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failure due at least in part to internal stress remaining after fabrication or welding. Furthermore, the
repair and/or replacement of components is costly in many situations.
Localized internal stresses may cause accelerated failures due to stress corrosion, fatigue,
25  and premature overload fractures. These failures can occur in bridges, aircraft structures, ship
hulls, pipelines, liquid storage tanks, rails, and reactor vessels, as well as in many other structures.
Relieving or reducing internal stress in large structures is sometimes difflcult, particularly where the
structure is in a remote location. For example, stress may occur as a result of welding pipes
together in remote areas to create an oil pipeline, or from welding, forming, and/or assembling
30  structural components in bridges, ships, or airplanes. For large and small structures, premature
degradation or failure of the structure may result from remaining internal stresses. Durability and
performance of welded parts are affected by internal stresses that can reduce fatigue life and
corrosion resistance. Welding involves providing high temperatures to melt a welding rod or other
filler metal used to join two sections of plates. The base metal joining surfaces are also heated to
35  melting temperatures during the welding process. The presence of thermal gradients adjacent to
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using concurrent application of multiple energy types to the structure, and methodologies for
determining operational settings for concurrent application of multiple energy sources to a structure.
The concurrent provision of multiple energy types in accordance with the present invention
may be advantageously employed to significantly reduce the time and/or energy required to change
30  aphysical property of interest, such as reducing remaining internal stress in manufactured parts or
other structures, compared to previous techniques. The invention may find utility in technology
areas of solid diffusion, including but not limited to heat treating and aging, surface diffusion
treatments for metals (e.g., oxynitriding, nitriding, carburizing, etc.), zone refining of metals, battery
manufacturing, doping semiconductors (e.g., to speed processing or lower temperature in
35  semiconductor manufacturing), or other technologies where time is spent while atoms diffuse
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physical property value, and a second L-M parameter is determined according to the second L-M
relationship, also corresponding to the desired physical property value. For example, the first L-M
parameter may be determined according a first L-M relationship (e.g., L-M curve, etc.), wherein a
desired remaining internal stress value is selected along the Y axis of the first L-M curve, and the
30  corresponding parameter (“P") value is ascertained along the X axis (P4). A second L-M parameter
is determined for the desired physical property value according to a second L-M relationship (e.g., a
second L-M curve) by focating the desired internal stress value on the Y axis of the second L-M
curve, and locating the corresponding second parameter value (e.g., P2) along the X axis. A third L-
M parameter (e.g., P3) may optionally be determined according to the first and second L-M
35  parameters (P4 and Py), such as by subtraction (e.g., P3 = P, - P,).
An operational setting and a time value are then selected according to the third parameter



30 correspondi ng paraneter ("P") value is ascertained along the X axis (P,).
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ener roces
9y p structure by applying two or more energy types concurrently, methods for determining operational

settings for concurrent application of multiple energy types to a structure, which employ a combined
first order rate relationship for multiple energy types, and systems for concurrent application of
multiple energy types to change a structure property. In these methods, the first order rate

30 relationship characterizes a relationship between concurrent application of the first and second
energy types to the structure and a physical property of the structure. Operational settings are
selected by determining a parameter corresponding to a desired physical property value and
deriving one or more settings from the L-M parameter.

To the accomplishment of the foregoing and related ends, the following description and
35  annexed drawings set forth in detail certain illustrative aspects and implementations of the invention.



25 O her aspects of the invention provide nethods for changing a physical
property of a structure by applying two or nore energy types concurrently,
met hods for determ ning operational settings for concurrent application of

multiple e to a structure, which enploy a conpi I or der
rate rel at {]‘gﬁgﬁﬁ“@){@? mul tiple energy types, and syst enﬁfgfsq@a&%{ﬁ}r ent
application of multiple energy types to change a structure property. In

t hese nethods, the first order rate 30 relationship characterizes a

[ el ati ?nsPﬂﬂth%Fé’\ﬁ'@é}tl\Fé)d?BMrarf@@Bf tﬁ&&hb&%&@iﬂ whikh the«ar.ﬁdpregtof RBGhveR6OMEY, beetner gyI
ypes to the stru re.a ruc erationa
settings aPRPlows @i’teéﬁb’?ﬁf 8@?&?%%[‘%@0"3' fﬁi“l’?rféfh&mv&gw @'g'p%ﬁ?ﬂ“ena@p?r%a desired
physi cal pirfropdhetfgliowind detaiked descdgion vi theginentonovhenroensidered fni cagigndtierowithitiee L- M
paranet er. gkQidghe acconplishment of the foregoing and related ends, the

foll ow ng description and 35 annexed drawi ngs set forth in detail certain
illustrative aspects and i npl enentations of the invention. 4 WO 2004/016815

PCT/ US2003/ 024449 These apRIEPDESERIETION OFDFRAWINGS the various ways in
whi ch the principles of théﬁ‘ﬁ%‘%‘ﬁﬁm—?‘tm O her objects,
advant ages and F§vds a flowdiagram illgttratingan exppplery rosth qu“OB‘é’E‘érﬁ’Ecrb?b%%Qr%mys'ca‘I‘rom

the fol | owphgetless ashRdrdl@siicofutrem agicatibreofimimipilteh€y wbusnn 820G brite vitiglthi N

conj uncti og \é'érft}]'\ {ﬂ . drawings. 5 BRI EF DESCRI PTION OF DRAWNGS Fig 1 is a
flow di agram 1T us Pt i ng an exenplary nmethod of nodifying or changing a
physi cd0 pr opeFigy2As aa'oglt'trsuettnela@ewp?;g/ fissd prdeirrate relatinpyitn uaveif® 4 fist enetavt i pl e
ener gy typefocess ib&eerishzeaeh e inlerdtibe present invention; 10 Fig. 2A is a plot

| Lustrati ng an-gxapl ot RRAR AT okl Ak AR, EHRYS o Glont 1

energy process i acc
illustrati ﬁgerames@éwaaqogﬂaﬂ?ww tsripeptionat e rel at i onshl p curve for a second
ener gy process . 3xCis afiolaniagamiilubtratittean exstepidry MBthod-biGtres3Aeliesinga éthuetiteti agr am

illustra tlrggcoﬁ% f‘%ﬁm&%&é thod of stress relieving a structure in 15

accor dance W nventioh; Fi 9. 3Bis a flowdiagramillustratin
further detail sFtSf3Bc'ﬁéf'@é(é'ﬁ?f?’ﬁﬂ”&‘“?ﬁ"’r‘gsfﬁ@ef@ﬂtﬁ"éf’fth‘é?%&'ﬂ'aa'fs"eﬁrg'!ef'3#“0 g. 4A
is a plot iAd.astrating an exenplary Larson-MIler (L-M relationship curve

for applicatiogofs  BQlhle GGl YdyRianl LRSI L N FoidddRstpdinBlidtm NUM
application of thermal energy to stress relieve 7055-T7 alumlnum structures in accordance with the

20  invention;

Fig. 4B is a plot illustrating an exemplary Larson-Miller relationship curve for application of
oscillatory vibration energy to stress-relieve 7055-T7 aluminum structures in accordance with the
invention;

Fig. 4C is a schematic diagram illustrating an exemplary system for stress-relieving a

25  structure in which various aspects of the invention may be carried out;

Fig. 4D is a plot illustrating comparative stress relief results for sample structures processed
in accordance with the invention and sampies processed according to conventional techniques; and

Fig. 5 is a flow diagram illustrating another exemplary method of changing a physical
property of a structure using a combined first order rate relationship in accordance with the

30  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
35  invention relates to methods for stress-relieving or changing other physical properties of a structure
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accordance wth the present |nventlion. € exenpl ary process or

met hod “¥5 ?C‘é’l‘fﬁm?ﬂ"ﬁ@ﬁ SREES5BIHRVeBt he i nvention are illustrated and descri bed
bel ow as a seri &se méthat2 Bustrates ehsemateszatiort of twd dnentggamnpatuempratesdestalnabndme
present '”%QHPélénQﬁ‘of'ﬁ?st Hr%r rLtb’F&lét%ﬁshQXaM?ﬁstodleH%{e tef (21 4 fo Pdnt erd h acts

or events. eX rrpl sone acts occur gtta ferent ers an
concurrentl )Spewatgﬂ -14, selection of operational and tlme values or settlngs at 16-18 and appllcatlon of

muitiple energy types at 22. It is noted at the outset that certain aspects of the invention provide
25  methods including the characterization, correlation, setting selection, and energy application
features described herein, while other methods of the present invention do not require all these acts.
As one example, the invention provides methods for changing physical properties of structures that
may require only certain of the acts illustrated for the exemplary method 2. The invention also
provides methods for determining operational settings for concurrent application of multiple energy
30 types that may not require all the acts illustrated in the exemplary method 2.

