg| grderO rr% Jﬁ%ter Pc, and the first

andtsheand@herantypessate bongtitanyly previeedjy theﬁreeturetahé X aceedientothe selected

opeRRPRN RS ééﬂmb§%ﬁ@(h@trﬂéﬁr%d|2§2 aaislaeyﬁﬂ to be strongly
dependent_ on

nfi qur

i ncMihareiyhe I‘?éefﬁ‘ﬁ%'%g/s bfﬁwus?@f?a dd%ﬁ?ﬁbe% BT

impleaientgtidhd, qﬁemtx@s%d/oamddlﬁclamorsyrwemnade terthe Hustiated examples without
. S

cep 3R ROIE Bt R e iR oBY GRS \BhicDRErela (d e verous

be selected that is appropriate to the system and

all oy. Fine-tuning may be done but generally the

frequency will not vary greatly over a
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wi de range of tenperatures if the rest of the system
is stable. Test coupons or sanples, preferably froma
waogloesshidt of material (alloy, etc.) of interBSI/USTA024449

be used to derive test results for plotting a 15

conbined first order rate relationship curve. For

residual or internal stress relief, generally tensile
functigns PeHermed ik ihelsaoysrisarbedi cqon et stractyes étﬂﬂ%své‘[]'ﬁ agse@blies,
devib&S tircOm, Bﬁ%n@? dtct) a5d 1efnsARRE Rfebabe sicht dmpbfentsneluditd@reference
toa ?rﬁ(la%s'g a%g gm,e% ﬁg 50%%#) e Zu'snllee Ctggrgl?sg S|r|1 etg ta];xgé%rﬁp%?xgﬂet ragstructure
whiabtplediermis dlhef sp@tlfl@afcwl@remhel desgbap mmnogle@t(? gs thatis funeticaglly

equHé‘lérﬂ? eg:{?lgﬁdi(gﬁ aotstraRRklCRUVABt tdhe HE@Béaé'sggd?]Lge which performs the
runchay b iiehechit WG S eIt e LT RE e e o

partctlafesture ®f thie dlvent@mn wiag bavearege dis¢loded Mith saspeat tosandy adietohseveral
lmplgllﬂgnt%ﬂoﬂé tsﬁ?rpifeatw&“?neh RRlomBALY Gifh GHAGr hloPFotifeY flak ALY & the Uitfer

resu asured) remal ni ng stress val ues
implegenfationg ps méég%@ﬂsﬁ%qe%ﬁda?\%%ﬂtﬂ%o‘b?f°%ﬁnﬁ’é’§’§” PR tickipr appfication.
Furthérﬁlﬁrd;)ﬁ tpe ltdre thavite ternhe'wmrdrngs rincaties’y "Havivg'p dwmaiytitl, of eeriants
ther 6‘? L%%g in eqﬁer(ir?{?etﬁgéjd%s 5’}?3 gﬁdstme gla (e %/}EP éér‘&@ng %ge' u'i"ter%ted to be
lnclll§1VM'rCQm9@nef élrn”@ﬂﬁ@thééﬁ?f@l P@@P”ﬁ'ég g concurrent)

processes. 25 The resulting conbined first order rate

rel ati onship curve from206 (e.g., or a suitable pre-

exi sting conbi ned fiNDESTRIAEAPRLACABILEIYAt i onship) is

th [ [

eﬂ‘ne%?sqgm% %\rdgﬁn%t%d@ g(t:)tg Suggd uﬁlﬁ‘\% f%@ﬁ?%ﬁe@g %ll&lf}%ﬁ’% gﬂéﬁtructures

to pfoi\/lﬂ%?n @‘?‘Gl@fat?ddP@JCb@T'aﬂféﬁré?' S‘Pi§31 s determ ned at 208

fromthe conbined first order rate curve or

rel ati onship, corresponding to a desired value of the

physi cal property of interest. Tine and operationa

settings are selected at 210 30 for the concurrently

appl i ed energy types according to the first order rate

paraneter Pc, and the first and second energy types

are concurrently provided to the structure at 212

according to the selected operational and tine

settings, and the nmethod 202 ends at 214. Al though the

i nvention has been illustrated and described with
respect to one or nore inplenentations, alterations
and/ or nodifications my be made to the illustrated