Beginning at 4, a first order rate relationship is determined at 6 for a first energy process
and another first order rate relationship is determined at 8 for a second energy process. The first
order rate relationships determined at 6 and 8 may be curves, mathematical expressions resulting
from curve-fitting a series of data points, or any characterization or expression of a relationship

35  between application of the corresponding energy type to the structure and a physical property of



other acts or events apart fromthose illustrated and/ or described herein,
in accordance with the invention. In addition, not all illustrated steps
maybe required to inplenment a methodol ogy in 20 accordance with the present
i nvention. The method 2 illustrates characterization of

application Brz%oé/&@éss at 6 and 8, correlation of first Pgﬁﬁjé?&?{?\?‘y”
relationships and first order rate paraneters ("P") for different energy
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order rate relationships may be determined using any samples made of the same or similar
materiais as the structures to be processed, wherein the samples may, but need not, be of the same
size, shape, etc., as the structures of interest. In this regard, the first order rate relationships and

30  thefirst order rate parameters are applicable to any structure made of the material of interest,
whereby the first order rate retationships and the parameters derived therefrom are universally
applicable to any structure made from that material.

At 10-14, first order rate parameters and first order rate relationships are correlated for

different energy types. Alternatively, as discussed below with respect to Fig. 5, a composite or

35  combined first order rate relationship may be determined for multiple energy sources, where the
correlated effect of concurrent application of the multiple energy types to a structure is embedded or



the X axis. In the exanple of stress-relief through application of thermnal
energy, a first order rate 15 rel ationship can be plotted as remai ni ng
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appreciated that dislocation motion within a structure (e.g., such as during stress relief) occurs by a

diffusion process and can be described by a first order rate equation:

-9
(1) D=Dge 7,

30 where D =rate of diffusion at some time, t
D, =initial rate of diffusion
Q = activation energy for reaction to begin
R = universal gas constant

T = temperature in degrees K (Kelvin).
35



exanple, in Fig. 2B, the desired physical property value is |ocated al ong
the Y axis 32y of the plot 10 32, and the correspondi ng point on the first
order rate curve is identified as the second paraneter P2 along the X axis
32x. The opgrational settings for concurrently providing twy or nore energy
types to th 0?@?4?%%% are selected at 16 and 18 accor g-."%“%“f”ﬁ‘&“?i r st
order rate paraneters. One of a tinme value and an operational setting for
the first energy type are selected according to one or nore sel ection
criteria  Sanddif)iiftaldds Bths Gl obihfiLd Rho biflridl MBI i@ ol BY i RIGRA ana O pECONOM ©
considerations, "or arbitrarily. e of’;her variable 1s then selected or

det er ni ned 9e8SERsH Ypingythe Hrrpaniisfijst yer saieieciatioania) eared RErdiechpmishfi@#®  using t he
first ordenrhenive: rel ati onship associated with the first energy process.
Toward that end, a third paranmeter P3 is optionally determ ned at 14
according to the paraneters P, and P2, such as by subtracting P2 from P1,
wherein the tine and/d¥ operational 20 settings can then be selected or
determ fied@n adtoraladCe with P3 at 18. The correlation of the first order
rate paraneters P, and P2 in determ ning the operational and tinme settings
for application of the first energy type results in the third paranmeter P3
t hat ref| e¥heear ¥ @ppbpiedss edefat wmettinent achi evable within the scope of the

i nvention. Thisaaege®tseration, in turn, facilitating stress-relief or

i npl enentati on of ot plgrfregulgri )Ell)f%eergaecgigy type processes to change a physi cal
property of a structure 2B PR eI e and usi ng | ess energy than was
possi bll® usi ng previ Bagningsdeesconside i nvent or has appreci ated t hat

di sl ocation notion W & Rnpertusd ihd6drels. (€. 9., such as during stress relief)
occurs by a diffusion process and can be described by a first order rate
equation: Q er (1) D= Doe 30 where D = rate of diffusion at sone tine, t
Do = initi aheleed ef stsesscelief eagibe relatpd-o g st ardar rahrelatienshyp of eauatiosa Brdng Axamplebegi n

R = uni veraahrs@aml&qm}; difatioh isotitRERBY Bk Brelldy o BE MARSIUS egt@bivi2n) . 35 8 WO
2004/ 016815 PCTI US2003/ 024449 GCenerally, the rate of stress relief obtained
using yher W_@Aunﬁf%trr&@ds, ahSreSrdnd g 1YL -Hichhdiad BrindRe Fass Bifer mg)‘ﬁﬁ%x'plléﬁ‘éid @$i ng the
Arrhenius first order rate equation (2), naned after the chem st Svandte

Arr heni us:

@) =%=T(C+logt),

where P is the L-M first order rate parameter. Other specific forms of first order rate expressions
may be used, which are iogarithmic expressions of an Arrhenius equation, wherein Larson-Miller or

20  "L-M", as used herein, is intended to include all such first order rate relationships and associated
parameters which characterize a logarithmic expression 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

25  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).

30 The inventor has appreciated that internal or residual stress 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 faults. 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



AH 5 (2) r(T) = Ae RT wherer = rate of stress relief at sone tine, t A =
constant H = free energy of the reaction 10 R = universal gas constant T =
t enperature in degrees K. The level of stress relief can be related to a
first order tionship or equation. In one exanple a Larson-M I | er
(L-M equatr 4§01§Jﬁ€al ned by taking the log of the Arrh‘é%’?&z (?é?ﬁ%“t'? on (2).
15 Assum ng roc 1, and rearranging, the L-Mequation for thermal stress
relief my be expressed as: t (3) P=: =T(Ctlogt), where Pis the L-Mfirst
order rate paraneter. O her specific forns of first order rate expressions

may be useg, Slogﬁm I\ﬂa tr%nat.éeosrré rornhumof%@roeaah r;rn$e59ft wRth the £tréﬁﬂlaébﬁeseé%bﬁ5|h°”
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rat e rel ati onshingsditdnt fie mvérte hacapeciated thatsimitay eatherastical Félatiohdhis 8RduldiHolds t
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appr eci at edccofaatceiwith etepedserd invereisim, it atcetatiers@sulte nited difsion procesa tirdugh bhe

achi eved %r.fmri %Il%ll&lﬁ%ﬁlblgg&rﬂn$e5% {ei %grey??héﬁ¥ﬁ5§|ph¥:‘s%bl?l’o§8ﬁ} 'e@”

density,
faults. A éffﬁrﬁfﬁ'r%fhwh%er the H@e AP aationgksedings agq datasmipgd agieseriped peseip oE%rPfther attice
straind5 bubstiat s dccaérptivhesbults) the eollowingdasicdtion 18 prelide®r anldxasiple ahgreinent i s pure

el asti ¢ st Gk, g 43,2004/ GAO1S, ROTIASZA0 02042011, gl W thi n the

|atti ce. The ion strai n reaches
a certain val ubssegiip gt epmatiy ot thremateia orpert Hrauestien eap. bemartionst biostrriger

i nt er act i oandMohlstraifsLportidhd, 85 with aicénceMRfighed, iteabthltohdMiedtiaon nay bedexgessea@. Wien
energy, whegfher in the formof heat or any tine-varying

20
4) C(total) =G (strained) * Cn (non-strained)
In the case of strain relief, the following relationship holds:
25 (5) Cs = C,
The rate of change of concentration of the strained portion during stress relief may be expressed as:
dcC
(6) S -
dt
_aH
for the rate change of a reaction, where k= Ae &7,
30 Thus
dcC,,
(7) SV
dt

where k, is the Arrhenius equation for an oscillatory (vibratory) second energy type, and:

10



(e.g., oscillatory, periodic, pulsed) applied energy that can cause a
pressure wave to be generated, 5 is applied to a crystalline solid, energy
is added to the dislocations that results in exciting their notion. Since
any system w.| to the lower energy state, the dislocations wll try to
attain a | \?@PO‘@iéﬁﬁy configuration by conbining or anrﬁ%%%???i?@‘,‘“? hus
reducing the internal stresses in the material. In addition, the inventor
has appreciated that simlar mathematical rel ationships should hold 10 for
any stress reli eaf or other property changi ng nethod that causes dislocation
notion usig a —Gqfﬁ-éu&j-@gr, process, and can thus be described by the
Arrhenius first dfder rate equation (2) above. In accordance with the
present i nv@ek kP thedirh@fialgedtioh foPRthe@Blédefgyitypet he di ffusi on process through
the concurrent application of nmultiple energy types to a structure for
changi ng a physi cal Pro erty (e.g., stress relief) where the tine and

oper ational set Thatgte! farrtee epatoisedingléed i8's descri bed herein. To further 15
illustrate the el ggatigpresults, the follow ng derivation is provided
for an éxafl e \?%férvei—ﬁﬂ& -(Bnekgy Cand vi brati on energy are concurrently
applied to stresérel feve &structure. Assuming that the matrix of the
material or part in question can be partitioned Into strained and

non- st r ai n%glvipgf;bqgs, each with a concentration C, the total concentration
may be express d “a9d: 20 g4) C(total) = Cs (strained) + Cn (non-strained) In
t he case of(103t r ai@ =rreki%ef”” te fol l owing rel ationship holds: 25 (5) Cs -+
Cn The rate of change of concentration of the strained portion during stress
relief may be expressed as: (6) dC, _-k.Cs M for the rate change of a
reacti ¢f, ~ WARYIRO Jouadapy gongitions &t Thard t=7P: dc~y k, Cs~, where k" is the

Arrheni us ?ﬂTat @) £ Rre-@A0sGi L Lhatoryy (vibratory) second energy type, and:
10 WO 2004/ 016815 PCTI'US2003/ 024449 (8) ddtT = - kv C5T, where kT is the
Arrhenius equation for a thermal energy type. The total for the conbi ned
method is: (B)(9C,@GA-0d€=8 + dC, T = -(kv + kT) ' C9.

15  Combining equations (11) and (12):
(13)  A=Cs(0)-Cs()

Substituting into (10):
20

(14)  Cy(t) =[Cs (0) - C5 ()] e™“™™ 4 G, (), and
(15)  Cq(t)=Cs (0) & ™™ +Cq () [1- &7,
25  from the boundary conditions of Cs (0) = 1 and Cs () = 0. Thus:
(18)  Cy(t)= e Urar
Applying L'Hopital’s rule and substituting for t at completion:

30
(17)  Cy(ty= e ®r+™,

11



dt dt dt Solving for C, (t): (10) C (t) =A a (k,+kv)f + B 10 Appl ying
boundary conditions for t = 0 andt =oc : (11) C, (0) = Ae(k,+kv) 0 + B =
A + B, and (12) C5(t) =A0+B=B 15 Conbi ni ng equations (11) and (12) (13) A
C (0) - 8 } Substituting into (10): 20 (14) C, (6%, } %:
(00)) e(k, +‘i¥9)”44-"t§ (oo ), and (15) Cs (t) = Cs (0) e- ﬂ%%i’l?f”zﬁ“ (CO
(1 - e-(k,+kv)t 1 25 fromthe boundary conditions of C (0) =1 and C, (00)
= 0. Thus: (16) C (t)= e-(k,+kv)r Applying L' Hopital's rule and
substituting fort at conpletion: 30 (17) C (t)= a (k,+kv). 11 WO

2004] 016815, Rl LSRN A4S 8l AR AR AL o MRl W aReRar 0! e

processes occurring Sifu heni us ‘equati on:

~aa, +orr, AUT@WSGQE“RT Taking the natural log: (19) -Int=InA-CAHT+4Hy R T
10 Rearranging and converting to log: (20) AHT RAH' = T (C + log t). Thus,
for any conbination g@ﬁ&mqultaneously applied stress relief processes, the
sum of the g #g| i/ef process rates can be related to the first order
rate paraneter P T e oscillatory process, whether using sound, nechani cal
vibratign, laser inpulses, or some other oscillatory or tinme- varying
applied energy process, is usually performed at a fixed tenperature, where
time, freﬁﬁ@ﬁﬁ&amﬁﬁﬂk@nplitude are the variables. The vibration frequency
and anplitude settings can be

(AHT+AHVJ(1J
(19) -Int=InA - | ————— || —|.
R T

10  Rearranging and converting to log:
AH, +AH
(20) (—Ji;*lj=T@+mgU

Thus, for any combination of simultaneously applied stress relief processes, the sum of the

15  stress relief process rates can be related to the first order rate parameter P. The 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 amplitude 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

20  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

25  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:

@1) c¢=0f

30  where ¢ = speed of sound in a material
O = f (specimen dimension)

12



determ ned according to any suitable techniques so as to provide energy at
or above the activation 20 energy of the material of interest within the
scope of the present invention, for exanple, by identifying a resonant
frequency f&r the structure and the systemin which the structure is to be
nmount ed dur ﬁ&mgo @%%sing, and selecting a frequency at BT/ IBAP 244 r esonant
frequency. In this regard, the frequency may be adjusted during processing
as the resonance point changes, wherein the invention is not limted to
fixed frequency or f{gﬁgugg?gﬁgHgﬁE{nplenentations for providing tine 25
varying energy to the structure. The inventor has al so appreciated that
frequency may have a weak dependence on tenperature, that can be cal cul at ed
as foll owsAsp21) c= ~ f, 30 where ¢ = speed of sound in a material ~ =f
(speci nmen di nension) 12 WD 2004/ 016515 PCT/ US2003/ 024449 f = frequency of
harmonic. Also: 5 (%2) c=[YJZ, where Y = Young's nodulus p = density of
material. 10 The tionship between density and tenperature is expressed
as: (23) mmiPocéigEET) where /3 = 3 Ge and Ce is the coefficient of

t hermal expansi on. lving for frequency: 15 r (24) Af =P.1 , and i (
Il (25) f []Jz fl 1 20 Including the variation with tenperature, the
frequency i s expressed as;:. y 1 (26) f =( 1 PO(1 2 +QI) |~J Thus, the
wor ki ng fr@%ﬂgn§y€¢?"9%mﬁm%anction of T 25 Consequently, as the tenperature
T changes, the workimg densijobnatgriahi | | shift as well. Thus,

10 The relationship between density and temperature is expressed as:

(23)  p=po(1+5T),

where 8 = 3¢, and cy is the coefficient of thermal expansion. Solving for frequency:
15

m ()

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

2

1
Thus, the working frequency f, is a function of }- .

(26) f= {————Y—T
P, (1+ BT)

25 Consequently, as the temperature T changes, the working frequency will shift as well. Thus,
for greatest efficiency of stress 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



for greatest efficiency of stress relief, frequency can be adjusted to a
final value once the processing tenperature is reached. For sone
oscillatory techniques, this is believed to be a very weak relationship at
best and so adjustnents in the oscillatory operational freque setting
may, but 13‘”9\!#’%(96)@/‘@16815 PCT/ US2003/ 024449 need not t?é:Tr%ﬁi ?{’Ff“‘é%cordance
with the invention. Because of the cyclic lattice displacenent by wave
energy is proportional to Young's nodulus E and to Poisson's ratio within a
single method, the frequency/nodulus relationship will be unique to an
al l oy and us
exper i men tg gadr}og%eerhgd’e &%grd%rﬂze wntm%x m?gntlor?dé/e[%gt}sggﬁ%]g){c% Igtﬁéeé @a@?ﬁenpy%
resonant f r"\@m@ﬁ@}’ isrREPORIARAN @eYO&QQ %m@cufuﬁ étaﬂfl" ® Hos?sgtsrretg)gmqu W@dﬂethﬁﬁéh%l n
adj usgI _rrenlt Frefu@néyBoduins BNEBGHSYip Ol b3 uhthﬁBEto‘éﬂél}bv agd @oRicOymi Haehudmaylbe nmade
accordin re nc | ent on part
di mensi og %Fvalngggqlg(yi%iétgrﬁned B%e%léﬁmer\xai} F%Xefdure§8n éﬂgs&acﬁpk&t 'g(a?&%#‘al | oys can be
predet ePni ned fB\drtfamsq&&efres@naréfrmnwnavpwg«émst@étﬁ@r'mtieéwell%@wherrem soni c,
{Azser ellg@ajgétﬁa;hts tohRgRQUdney of@ﬁ%&@ﬂymglener%%yrtﬁberﬁréyfb@w&u@aco@rrdln‘élg)m?n aatiid type,
erein adj ust men accordin jfic str 0. Syst ens
re cont emiPaiety o 4R of il St Lot Sneiiar of SkiE FvEh e Moasbh Y ot
Fig. 1, ondangesfer #"Pysyﬁnmme@etmtned for® mrfltemgthmofrmm@msew@wnd@ewpm ned at

1g- 14, th heoi) Risé éigutehl, ﬁ@éﬁetld’l&eé’rﬁdlcélldﬁﬁny@dv&éee F @nseaitmtygd whBredccor dance
t her ew t() at

tting for th er gy
e e e eog e e AP IR ol BB e MebRb BB Y 1
such as a téhpéeacapesf beinvéntign.or a concurrent processing tine setting where
thg fir Zt ener g¥uinid® Fig. 10 BRE IR first dlagr rte bérhmé’tér"s'P?-bL ﬁbvsab&me@dmﬁ&;mo- .
i ndependent ui pmen
econoni c, 1? L ngat'%%h%&%%Fréqtfn?)%‘?ﬁeél?e sﬁéﬁ%%&ﬁcor‘gﬂceqﬂée‘@ aa&!p[ﬁ %ndmp 8%essi ng
equi pnent , osergtienaisettigforted firstrepergyprocsas ordhs tinreaviplui for eongpwpant pro¢essingsis on
t errpfer 61';5ur %electf’d"é%@rsuéﬁasréqéfm@ﬁat%%étﬁr@d)rE@orﬂfﬁ#éﬁi srbdesdimftin®d detiifd Whele thb ikt be' OW
a safe tenperature a changi n e gt
truct ur o Y S bR ok BT Sipe 8 Sl SRR pf et e
t enper at ur @aﬁdronsthteewpraenttagoweucbtneheonaﬂd@ratwas ioprandayely. gy oncexeepler . | n

anot her ex F&b@mgequ.&ﬁ&t @R Bkhefnd Bhdagyfwurbes ﬁbf t?efv@ﬁfépe?ﬁrﬁﬂé%%nﬁ;era@fre bri dge
may be dlfflﬁu“ t

o ai e ons i srbe 2B amale Pl b i e E Pt £ Girae e 4 SR TR
consi deX0at iteeratructyrajeniper ar aletiing thatstuchues whereas amigiglusdenpegatere velwpeouitheree set ti ng

at 16| 2t5 ?Fltlc&ﬁ%mﬂéﬂ&ur@?dﬂﬁé n%ﬁ&?al?& elcB& tgé)&'ﬁ@étlbrpélﬁl'gywéférn% a%@ﬂeltéiﬂ'nﬁlé Ze Vg' ue
is selecte I CO