exanples without 35 departing fromthe spirit and
scope of the appended clains. In particular regard to
the various 22 WD 2004/ 016815 PCT/ US2003/ 024449
functions performed by the above descri bed conponents
or structures (blocks, units, assenblies, devices,
circuits, systens, etc.), the terns used to describe
such components (including a reference to a "means")
are intended to correspond, unless otherw se
i ndicated, to any conponent or structure which
perforns the specified function of the described
conmponent (e.g., that is functionally 5 equivalent),
even though not structurally equivalent to the
di scl osed structure which perforns the function in
the herein illustrated exenplary inplenentations of
the invention. In addition, while a particular
feature of the invention may have been disclosed with
respect to only one of several inplenentations, such
feature nmay be conbined with one or nore other
features of the other inplenentations as may be
desired and advantageous for any given or particul ar
appl i cation.
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10 Furthernore, to the extent that the terns

“including", "includes", "having", "has", "with", or
wQ arosandsss t hereof are used in either the detaPCPUS2003/024449

description and the clains, such terns are intended to

be inclusive in a manner simlar to the term

"“conprising."” | NDUSTRI AL APPLI CABI LI TY 15 The systens

and met hods may be used in the field of

stress-relieving parts and structures to provide an

accel erated reduction in internal stress. 23 WO

2004/ 016815 PCT/ US2003/ 02CAMIMSCLAI M5 1. A net hod of

changi ng a physical property of a structure,

corpr i siAngethqr o ehahiging aehwsiagyproperty of @ stgctusn epgprisingpe t o

a structure by performng a first ener pr OC¢

( 13B)VidxeEperay Al iry capraviye? od %’Hgf‘re%tp?ﬁ%ﬁ"”gé’tf"?t@%%r py process
(136%&0@%9&6@1 Sedtiahdl estadg, seédst g dliid opettatioral sediingand b éinagalue
beln? i%ic;i accc?r?ﬁg dE!l 1nr o‘i‘%ﬁ gartg #efaﬁ&nsﬂ(ggf“% fo g‘% fifst lg@%ré)pd?mBQG 36),
accardingatofaifirst prdgy r@@rrelp@qnehlp 5] ak Pbﬁ]*ﬁfp?ﬁ ‘if‘PFBZ)Pr‘?CS?S anqs@e%f%t&g toa
de&@ﬁ%hgmmg&g§9§$mu@@qdaccord|ng to a desired physica

property val ue; and providing energy of a second

enerayjdidgyspergy of a $esorst enargly type tathe atuciuie pigan dnergi fevellgbove an
acti\/’?_«ﬁonf éln%F%@%r t %ﬂu@tﬂre%%@%mfn% find Jb@orﬂ@n@ﬂ({;}%l‘o@e&)ﬁ 32);

perfor e second energy process wher ei n

th avn‘e're"rs*che AaRtbreeecnd efsrey BYcaRE0¢36; 832)(atsBarfotds)coasuarently (140,

er con rently (140, 142) for at least the
142ﬁ? t%@%ﬁ mn%%é{éln the first order rate relationship

( 15hﬂeréc|rpthe tiRR€orbidrir &t rBRBI (@59%%‘? flr & leAérg P pro ek relatés application
Struc I e

f h
or et gy v By e e Pl et S Selifefer n ¢ e
i 1 ford #1EFirsf L& r%t@ lré"?éti'o%mh &)Q&%sefc&{d én@%y%%‘é@d%delates