(o o Sor “aplen 3o dub aruaha Sl & SR sha Sp afreditn e &y B BhBRaLRR e wi ¢
the previ oulge tp agbleaicoaditioheang/or hial dielirg fehomatiached sirishires, wikksein sueb carlsidertianganpl e

where a temmawérﬁm@%&&u% Wzt tehppslurdbetdfyat id1e time value is determ ned
at 18 azcscor di ng H)B

according to the first order rate parameter P3 (e.g., or simply in accordance with P4 and P;), and also

¥he other one of the operational setting and the time value is selected or determined

in accordance with the previously selected (e.g., independent) variable. For the above example
where a temperature setting was selected at 16, the time value is determined at 18 according to the
temperature setting and the parameter P, for application of the first energy type to the structure

30  using the first order rate relationship for the thermal energy process. The first order rate relationship
is used, for example, by evaluating a corresponding first order rate equation (e.g., equation (3)
above) for the first energy process, using the parameter P; and the temperature setting as
independent variables, and solving for the dependent variable, which is the time value in this
example.

35 Operation settings for the second energy process can be selected according to other criteria
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tenperature setting and the paraneter P3 for application of the first energy
type to the structure 30 using the first order rate relationship for the
thermal energy process. The first order rate relationship is used, for
exanpl e, by evaluating a corresponding first order rate equation (e.g.,
equat i on (3VO ApAAE815f or the first energy process, usingPEHESPOV@MEDer P3
and the tenperature setting as independent variables, and solving for the
dependent variable, which is the tinme value in this exanple. 35 Operation
settings for the second ener process_can_be sel ected ccordln t o ot her
criteria 19 cOususehanrieseny ¢ g’gﬁ”/WWB’I”UQQH’&@"“%P”E??EC " E&FEP %\gﬁ J4e8%t i on of
ener gy t ogentieranwiitude setiiogd mnaystie selected)fpr pr @citedgy sdeond eneagyptosessf wiergirethe y

and/ or anplgLude t&g‘éfhEl' WG B¥te®h méh%& fﬁgunftéarfor%%cgs%ﬁbl ib 8daRhed t§ BGaRfhegNEr gy
process, wherein the structure, get er wt min whichit is

mount ed f orresﬁf‘%ﬁ’:@%"é‘ﬁ?fé Th%pr%‘i?é?ﬂﬁ?éﬁ’q cyrePn t?‘FeCE“& %%%ﬁh’feaf PSRy, The
pr ocessiing feriemcie wosreintig fietuencyeaydieasjested duribgprateseing. ridna frequeecyrapd amplittde5

frequency, bRk &h &cﬁl&@ry sé&%‘ Sﬁb@%& d?'&%)éssbfr‘e Q.QJ é&ﬁ}s{é&' sH rtHa'E'ﬁhe BhaGEsslidd: The
frequency and suc %?%t second energy process are

a
al so adj ust'é‘ﬁebé’%°‘fer?£ta°tﬂ‘ﬁ‘g°”e‘?l‘ﬁﬁgég’ meﬁea BIBIR i s above an activation
energy for the figtretadad thsfredaltethetwhectas the first drder sater@tadichships ard fisst prdgraatd, t hat

wher eas t hepa?a'n’(e%?s Rlefifihed 4684 %S&v@fare‘q%ﬁghl@%a?éﬁgl sBé&f%tanQEtﬂ@{urJ ﬁée?end@ﬁ,r et ers

determ ned at 6- above are general eria eci fic and ructure

i ndependentn® PH&‘Ere 0 1‘69 Rgeatignel ?FSP‘@S fa¢ apt"PFé“‘@p?éF“&FP%&)’atVPeéé‘t e ggsturegpay be

appl i cat i orchoden ttverdengéo mytetay presific contiberatons (ect, actyativaendrgy, ete)siwetiecor ding to
mat eri al S%Edn]f;]ﬁg% 91%6 L GHRL Gt ;%Rr’émér%tr&tur? Bfddr Y ldteMinSARA gw\é’strﬁ'étlﬁe kbeing Vel l as

according to the sp eC| I CS ticular structure and/or a systemin
whi ch the s‘l’%&sﬁﬂrﬁéc"iaé"t?é? r?&e SPRRSe A LdNEHSYSIE R stStufFbaracterissies. |98, or ot her
system or gSiperatdnalraed thasaitige bi dlup<isave Oerheseletted atdp endit, the aletran d ptoceasis et t | ngs

or val @V@het@tﬁ@f,é@ngg%ﬁﬁd %rg}%m@@s@es@e %ﬁnéﬁ% Q;?p@r t%ﬁﬁ’?é&%n&é?}eﬂ?z P

where the first and secon ener gy rocesse are
and second M¥§& gl stugtiiecongyreriiy %??"E?@E e eelected dne ?’@H‘ﬂ P;?C'T"?)’P a&‘ie'elfaé an%e
sel ect ed t iinthepidysidal ptoperdCdi tr@\s@UAEC € dereaherdetodtclgnds ati 24, ntertpihingiled@htaionepert y

of the StrLb?M&renpe%fe%s?ﬁutﬁlommﬂ ofy 8ty Gfes d AeREL 12ldol gl erent at i ons

of concurrent en ener ?)/ S is
ther mal , t Hesferaly beﬁﬁ'{/‘e ?féffrgr‘a%’f“? theeoseiliateneenesty running yptil the @an beig Ftr?ﬁé’rssed
osci | | aalor y(egnaregsyreremamanlgeuestalnhmmmﬁtqn@érratuhaetbrrtgslq@ammw 20 (e.qg.,

stress. ol | eved)a iy, Aol AU SEHRSHBS ol U PkORRLAARED! 1Y AS

exenplified in Fi e i nvent on provi
det er i ni ng°pe@Efé‘P'a°'FF'69?aﬂ“d e ¥alypg for spppurrentplicationsad "T“B'P'eéﬂ)‘ﬁ%tﬁ"?%rﬁ‘la application
of nul ti pl etresteae gmhtar)gaesphy@caapro;&ﬁ!’/ bictheist@cttire, thét aiag e amplyediaae ofim operty of

t he struct ki act ual
bt ocess) ng oot iecl AR MR RGNS O hdD o £ N BE0 O Ty i, R
25 ~ determination of the first order rate re atuonshlps (e g.,in6and8 above) may be done in a

laboratory setting using sample specimens of a given material type to determine, or appropriate pre-
existing first order rate relationships may be used. With these, the first order rate parameters can
be determined (e.g., at 10-14) for a desired physical property value, and the operational settings and
time values can be selected (e.g., in 16 and 18 above). Thereafter, the first and second energy
30  processes may be applied to any structure of the material for which the first order relationships and
parameters have been determined, wherein one or more operational settings (e.g., such as vibration
frequency) may be selected according to processing system particulars (e.g., system resonant
frequency).
It is further noted that the various aspects of the invention may be employed in concurrent
35  application of more than two energy types. Thus, the invention contemplates concurrent application
of any integer number N different energy types, where N is a positive integer greater than 1, wherein
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25 determ nation of the first order rate relationships (e.g., in 6 and 8
above) nmay be done in a |aboratory setting using sanple specinens of a
given material type to determ ne, or appropriate pre- existing first order
rate rel ationships may be used. Wth these, the first order rate paraneters
can be det WORMEHOR1® ., at 10-14) for a desired physi cRET/PS2803R¢439 val ue,
and the operational settings and tine values can be selected (e.g., in 16
and 18 above). Thereafter, the first and second energy 30 processes may be
applied to any structure of the material for which the first order

rel ati onshi, nd .amet ers have been d rm wher ei n r, re
oper at i onalﬂggoé T faﬁeg’ge%{'%"?‘ ?glp ) (e‘gugﬁr'vggor\ﬂr%?xésﬁ@ﬁn ay\g ?graﬂ%yﬁgﬁdeﬁ%ﬁﬂﬁ%ﬂg (raslqrgct ed

accor di ng vuleppigpeeniiss (69sPenfypaericseairing t adesitpd phypjcak REPROF ¥Hea iNe O

fr quency) lmoketopie@tiénurs*emﬂgs d’ﬁ@/f)ﬁéjtirg@@ﬁue}rﬁb? thé_abé Q&?rnﬁﬁﬂawoﬁiir@ftct) theg i nvent It on
may De enployed 1N _concurren a | catl on o [ e an [ WO _engr YpPeEs.
Thiis. t ho PRYBRE RO TRt s aie Bttt Bk o Pl CH PR e TRE 2oy
nunber N di+f.fErdnin additoncap iliuyiprter] andidesctiben bilgw avitibissiect to Eig hitaeinsle fitst ederer  t han
1, | WP_er ei R_ratell%lamslaﬁ)%{/ Bl %&1 FPetthikE03h t&aéﬁkéspncéﬂoﬁ stméte A 8ﬁe?ér@rc?yt o
relatl onsni ps e. (. rrye or re-exl s e e .0 1.N etermni ng
N first oﬁ%r“??ﬁéé%eéﬁgﬂ&tp@a e(egs. R4 eﬁf?4ea%ﬁ{g%8 eeogg%h%ﬁéﬁ%’df'@ea desired
physi cal prelings ayd wahies tor aptieatior of Naneigy typesr n ¢repdmple etsinggdirsherderdatea ti ne

val ue nmay trélbﬂianE@ nd@tbe@l:ﬁble@éé tm_ﬁewiééiaagitcét@n bm&%rgy{rﬁ;@amt@m&ur;ﬁﬁdl & heP_ (P2
paranetgrs ) e Corr, at ed usl ng. anot her al anet er . 0., = Pl -

e ba 518" oREkRyoo R dr g it i P B e RGP sk s P i ¢ 1
respect t oopgrgfiond andstineg setjings dridveltiesoriniibis regersls @l suel altemstedmplpmenigiionseareler i ved or

obt ai ned f @énténiitddr dsGdling ARMh tre3EdpR1df 1é inVdMEieh 4nk &He APPEhdBNEiiBY, whedsiahe Wher ei n
fewer than eded in selecting the operational and tinme

'th{%%r amit eerft.may be needed i
settings aflg Fﬂ?er?é‘a'%rﬁpalref DEEY BN ener gy types. In one exanple, a
single first orBeferipgieay toFigh A, 8hshi pA-Adhejeventipn|hes beenishesessfdly imptemented

aﬁpl i cabi ofh educhg RARIGNG irtdtBa Be. §. redlduBl) Btrket IAraRimHuch strudiGred i dAdurrpitoper ty of
t he structur E[‘

. Wherein a single paramneter . he. used.in, selecti t he
oper at i onalap%'ﬁ%'o? ?frr%téer@@taﬁﬂsﬁgatgrﬁ/& T G Weﬁ%Fﬂiv'é’%ﬁ%“aé%%f‘ T nl'ﬁ(%%tal ternate
i mpl ement atrédgetion irtke tinegaguirapiombial sdssifedir¢maiinaiiternalistresseralge (P opd desired

invention aRdur BEnteRRSREES Fedubidh)TTigsVdredn@ 38 ilistRte dnl xerffiarihdthod 102! P BIRAE-AL | ONS
now e I nvention

I les. Referrin to Figs, 3A .3 and 4A-4D, .
hae been LiaRIaRs fibiersion Bkt 88" heandrEEnanialiiton i feroidgenih e "ol |
resi dual) dnvendigs Figs. 40 and R dinsteste exempiare Sarge-Miter ficsherder ratetelationspib iceraes fon  of

ther mal  ancheffdt bhd idr&tbry eROEY, E¥pdcBull. A LEBSANE-GRL ordér4ta tdi@Baship@r RhbrRNME 2
significant reduction. i n esired remai ni ng

| Suchhoyl hole oLy 18 Lequl Led Lo OBLAl N A, desih g

Unternal o ES yskp Eepnedes gy ISt gl g TRy iRBe B mio RRIPSRiEh SLPS e

reduct i on) Arfgnis eq@tiom rfdp. 38 liubtratestan gxempdany systemil wrish theestieselrelid teclyfiques efess-
relief usi m@ tveRtioR R BY cdPiicACRE SREFi§. 8D UustratB A ploR BiboRBA BRBIsFeds refibleditd @n) 1N
accor d%rgce an?nnmtspgctures processed in accordance with the invention together with structures processed
using conventional stress-relief techniques.

In Fig. 3A, the method 102 begins at 104, wherein a thermal Larson-Miller curve (first order
rate relationship) is determined for an induction heating stress-relief process, such as the exemplary
plot 151 in Fig. 4A. In this example, the plot 151 includes a number of data points corresponding to
30  measurements of 7055-T7 aluminum specimens or samples subjected to varying amounts of

thermal stress-relief using different time and temperature settings. The test specimens were
obtained from a single lot so as to have identical or nearly identical initial physical properties, and
the samples were stressed and separated into two halves. A baseline stress measurement was
taken on one of the halves to establish a baseline value for remaining internal stress in units of kpsi

35  (thousand pounds per square inch). The samples were then stress relieved at different time and
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20 invention, Figs. 4A and 4B illustrate exenplary Larson-MIler first order
rate relationship curves for thermal and vibratory energy, respectfully. A
Larson-M | ler first order rate relationship or relationship curve, as used
herein, includes any first order rate equation or |ogarithmc expression of
the ArrhenM@s208HUsttSon. Fig. 4C illustrates an exenpl ar RCHYS06324449 Whi ch
the stress relief techniques of the invention nmay be carried out, and Fig.

4D illustrates aplot of conparative stress relief results for 25 alum'num
structures rocg@ in accordance with the |nv nt i (?]g toget her
structures es H%?%tﬁe%wng P %ﬁtm%f’?"égs'g Jyelgn harting ZEWRTYlre e In Fig.

3A, the neténaihirg0Rerhd giress wat thed heasvredri@ithe siesshrelienad satnples,eharhgtérized i in damms

(first ordef perJeﬁ@r@méﬁﬁ@&tie@@Smlﬁgonlnﬁlleggétﬁﬁdﬁ'f&‘?@ﬁ P al@hindr? FHEthéén fong
stress-relief In this

oxanpt o, t HEMBIA LB e o dete S B P T oteaeho i Sips- el Sipl: F o 30
measur edentegaradle, T@%56eVE Bqedtiamidhwas spe toi caieuiate tt" fercaaph senplaubsimxtbed t o varyi ng

anount s of coﬁé&?&rﬂﬁb tid Feshe tér@Aelra@Jre S l(dégrega kyfugEL Wherbih IR vamel 16 @5@%@%%8
settings. The cg SO s to have

i denti cal P”SF?QE?:’IL ’%ffe’ﬂge%glth'? Aoy 'g'ls a%‘ifﬁ ‘?gékl‘a? H]'Ffﬁrﬁ%t S'g"@g‘es gREe4 e sanpl es
were stres siéfdreatrmbt@lapafmaaxenujple r0dortsteel, 121 Sferditaniimbets ewhenain sthereslgese@sier enent
was taken B@ineder difer HQ%n}a'@lafVﬁére&to HG&év@.bH & Bwéh s%étgje' tASsahi & Gaifeq$ usfeE{Hi' ni ng

mterngl stress in uni of kp usand er square inch). The
sanpl es CwerPBPRAY ’%ﬁt"ﬁ@%&af? &W@%&%ﬁ” Qﬁ?PP@P%‘ﬁ't FPﬁ@f% igg'e s¥9P004/ 016815
PCT/ US2003/p6ii2ddived The plnfotsn atasithen vasuesedibsg plaitjind thefirstedrdes rege mpyareetens (e t"Pton,

usi ng indu i i i t hen
roasured 1 or s e PSS R oo ERaPLE oM Bl R oSl R B
remai ni ng M e¥E 15N SFeYnNAY f&r equation for 7055-T7 al umi num was t hen
enpl oyed to coffpefkowing tibidV flistrstes te deta poiats esep ar cnstueing\isd axempléty'L-M or each
of the gt [ &% 5@:1 1l5€miﬁg mm&; B8 i tﬁeguotﬁs%m afed | rf]teﬁnsao?eé&een@mg lefidi ok 3) was

used to cal cu or eac , correspondi n tlrre "t
and t enper i %q““""i‘*e”té-d\é&fr\éeésca@(?e ‘EI%‘E’G in t@\/ﬁ’él"é"i‘*’%’f“ﬁé"‘?ﬁél"ﬂ\é”l@’ %ﬁ‘g‘p%s'%ﬂ“i‘ﬁor t he
const ant " @fkpsDhr &sifian tvage baaldsmay aMnhamyer Hetenmipyepior tee K akie daldds ahd/ahférf er ent
"C' val ues yanesglef or different materials, for exanple, 20 for steel,
10-15 for titanium etc., wherein other values may be obtained for other
material s dfBHnterest . However for a given structure, the sane C value is

used to 1d TqbémeeaF) aﬂd'(hﬁ'tum’s z}al_mﬂaﬁreet@@ndl \ 'Sﬁms %mf(%)al [| the operational
val ues for? St ||91E atd ess—et l:fhg Pt ocedure 25|||c pl ot—151 was t hen
constructe %v plottiing the finst order ratelparaneters (e.g., "Pt" val ues)
al ong the [X78xis 151X Zhd the ¢d#Pespondi ng f&hai ni ng percent internal
stress valjees al ong tﬂoe Y axi msmly as shovv| 26 n FIg. 4A  [The foll ow ng
table I ilH rates—t dat-a—poi used—+A—eopstrueting—the exenplary L-M
15 curve 23?151 in I—élzq 4A. /WKBuqh t he §1 151 is illustrated in terns
of percent|288ress rellitef (Y 14.9