energy process relates |1 cation of the sq*
applicaiang) theyppernd nengtyee fojeq et UES R HRP YRGS PEORPMY
property. 2. The nmethod of claim1l, wherein the first
energy type is thermal and wherein the second energy
type is BechdthRtPENIm £ Anérein herirsrRh8gy typé isGhedingl 2Ad wherein the
wherei n. t he operati onal setting is a tenperature
Sec@@t@?ﬁétypeﬂf’égg Yone of the tenperature setting and
the tinme value is selected according to the first
order rate relationship (151) for the first energy
pr ag: ess, THaGRSMddi ol gaitr, ivherehitiiesbpecatidienl settrigds a temperature setting,

wheé%r&%r?eqq? ﬂ?’ q?rgpt{r%ér%ésettl&? £ndi tﬁﬁn ne gﬁ?@qs g&&ft&jyao%re‘ﬁg ﬁ)sthe flrst order

rope
rateadetmnmnmg 5¢ )foraBe tirmeenetob eiocgeﬁeaqsprdma@ the ﬁﬁ?g?rﬂ?rd?té fe'atlonshlp (152)

for tﬁ@%édoﬂcgerﬁz?@ FHSE%SEE lbBRriR] t ehe ddsirelilpydidl frogergfvala,aindnacsording to
ereln

h t or rel tlonshlp (151) for
the piper ‘?Wer"gé’ %’?P@F%‘i} B‘?t@r@eaé’g %78%"53 ¥l'Pst Larson-M 11l er
relationship that rel ates application of thernmal
energy to the structure and the physical property,
andq wher Bigméthe! df claist 3,andemn thafiret arddr adié @iEibnghip((152 jor the first
r_the

eneﬁg?/ process i g%Ps?E’arson-Miller relationship that relates application of thermal energy to the
structure and the physical property, and wherein the first order rate relationship (152) for the second
energy process is a second Larson-Miller relationship that relates application of oscillatory energy to

the structure and the physical property.
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30 energy process is a second Larson-M | er

relationship that relates application of oscillatory
wep@rgyesid® the structure and the physical proper/Ug2002624449

WD 2004/ 016815 PCT/ US2003/ 024449 5. The net hod of

claim4, further conprising: determning a first

Larson-M |l er paraneter (Pt) according the first

Larson-M Il er relationship (151), the first

Lar son- I | er cor di toth
de?’rsr ed h8§|°{§?‘”8pe{l’ftéer\?ém‘ffésmr gsggpelr nmgm (rjlg ae
S e%&%g‘n {Tﬁé 3 Al I%% %C{h%l”& ﬁéraﬂiﬁfe?(Pt)(ﬂardl ﬁ'l@ IfﬁF!s‘t D& sdroviidi@elationship

secon rel ationship Fe secon
(151Mres,ft5ﬂLm3Pm M”efp%ﬁf%m%?réPf (’WP?{UPP& ‘6H ingg) PhYicaipgope Y"a'“e

deée{?{gml{m ﬁ€¥ ecoﬁ% lr_aar un(r)@%s té)\é a%% of ?v&%?c{gﬁfﬁ'td td %e%eFdnﬁitarson -Miller
relatippshir t1pPgtha sgc@e@ h@rSth'@l"@TPafqiT@ o i) eprErseenslingde thedgsingrl ghysical
propgn)evg]dene val ue according to the first 10 and second

Larson-M |l er paraneters (Pt, Pv), according to the

f i rsslecting ragiosh e dfltiertempératiiesriihg pnC(tmélme valggd accor di ng

to the first one of the tenperature setting and tJJe ,

ti rrelectipn @esecqnd op af theleRwaratye satting ﬁp@theftlmetvglg? according to the first
and 6608 L&bdrgmild@tparamcterai@pt, @ vi, abdoetingatn starfirdViLbisen-Miller relationship (151),
an BRI Rl n TR PPt Ll ohd 8 uBGRIGE RO

second one of the tenperature setting and the tine

value is selected according to the third Larson-

M l6. er pruearetitodof €l&@n)5, fuatbercpuprigng deterhining jartikitd Larson-Miller
pare{;ﬁezt?ﬁ) Mcbiafg tﬁle st HaBERd (3R Mlll@%ré’%ﬁé}@é ‘ébtnlgv)t\%ew}?the