290 5 15.52 31

290 16 15.9 34

290 24 16.03 37

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 77

325 24 16.78 97

|
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axi s), equivalent L-Mcurves can be plotted in terns of absolute stress

val ues, for exanple, In units of kpsi. In addition, reverse scal es nmay
alternatively be enployed for the X axis values and/or for the Y axis

val ues. TAB%%& T641 egrees F) T (mnutes) L-Mparaneter Pt Stress Reli ef
(% 275 0 YRQMMI375 2. 5 14.99 31 275 10 15.44 26 2HGI/BNR04H2449 34 290
0 14.9 25 290 5 15.52 31 290 16 15.9 34 290 24 16.03 37 300 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 77 325 24 16.78 97 17 WO 2004/ 016815 PCT/ US2003/ 024449
The nethod 102 continues at 108, where an oscillatory Larson-MI|ler curve
(e.g., first order rate relationship) is determ ned for a vibration
stress-relief prisieailod 182 epptisuesehlO8dhemAnasgliaaryarsegMiller gurys (§.9., st ordersi i | ar
t echni que vesreRtigkRY)asddiedmmed Bbh vishtidnieeds oelief process) bath s thateerpmarnpist 152 t he
plot 5 152 .. rein. . re i.niiti [ D to

vi bratory ﬁ‘nFé' § glf’ 'n‘g%%lgg% %\%eeﬁ]gk)?%dt}g?%t%%sr@h%ﬁﬁi& %?lggggg?#@dsgﬁhﬁﬂﬂum at
anmbi ent Ot eAfre Whereip sanRlesgvere nially stpsaesk then syblectsd to vg&ad?m PRY'OY 3tEr FovRBR t he

i nternal stéteat®dn eldigy f61 106557 alahinet @tkhntbianpte@persiare ge. §.NFdagmas Bingbls &xanprR) er m ne
the remaip LptLe ess, j >

const 1 uct e Buves PR sk Tk ardiSplhats Bbre HoH pediiod GRgbinfibpe

cor r espond 9TFNNGRIErAF AEESEnTer el 15%ef Figs4B wasi toracorstiyeted pyrlotingdha "§viMglies 10 The
fol | ow ng tiehy tae R akib h5extan@ihe Sortd3pondial Rerfaing irertts Sttbsh alWelraRking thetyi axiy 165
exenpl oYy L-M %JeerI[%wl%g%ablerb iﬁ]sgateslltﬁe data points used in constructing the exemplary L-M

curve 152 in Fig. 4B.

Table 2:

T (hours) | L-M parameter Pt Stress Relief (%)
0 9 0

0.2 10.33 26.67

0.5 10.54 80

1.0 10.7 93.33

With the L-M relationship curves 151 and 152 for the thermal and oscillatory processes
15  determined at 106 and 108, respectively, a first thermal L-M parameter Pt is determined at 110 that
corresponds to a desired remaining internal stress value for the structure. In the illustrated example,
3% remaining internal stress was selected (e.g., 97% stress reduction) as the desired physical
property value. Using this value along the Y axis 151y in Fig. 4A, a corresponding thermal L-M
parameter Pt is Identified along the X axis 151x from the plot 151, having a value of 16,800. At 112,
20  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 Pf is
25  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
30 limitations (e.g., maximum temperatures possible with available heating equipment), material
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Table 2: T (hours) L-Mparanmeter Pt Stress Relief (%9 0 9 0 0.2 10.33 26.67
0.5 10.54 80 1.0 10.7 93.33 Wth the L-Mrel ationship curves 151 and 152
for the thermal and oscillatory processes 15 determ ned at 106 and 108,
respectivelw a first thernmal L-Mparameter Pt is deternmned at 110 that

cor r esponds MO8 Y&YPr ed remmining internal stress val ue (FHPS:’{OWéM%‘Wuct ure.
In the illustrated exanple, 3%remaining internal stress was sel ected
(e.g., 97%stress reduction) as the desired physical property value. Using
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t 0I t he( des ki Rfhuh 8T e W&ohﬂ"ﬁ&ﬁn@%l‘ aléhﬁgetﬁ&emeér@ahe HBRri&l e fi iR sifuBlioRs, MeNg Stress
val ue

corres pgndip';?@eﬁ/%eﬂ}pﬁfagﬁ/mﬁy g <! &ﬁ%?ché’E%F CWd?rgt'opﬁé%ﬂaﬁagﬁ‘q'gﬁ B%estsﬁvgerﬁ Xi s
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su rac in rom.t he r e.g.,
P " lpoion b st oG S Sercdy Sheciieg vl e FoyBEE BTBRSat ot e
of a tenpebanmmleémamqm@eand atine value I's selected at 116 for the

:_ nﬁlﬂuct Ilgtn heatlngz@rtﬁ&@ei,andeamnéms 9&&% |nah§.mlse§tb@&aa¢plelﬂa8p#ayessﬁ@hrﬁé g the
equat i

(0] [l a an
Fenper at ur & ey Seeias dir e L v o GO AVSS at DdahrodhE SO0k e
l'i m tati ongxanipieethe divheaustian (Blds sdiviedfor the tine valep tiugine e tdperature T aelbatasit 116, g.
maxi mum t ender ;b Hég?ées 96 ddh&ad. &) @Mao#oaaurﬁnmaéddn& @%Md@émﬂ(e)g ermb)erl al
18 WO 2004/ 01 (215 PCT ‘52%)\90% %449 Lons ]% 9. ey p !
structure ﬁéﬁ% 7 HPeFSR 'rB% ﬁ&COBPS f8 Cﬁ%(‘f”"ﬁrf‘ PPl pig Preﬂ@? etnﬁ?grg ‘P8 the
struct Ubfe mearextp athjeve thedlesieed Bi%gmehing dternabstigeevaus. e vianere vibiefienekaetings

related ton{abse @&écte\aafb.l éaamplsﬂsqugucy%dmmprm&eernloadertoq,tr&ndeloecutam@r@marrpl e, 300
degrees F was, m,struct ﬁre w t hout

et o Vg el o bPre b b o oAl Bt o Reg R ag BVt | O
process t efrpempioysd énvoless deterrdiniog atesehabifregueney focthestiugturecand dressystem intwhieh  an

in-line pr %@%ﬁctmgrt@bé;k}&esgdrmts%aﬁ afr&qu@my%gormeﬁt(ebr Q@ﬁl@d}eloﬁﬂﬂet he
t enper ature L|6IS t he

present”i nv?? ?qn ﬁeqmy’ﬂg‘e@f@i‘%&%e'}% ma}é?e?d%ﬁg di’rﬁ‘@ °E°°ﬁ$§'"9ar/[]@'s ?’E‘?F"p% hEur r ent
appl i cat i omotef thatseparhta pepligatiomerhgst abthisdentreratuse o doretinaraippe foy s tinteiwogldt he

structure ingtyRid thedgRREPHrdEErelid §oal. Thus, the invention facilitates significant acceleration of
stress-relief, as illustrated further below with respect to Fig. 4D. At 122, the induction heating and

vibration processes are performed concurrently for at least the selected time value and according to
25  the selected operation parameters for the induction heating and vibration processes, and the
method 102 ends at 124.

As illustrated further in Fig. 3B, the thermal and oscillatory processes need not be exactly
aligned in time, but need only be applied concurrently for the minimum time value at 122 to achieve
the desired amount of internal stress relief within the scope of the invention. The stress-relief

30 processing 122 begins at 130 in Fig. 3B, wherein the vibration process is initially started at 132 and
continues until the selected amplitude and frequency are achieved at 134. The thermal processing
begins at 136 (while the vibration continues) and the temperature is monitored at 138. Once the
selected temperature setting is reached at 138 (e.g., 300 degrees F in this example), the selected
temperature and vibrational settings are maintained at 140 until the concurrent processing time t is

35  determined at 142 to be at least the selected time value tsg.. Thereafter, the application of thermal
energy is discontinued at 144 and the vibration is continued at 146 until the structure temperature T
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bei ng cool ed, or quenched. 10 At 120, the dependent variable is selected. In
the illustrated exanple, the processing tinmet 1is determned according to
the final L-Mparanmeter Pf determined at 114 above (e.g., 6,000). In this
exanple, the L-Mequation (3) is solved for the time value t using the
terrperatureWPZQ%‘ﬁ‘Bg’fléd at 116 (e.g., 300 degrees F), th@%?@?%?“?e.g., C
= 10 for alum nunm), and the paraneter Pf (e.g., 6,000), to yield a process
time t = about 28.25 seconds for concurrent application of thernmal and
vibrational 15 energy to achieve the desired 3 % remaining internal stress

val ue. One lsc%ls tHh & c}"1 lert@rgbé?g@rje CR| Lk ? NGSs at?ﬁ%?l \@Ere%%rqﬁ Alatich® dise SRRt
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exanpl e, i tsahstimé)ab edertth plevenepabaildep ﬁpp\kl resiatidl streseds due &d thapresdncsofttienpar at ur e

or of vibr %thﬂfl}s Eh{n?éy_?o fdggfraBlE by ﬁnb H&fll% Eergﬂ?&el Q(é rﬁflsz Qal%gfur?iﬁﬁé trefﬁgerature

stress-relie e | nvent tes si | cant accel erati on
of stress -f?”éP Quf the yalug reqyjred f%?"é'tﬂa“PEu?ftdﬁ@FatBé F‘GW”W"I Risy %gé‘f?eﬁ‘ﬁ eXenls g. 4D, At
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selecte oper a t1on ara
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3B, the theém@nh séleutedas whith Bk 68nPEMREM FHA % thBesbphad. Fare@rmdR| thytempbra@reed i n
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Fig. 3B5 whedories sdlibeftarinridig] wHichphiayaies se h§edia§itHeiaﬂ;In’oMiaSettMetlﬁdwe@i‘océsBanind

conti nues Yot e att}rpﬁmﬁwﬁth?céepgg/tf%Wrétl%ggeo r\%ﬂ‘gﬁ "&Wg%@g are achi eved at 134.

The thernmal processi ration continues) and

t he tenperatur eTF%at}?%‘ieﬁ*lb‘F’éﬂs‘éf‘ theg ge U@Qé‘édqt%@'”egbfécﬂ“éﬁf ysingeaflsitaPe setting
i s reached satond B rélencg\smpsaﬂﬁ SlegeersthordenrateltbistioRstAyEr #9m atshgle s@htﬁ:ﬁaﬂmdt

Lompor 2 nt GroneBIAl Bl ild (A5 B SodBl ] 8 s Sert Botdl Fplokifle,

concur r ent PeRe
sel ect &4 tl"\f'?éfe\?éﬂ‘q}éa' é\Eﬁurvmméreéaw@iory L eurvgogse P‘(?d@tl‘%ﬁ36faypﬁéﬁ"0(¥ﬁed b¥nergy is
di scont i nuedbt@tting44 fromab1! ace/P3is abthifdl, 1he p@GiBlslylterRtted terdpbfatutVdide rhdy®e

structure t S han a
critical té'r%%?a érHﬁn%‘fQﬁ'\q"#gf wﬁ%&qgvg%%ﬁ?&gi@ﬁ' é'(rR gﬁ %%%é%gb gﬁb&?" %n is
di scont i nu& arplied cgruEendy fon e garreRsigte1ime. keaiiringance the stregtyie pas regshedhiBdit at i ons
of concur r edtipersapé vahiiseRtte@Eholellahd Phethe BBRIUshetdyROFlicAIOR isCdtbRingddatreel Wi t hi n

the s C%e %Iaco%@ Fed,@é&ﬂﬁo'rﬁ r(lhergyptglpeel%gl)}ﬁgalcgr‘ltinl?é-dtti*ﬂc-z(?“éalftgir l%%ﬁ%s gr%cture temperature

drops below activation energy for dislocation motion for improved stress relief results. This
technique of continuing the second energy type after removal of the thermal energy source may
advantageously prevent new residual stresses from being created by the thermal gradients
inherently present during cooldown.

30 Fig. 4C illustrates an exemplary system 160 in accordance with another aspect of the
invention, in which multiple energy types may be concurrently provided to a structure 162 to change
a physical property thereof (e.g., internal stress, etc.) in accordance with the present invention. The
system 160 comprises an induction heating system 164 operatively coupled with the structure 162
via cables or other coupling connections 166 to impart thermal energy to the structure 166, wherein

35  the connections 166 may include coils for imparting fields in the structure 162 according to standard
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(e.g., heat or vibration) may be started before the other one, or both may
begin at the sanme tinme. 5 Furthernore, either process may be continued after
the other is discontinued or both may end at the sane tine. In order to
prevent the buil dup of new residual stresses due to the ]gélesence of thermal

gradients, MO/ desirable that the oscillatory enerifyT/PEy024dd
mai ntai ned until the tenperature falls below the value required for

activation of dislocation notion. In this regard, the exanple illustrated
in Fi 3Bink b e
i nventg i on, m\MLiC tlmeawgedﬂﬁgéésnbgen%gghqgﬁﬁhﬁ%Iingmdé@at\{}; %io;l Qgslt énﬁp@?gwr'?c?m imted
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change ysi C
accor dancedWr‘?Gﬁ thPfé "ﬂf“é%sent invention. The system 160 conprises an
i nduction heat i mge foyrsitsamblé @) apestatd rdRhed @Y poredrremt dppliddion sittiensdiuie 162 vi a

cabl e 587 QhAGly SONDI PuARNIERIATS 1 BOulh, LIBRE nd HELIE LS5 Whabihd e

structure e con
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the fourth sample was processed generally according to the operational settings set for in the
description of Figs. 3A-4B above, using a temperature setting of about 300 degrees F and
vibrational settings selected to provide energy above the activation energy at or near a resonant

30 frequency of the system in which the structure was mounted during processing. As the data
demonstrates in Fig. 4D, the inventive process, in four minutes, stress-relieves the fourth sample
(#4) sufficiently to meet the desired stress reduction goal in less time than either the vibration only or
the thermal only techniques of the other samples.

Fig. 5 illustrates another exemplary method 202 for changing a physical property of a

35  structure and for determining operational settings for a concurrent multiple-energy process in

accordance with the invention, beginning at 204. At 206, a combined first order rate relationship is
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WO 2004/ 016815 PCT/ US2003/ 024449 inductive heating techni ques. The system
160 further includes a vibration system 170 coupled to inpart oscillatory
energy (e.g., nechanical vibration) to the structure 162 via connections
172, such §%%€%§ mechani cal actuators, etc. The heatlﬁg,and Vi bration
systems 164"4h Bre operated according to control sPEREPRO¥RA4442ng 176,
respectively, froma control system 180, and feedback 5 signals (e.g.,

vi bration frequency, vibration anplitude, structure tenperature, etc.) are
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results f ore”%igﬂt!i-"eﬁi tP%fﬂrqu%Id%pe(‘Qel‘fe %Pr%@?@%@ﬁ%ﬂ"’é’&d pestrenginAerangent op e
resul ts fomnrlie asaepatmnimrgidre(e(gHidgludiigend rhasy Slizepdhepe, efoyof thecstruatere b3y and t he

resultsy LZ;oro"&‘esfst én@t yRbA w(\@?f h R s@ru&t{g}#e%%&uﬁ%e@guﬁ%é p?’oc&ééf ﬁ’aanqi%akl he fourth

sanpl e est accor resent venti on usi ng eat and
vi brat i on, 98rf9qHhen te@R%f?r‘H'learTS)er? EIST ff%*“?’GV mepee gelngief fhasigaprrerrigiedo e | ust r at ed
by a curve sjstsin aridaip). &inélunivgsnsytbe esri-buegeneraiydhefsdqnency wlimat vaorpreztly yveed a

frequency Wde$§hrgu%f t%rgéerétggl f?fﬁ%?&&of tr?e%yéftérﬁ %s%'taﬂg t‘l'qu u@gﬁé &'sgrgplésnhr%fe%g stress

shown in the c rr@ ress-rel | eved usin ration only
under si ni I8P arsingi§ iRt AYaterBh@idyi %ﬁ@ff”&'e%&a'}ﬁ%ﬁﬁ‘é@ deP‘L%EﬁtquHllj feriplofiR@ast r ess
shown 15  ecombieedk? ord&Gaatp retatifidshipaarve.t Fa@ ssidua b intemd stressglied gerueriiprtehsien| y

process (ng, nl;gnél([-anhwg pré‘&ucgé);g’er ~884 rE§%ﬁsbog{e%%bf@t&?hﬁtﬁo%gme{t&‘é{qgﬁa%@ te (#4)

was stress r i eved’ USi hg concurr ent on o ratory
energy for Ui QOf RRY ohech Pepkeiytepsie fqyaon inyReAtar drstinaiper BreAsUFiPE "?tbr”‘%eé%”es are
seen in theestusiskess]IHe dticer half @ ppchasrisitadoapon izeiess relievedigit@Ltondulrentdgpitdtionf t he