secaroe o 1 tePRErER HRATSGS Edimevaoe dBEEH Serar ey e e Larson
Milldr pérainidtef (Pf), adcd@ihgb thk @irst m§®MﬂﬂarTlétBﬁ$hlp @61)canjuccwding to the first

s act| n er paraneter (Pv)
onep tjtg‘%nget"}c?gbfﬂ?r %ﬁpﬁégﬁqm‘eﬁ{a@? parameter (Pt). 8. The

met hod of claim 7, wherein selecting the second one of

the tenperature setting and the tinme value conprises

eval. uat i Tig ntdti@dfof clgitn 6. aherein-dilefrhining thelthindi LarsoniMile( nameter (Pf)
com#iﬁée@%uﬁtﬁ%tn{ghhé &6 1LALR ANV AL REtePEN PREH B flﬁst_Qrs&EW‘lller

Irst one of the tenperature setting and the tine

paramateiéP-0 obtain the second one of the tenperature

setting and the time value. 9. The nethod of claim4,

wherei n the physical property is internal stress, and

wheg ei n Tﬁehﬁ‘etl%%f El@lﬂw PW(‘SﬂeEﬁ%EIe&rn@ Wste)?for}daﬂn@ @f the té&lb@raﬂfre setting
i ntern

andgﬁ,t@%esva rpgr&sﬁa FY%%tl hagrst lféson.emg er Itre%n ns lp @ Bglusm%thf third
Larsohdiler pareimeteplf)sind &ie fipat opeefthe teropératuesrsetiing end the §me gﬁ@p fo obtain

the g\%ﬁ@br{e of 41 D 204/s0AAB T tRGFHARARO3/ 024449 the

desired physical property value is one of a renaining
internal stress value and an internal stress

reducti on val ue. .
9. The method of claim 4, wherein the physical property is internal stress, and wherein

the desired physical property value is one of a remaining internal stress value and an internal stress

reduction value.

10. The method of claim 1, wherein the physical property is internal stress, and wherein
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11. The nmethod of claim 1, wherein the first order

rate relationship (151) for the first 5 energy process
w0 200a/0i6815t Larson-M |l er rel ationship that rePEr/@S2003/024449

application of the first energy type to the structure

and the physical property, and wherein the first order

rate relationship (152) for the second energy process

is a second Larson-M I ler relationship that rel ates
the dgsised pIwsica mroperty ‘etuedpensmia r@mmi@,inteyp&tqegs Y3 and an internal stress
redilisil@iudr € and the physical property. 10 12. The nethod

of claim1l, further conprising: determning a first

Larson-M |l er paraneter (Pt) according the first

Larson-M I ler relationship (151), the first . !

Lar'don- MheIneathadf it b whereinthefisstosden siffielaonshiPy Hl ) for the first
enefl§ piocesd iPH YIS LRdonfMIinp edtipnanal thet relatdelicdtion ofghafirstemenygl type to
e Rt EsPFATEAREod 10 RSR01E R cfons508S) or o
secongiresengy Mocessris pagcantkasson(ifier relgiiopgiphaideialgs peplicatien of the second
enefy Hpk €sknp BYShf@bnd the pRysRBgidpgrty.al ue; selecting a first

one of the operational setting and the tinme val ue;

sel ecting a second one of the operational setting and

the tine value according to the first and second

Lar BPon- Mheiregthqslpf gt by JIrtpescompising: according to the

fir Larson-M |l er relati. i , Aol : :

to B Ea TSR gr IR Eaibhine AHRGRBE! Rltonsrip
(151)i the firgtllaneen-Mier paramFiee (Recomespondingio Aierflesived phiytigah ajoperty value;

conprising determning.a thir rson-M | .

o SRR 5T BB GE T e PHE Y CELHES (Eapasason i Mier
relaparsBipetse), tfeRerorfarlarsonvillef pargheter(Pg)ororridpohding totize dasisedhysical

erein the second one of the operational

proés%%’?'%%}hand the tinme value is select eg according to

t hesdidetinigh firatrone bf ik bpestiopalrsatimd &id thdline vaecor di ng to

the first Larson-M Il er rel ationshi 25 (151), and .

acceslettingp segondanefof hgtoperaionaifsetting amﬁw e weleg acsanding fgythe first
and8Ebnk N 8rsbh MRiel S ritReterb4pt, F)CacoBbNg € tBd fired L@i’d&h-’h?l_ler rele;tionship (151),

oper ati ona

wherei n sel ectin he second ane of the

and BB P g o o oHE Of PREPIAIEIR “COATLRL TR HEt i ng ¢ he
first Larson-MIller relationship (151) using the third
Larson-M | ler paraneter (Pf) and the first one of the
opefat i onad m&rdd éfeginang) furiher dompesivgdeteminingaitbied rars3-Miller

the s nd one. of t [ ' t ] .
R Y
pararpeterd Bt ofherdimihensgcondiaes efithe qpiseatienat egiingene thgylime\Mglie issselected
accBRIfb kd AL ik LabRlBkNpdrdifctSr@POEcRARE BYhd Ht§i@ atsBn-Miller relationship

rovj ded to tge St rucﬁﬁg‘re at. a |f reguency el el teed
(155 T BFAGY 5 B PRRTREHP® Spyelglielrelrgrniiie Pt Bk

which the structure is nounted while performng the

first and second energy processes. 5 16. The nethod

of ¢4.ai NnTHEmetmbEsiam t§ evhsencricirgeiicyecondomeiosthe operational setting
an AL Brblss SLIUE YA Lo RIBRNT (1) S5 i
Larson-Miller parameter (Pf) and the %/rst one of the operational setting and the time value to obtain

the second one of the operational setting and the time value.
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17. The method of claim1l, wherein the second energy

type is selected fromthe group 10 consisting of
wa@omiolesimser, el ectrical, magnetic, mechani caPCT/US2003/024449

vi bration, and m crowave. 18. A nethod of changing a

physi cal property of a structure, conpri sing:

prOV|d|ng ener%¥ a first energy type (136) to a

st r iRt ur &hypeth ?fcfﬁ'ﬁ‘ hgVhgrein the ﬁe@ﬂ%?rgﬁ/gv tipege aclllatory, wherein the
secam:@feebmg)etus)praﬂd@ne tratstrodtark as@irédusgky seledted Scdardng tdia Resonant

freqa?&%%}{a %stem i%%?cﬂqh %:%[:tg% 1§ %Bl?niém% ngﬁorJnm ﬂ'?et ffr%‘i%%ygicond

'evel ove an I'vation en rgy
enesgyrRieaesPeas: by perform ng a second energy process;
wherein the first and second energy processes are
performed concurrently (140, 142) for at |east a tine
val ye, angh WORESLIUMN S5 AnelchBnORRbR ér@&@ltyp%% broRedt8 the

the tine value are sel ected accordi 20 desired
strushiesat @dreapsngp 8rdr pedr daresaae ffﬁ&‘é%‘r%i’fﬁ %vategﬂ first order
rate relationship that relates concurrent application
of the first and second energy types to the structure

and‘l'ﬁ thﬁ’é rﬁéﬂho@éf‘lﬂﬁﬁ [ ywheﬂé‘m e Qeéﬁhdi Bl t?pe lggeleéf&ﬁfrom the group
& | %l %qg Ibd” rm ning t he
o Ry s Fsp echiat MROUREH By oF

ot o)

concurrent application of the first and second ener gy

types to the structure and the physical property of

t he1&t r ugtmstiedd o bhandingre bhedaigropsity fsstiueiuiegvongisag:

structure, conprising: determning (106) a first

Lar Bioviding Ehesey efelfizat eomehivpe [ fto a tustuesbingpiomeed & et eseroy
probd8 R diR Y8 ol Y¥perdfdnbi®elting af§ r uct ure and i nter nal

stress in the structure; determ ning (108) a second

Lar pondivg eheoy ofel satandrabigptybd HB2) te tretstrsctarnp pt arceriergyrievef above an

I 3/ 024449

i G TS T i S G Gt

St r Whérdindie filgttaad B2ddhdeneigyIP)cedsek iafeSierfbicti@bndireht’(140, 142) for at
lead @l %?g;ﬁr a%cordlng the first Larson-MIler

Fél'a onshlp and according to a desired interna

str ﬁ/ﬁ&e\‘n%hé' 6f tﬁ@aspetrmné e dHd e HHRL RIUZI 2 mec(ewa%korang to a

r__accor dj

o SRR GHaI Vel B aPrETEE P g T A e Rt e et
cordersent agplicatipe piihé first and sscond Ieumgy iglpdsdo therstrmgur(a Bndip plysical property
of thdsfudiukdr son-M | I er parameter according to the first

and second Larson- MIler paraneters by subtracting

the second Larson-M Il er paraneter fromthe first

Larson-M | ler paraneter; selecting (116) a first one

of 9.t enpes meipeoixiain il Bdurhrtconpriping:daieimining thgLarson-Miller
rel&@rl\s‘hﬁ)t(lzmg t&l%@esﬁ:oﬁ&ﬁr@ﬂt@p&ﬂ:@tldﬁfd thB @irst BNEPRES dEnRrgy types to the

ccording to the thlrg

S"LLCE%%JW%R}? {)Hygllca ;ﬁ’é%ﬂg?fé?e Sl{ré{‘étﬁr(?r ding to the first

Larson-M 1|l er relationship, and according to the

20. A method of stress-relieving a structure, comprising:

determining (106) a first Larson-Miller relationship that relates application of thermal energy
to the structure and internal stress in the structure;

determining (108) a second Larson-Miller relationship that relates application of oscillatory

27
ole}



10

15

20

25

30

first one of the tenperature setting and the tine
val ue; selecting one or nore oscillatory operational
W@ edaotionggss accordi ng to a resonant frequency of PEI/US2003/024449
systemin which the structure is nmounted; 15 providing
(120) thermal energy to the structure according the
thermal operational settings; and concurrently
providing (122) oscillatory energy to the structure
eneggyd thd istigrture andhige téasidl Stmsé'r”ythe 8&@%&% onal setti ngs for

atlrre ter than or u to the t
T8 (10 P [ i gpreinitet ot FiigiroFRue
relaﬂmbhdnma@omingttchedesambﬂamnaUSteass sate ﬁon@eammtturﬁe time
val ue conprises solving a first Larson-MI|er equati
f or detey@iniigd 120 2 speene f-arspeMilleraprdteir greordng teithepeseny L@F?é?" -Miller
relatibri¥Rip\4Ad B&okdfign@thk liesifel IMdrABRRese vallilte t enper at ur e
setting and the time value and the third
L ar defermiingl (&14) péTlrgrk@[sgm-MnW@netertqq:gorﬁlpg totthe first and second Larson-
MillerDaPpitd¥ b)} 8lbtr8AiHG thie @Bcohn 8 EBSEIMIEr gah@netdrifioft the first Larson-Miller
Lar son-M | relationship. 25 22. A nethod of
ParyBY'Y i ni ng operational settings and tine val ues for
Congéigcflm1 R toﬁ:@&f'aqgnﬁ’ératmélstaftl% QnﬁqﬁﬁQVaIJeY pes to a
structure t change a physical property of
str s&écurﬁgemz@)faesecmtda@ of th@ tEpipeSturgsetithgtaad menrmmg/amé %68ording to the
thlr%,l,%rson |e§r\a;)§%tm% %%8%95 t%glbe f?r%‘&al%?ﬁ '}\@Egrﬁ%mé%bgaéd}dnagc%rgng to the
firstzpng iof toe tempé@lfur@ aatingrasy! ﬁleltmsﬁlus for a first energy
process that rel ate application of a first ener
Py RIS 916 & FPlr oA AR e s asasrorPB s Ejragtragysney of
sysf2804 a6 8ESrRdire USRQO8H024449 det er m ni ng (112) a
second paraneter according the desired IP si cal _ )
pr opyeyiging (123P)feeraakengesy & e sl cfuse aecpidingtd eot?(%ra}a' Qpgfational settings;
andg el ationship for a second energy process that rel ates
application of a second energy type to the structure
andcanerrgaty siodding (JRaysseilajory sesracte itheptiugtug)aceording torthesgpsillatory
ope@étloﬁaltsétﬁr%s‘f&'a%@n@d?@at@'ﬂwaﬂﬂﬁé@ldl L tirselaiieng for the
first energy 5 process; selecting (120) a second one
of the tine value and the operational setti ng
according to the first and second paranet
accdt-di nghe wetherbofiiaing 20, yihgrgin selgpiing Oéf'ﬁeéﬁ%%‘fjﬁ”? girthg fgmperature
setfirigr=mitl trenieTegpIup OB RS8s sohaitch fasicarsdhAvilet equatieh fbi the secomeone of the

tem%%ra¥u¢§ ?%tEnge ¥ fﬁlelf'%e% @%Bélf%tﬂg ﬁrrs%ne%[ﬁﬁ téﬁéeﬂétﬁ}g 'setFerg %%‘the time

valigeangiivg thirdwlgariorﬂ‘tbyertphr@mﬁier sthorsindbe frsHisesonilisr Pesieden fgpresonts the

firsf1@FsohMuief teistibnsBiper gy process; and determnining (108)
the first order rate relationshi p for the second

energy process. 24. The nmethod of claim?22, wherein

the first order rate relationship for the f| rst ener g

15 Bfocebddngtodf dsterayiningapersHong settings prd e YRR 95 C?'P?a'tgf nt
appliedtidh efmai éreedyitgies af a dthetufd to shanga aphysidaypepdrty of the structure, the

method comprising:

determining (110) a first parameter according to a desired physical property value for the
structure and according to a first order rate relationship for a first energy process that relates
application of a first energy type to the structure and the physical property;
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structure and the physical property, and wherein the

first order rate relationship for the second energy
w@e@enss13 s a second Larson-M Il er rel ati onshi PCT/0§1003/024449

rel ates application of the second energy type to the

structure and the physical property. 20 25. The met hod

of claim 22, further conprising determning 114%1(Ht

t huqetprrpamaﬁ‘éﬂé@ secapd PATANPIGT 30607 EIRG thejdesiied RRYpicLRIgRRYtY value and
accHifg B d¥irktdeies %ﬁ@ﬂéﬁhtl@ﬁﬁlp adr atsBeontiefergy prlotisss atatirelates application of a

0) according to
semyﬁgngﬁyf eB”P Cur gﬁ@%ﬁgﬂﬁé%ﬁgg&ﬁe first order rate
r el @l afﬂ%ﬁ oﬁm aftideSAlue BRY SYodRFAE1RH SettirdyTek the first energy

according to the first one of the tine value and the
ProG®r ati onal setting. 25 26. The nethod of claim 25,

V\’h eJe%c é;d(%(g ; gb&inﬂ Ind g'ﬂ’(ﬁ’ tl%@\?all}erﬁnﬁ %e%%l%ﬂ@t{a%ettlng accordlng to the

tracting e second parane
frstieps %COB%P%%?@S’ aozqfdmwféth?r@ﬁ*r&sﬁefé?fe fﬂ'aé'P?ﬁhﬁ or %gﬁk‘?"ﬁfgy process,
andsRbRditd Bhd k&Qhe bhtRe i€ Cilgk Mdehadpetdiiend setingval ue 30

and the operational setting conprises evaluating the

first order rate relationship for the first energy

process u5|n the third raneter _and the first one of
t he?® i me fi?a{P oA §latThe?- &E@Pwmﬂ% ‘setting to obtain

t he

B R i e e S U s i

met fsmifingQh @) edidst oMiBEBER rBlatidhenip ity SleGatonpleagrgy prycéss.

i nt ernal stress and wherein the desired physica

property val ue is one of a renaining internal stress

value and an internal stress red ug%¥ § %h f1

met Hod  of NeBEReHT FiaRY 2% PERSH TPt o f%@%’"?’ﬁ“p orihe Tirst energy
pro€a&3B B fir@nbrsappliliec@tali@ship thateldtesppelicationenf the firsy peargy typesto the

struchF LY phtyg ﬁ£ Bﬁ)ggrﬁ/ gncp\pﬁéélﬁ o iR Qrﬂgrr tad% r@btioRship for the second

UCt ure rISInﬂE¥ et ern ni ng { QP%
energyrpseoesy id @rsesond & aisai-Mist iletionship fat felptasapalicpf ‘i“ﬂf hrsgeqnd energy
typé Ritke stelc@id Masky ghytitapropetyat es concurrent application

of first and second energy types to the structure and
a physical 10 property of the structure, the first

AR N E R R T p—
acdorik)to theffitst srid senendovhaein dperaindenabf tsetimée vajuef and ﬂueh@eratlonal
setﬁr& i%%ele%%%r W%g&%ﬁﬁ%ﬁ HadhiRy Jal’a’ﬁ?etervé%l:?f@mg RHe ﬁr@t’ cﬁ@ér'ré!&

eco one “of 't he operational settin t he
relatipnaiiove tirfiralceperod PiRgesseandrrscordiag fojthefrstong Sfrthg B’P% Jatld S the
opdiafoRaRE@Ag. according to the first order rate
rel ati onship, and according to the first one of the
operational setting and the tinme value. 30. The nethod

of claim29, furth c risi det erm njng .(.206

71 r 58 or 865 PO S Z0NBIRE SR oLl BT BRI s
sutapgting trad deosndgfardniates fromnice reparachelner gy types to the

structure and

27. The method of claim 25, wherein selecting (120) the second one of the time value
and the operational setting comprises evaluating the first order rate relationship for the first energy
process using the third parameter and the first one of the time value and the operational setting to

obtain the second one of the time value and the operational setting.
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20 a physical property of the structure. 31. A system

for changing a property of a structure, conprising: a
WO b@nowdsiEner gy source (164); an oscillatory ePer/y§2003/024449

source (170); and 25 a control system (180) that

provi des control signals (174, 176) to the thermal and

oscillatory energy sources (164, 170) to contro

concurrent delivery of thernmal and oscillatory energy

fromthe thermal energy source (164) and the

320|#L2tory enddgéefourc@%&%ﬁg%P%%? stru%éﬁ%am &mggand

whefeirethe desned shyefeelrpaddevte Vaiuecio ipd & remnaihing internaBéiress valed amdean
. V] . ack signals (182) to the contro
i FE 146 o

29, A method of determining operational settings for concurrent application of multiple
energy types to a structure to change a physical property of a structure, the method comprising:

determining (208) a first order rate parameter according to a first order rate relationship that
relates concurrent application of first and second energy types to the structure and a physical
property of the structure, the first order rate parameter corresponding to a desired physical property

value for the structure;

selecting (210) a first one of an operational setting for the first energy process and a time

value; and

selecting (210) a second one of the operational setting and the time value according to the
first order rate parameter, according to the first order rate relationship, and according to the first one

of the operational setting and the time value.

30. The method of claim 29, further comprising determining (206) the first order rate
relationship that relates concurrent application of first and second energy types to the structure and
a physical property of the structure.

31. A system for changing a property of a structure, comprising:
a thermal energy source (164);
an oscillatory energy source (170);, and

a control system (180) that provides control signals (174, 176) to the thermal and oscillatory
energy sources (164, 170) to control concurrent delivery of thermal and oscillatory energy from the
thermal energy source (164) and the oscillatory energy source (170) to a structure (162).

32. The system of claim 31, further comprising transducers operatively coupled with the
structure to provide feedback signals (182) to the control system (180).
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