nmeasur enenty thérﬂ\g Jﬁg oééil‘afé Jng?%g %af I’i%ﬂglh@ fre Pﬁ stafBHgf d rﬁlm Lt?ov%?aa? veW ,(;bc essed

generally accor s set descrlptlon
of Fi g52 Sﬂm&Ba%?B%@ratlﬁgﬁ thgsen te é'ﬂ'ﬁé?”é‘?lﬁ"@e §fé{' |Pﬁr§m6§9rsdﬂt6lﬂtthe:§'0'ﬂfs Efé’@?r'@é"s F and
Vi br at i onalsowed dnidrige agsihite t @ résultifpy @\, eeaktifeel) Gyhahlng eress heluaqe.pyat | on ener gy

at or near cé\cha?éooé?ﬁd?xF\ts %Pstﬁeés‘%%ffé%’lﬁé/ t(gQJ bd J&gteé ye En%%#r&gmi‘nr&:} - B&z@&t&qﬁt ure was

nmount ed during proce
i nventive SPUERe C?'ﬁb“reé'lﬁ?‘atf?f‘?hﬁfé*@’e V&*’tefeé‘sﬁleﬁglf'?’%ms ?rﬁé’eﬁ'lm‘ﬁ?%°§§ﬂ'ﬂ1"“@ (#4)
suf fi ci ent lthe LEa coreefor thb eonthredr (€d., Sdnc@®st) pedessés. on goal in less tinme than

ei ther Z%he vi br %é r%ghltﬁ’ﬂ chleﬁed first order rate relationship curve from 206 (e.g., or a suitable pre-
existing combined first order rate relationship) is then used to determine time and temperature
settings and parameters for process application. A combined first order rate parameter Pc is
determined at 208 from the combined first order rate curve or relationship, corresponding to a
desired value of the physical property of interest. Time and operational settings are selected at 210
30 for the concurrently applied energy types according to the first order rate parameter Pc, and the first
and second energy types are concurrently provided to the structure at 212 according to the selected
operational and time settings, and the method 202 ends at 214.
Although the invention has been illustrated and described with respect to one or more
implementations, alterations and/or modifications may be made to the illustrated examples without
35  departing from the spirit and scope of the appended claims. In particular regard to the various
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the thermal only techniques of the other sanples. Fig. 5 illustrates another
exenpl ary nmet hod 202 for changi ng a physical property of a 35 structure and
for determ ning operational settings for a concurrent nultiple-energy
process in _accordance with the invention, beginning at 204. At 206, a

conbi ned fi WO2YUEHS ate relationship is 21 WO 2004/ 016BAEUS2003/024449

PCT/ US2003/ 024449 determ ned for concurrent application of two or nore
energy types to a structure for changing a physical property thereof. In

this methogy, goﬁke%e%?@éﬂsi&? Ew%tdeé)crr@eer{ cofn n%né% %Etﬁr@@ho‘&ké Ghifd! 5‘s§emlﬁi9§‘cur rent

application o second ene gy types tructure and a
physi cal pfefser: tcycuﬁﬁrsy%f%s E‘Pr) dRerterps Usegip €gsciingypugicorpenents (Bcluding ayefepnere
first ordetoa aieenst)are/iatended Tocaresp@hd pnlassfotiestisedndieteds atapy copdpahénborsiriguré €. g. |

curve, equ%fcr?&zrfomqﬁé %atecd f?mc’éué?\ac}f th%%g&ht?a%%om{a&'t%ntqg ?efhraﬁ f?tfm?tﬁﬂﬂr urrent

applicaglon 0 er roperty
change, >t h&34'Gler\Rveiytneust RA SH Ef‘é“r ﬂjé()?q ‘B\‘-fr"eﬂ%t@ ¢hegisclogrs stragiyre whish BSCiQr ¢

t her mal anénetde in thetieveiy ilustaed gyentpiapasipleméreatibsed trerogntbe p erudeiticewaile a
tenperat ur ﬁarjtléj E%Hupevo? gwletr emﬁn E{I P4 lb¥enQFrsBl% rfth r&gectﬁnl Anﬂlyon?'afjs'%apé?él

configuration . 1nc e nmass, sl ze, e structure
bei ng 10 prnarte&eg@ ”érr‘d'c"tﬁ‘té‘”@i@@ﬁf’?’?@%ﬁlwﬁﬁmt%”E’fer?i’&etr(ﬁaé"qsé’f%ﬁﬁf’red during
processi ng)mpentbnistiais lay mag Bpedatiaiind advahiaggoes fat aryeiver bepatticalareappizationequency may
be sel g5t egu&r@ﬁﬁqré ?%tﬁ99>t81?tﬂaﬁh<§'§z Wl"fn@rﬁdm y'ﬁmkr‘c?&@sa‘t%v %;"' RYs, .tﬁ‘eorthH(;Hn{lg may be

done but general eque dgreatty over e range of
t enper at ur &greofare PF@dr"b%tPerd'Te qetpdedsdeseriphqn agd iﬂeé’ jres, surB &4me arguendedte b8 anpl es,

pr ef er abl y inclugiaah @ nahmg kimilhrad the terredoablistlg.”(al | oy, etc.) of interest, can be
used to derive test results for plotting a 15 conmbined first order rate

rel ati onship curve. For residual or internal stress relief, generally

tensile specinmens may be pr Odqgggsﬂ@[\,_ﬁﬁﬂ]m;ﬁﬁmﬁry sorre sui tabl e test method
and te ged appropri ateI '"IWF en tensil e coupon
is used’for testi4RYSIERES é”d MEHRASS (Y Ry yoot Rdnlelent piFfss T '8‘@?90‘1? ANGSUEYES The

ot her hal f tafrovisieah atelesat¢dsedwotigpominiesnasdressss rel i eved usi ng concurrent
application of thermal and oscillatory energy (e.g., using the frequency
setting determ ned above) at varying 20 tinmes and tenperatures chosen to
yield a wide range of L-Mparaneters within the limts of the heat source
and tinme available. The resulting (e.g., neasured) remaining stress val ues
(e.g., or calculated amunts of stress relief) can then be plotted vs. the
correspondi ng L-M paraneter to generate the conbined rel ationship curve,
wherein at |least five points are ideally used to determne the L-M curve
for the conbined (e.g., concurrent) processes. 25 The resulting conbi ned
first order rate relationship curve from206 (e.g., or a suitable pre-

exi sting conbined first order rate relationship) is then used to determ ne
time and tenperature settings and paraneters for process application. A
conbined first order rate paraneter Pc is
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determ ned at 208 fromthe conbined first order rate curve or relationshinp,
corresponding to a desired value of the physical property of interest. Tine
and operational settings are selected at 210 30 for the concurrently applied
energy types according to the first order rate parameter Pc, and the first
and second eWQr’Q‘iﬂ/"tI%gs are concurrently provided to the BEFUS00¥®Q4EP 212
according to the selected operational and tine settings, and the nethod 202

ends at 214. Although the invention has been illustrated and described with
respect to one or nore Inplenentations, alterations and/or nodifications.
may be made to the illustrated exanples wi thout 35 departing fromthe

spirit and scope of the appended clains. In particular regard to the various
22 WO 2004/ 016815 PCT/ US2003/ 024449 functions performed by the above

descri bed conponents or structures (blﬂc&wunits, assenblies, devices,
circuits, systens, etc.), the terns used to descri be such conponents
(including a ref rencl§ESle Q8 ‘neans’ corresgond unl ess

%h i nt%? dtt
ot herwi se i ndi cat ed 1§ °f %’ﬁ%??e?‘n ygiFa §f9pﬁ P U REY'PSr ns t he
speci fied funct imovidiig eteegydet erfirdiesheynpmntong sfractgre, byt performisg faufirst enengyl |y 5

equi val et ) \A%roc%%@ﬂ 3&)“5&':!&‘8:n?‘?6 ar %}5ét'StIOH5IE§Ie{tMg %ﬂté'aﬁtadn@ I thTeQ:pEFéﬁor%'l §%tlr§5a¢lg a

structure erforns unction In erein illustrate

i mpl enment attl"@n‘éa’”@fbeﬂgeseieﬁﬂﬁérﬂc?%ﬁ'”g [ha dgtiPdeoite wRigfionshig (191 fer the first e’feé%lt ure
of the i nvesédess(18Byadtardmghee frstlorasr!rats eslatiohdhip (163 B Gt setehd@nbigy proeessf ariiever al
i npl enent at i ongih f c{%s" Oé rp ce)nbnldned wi th one or nore other
features of tHE"HLHE ?qﬁ%\y%ﬁ%m P01 aY may be desired and advant ageous
for any given orpreyiding engrgyrof apetindanergn type o fherstrhcivrest en enesgit leeel @koversn t hat

the ter "dcmélh&fjédéggyﬁor ti\é‘&}u'éﬁil?esbw perfbrﬂ%(rﬂgqge secontPénergy p‘McteEb (3®r variants
thereof are used in éjither the escn&tlon and the ¢l ai ms, such

terms are intendé@rabthgdist |aH‘E‘: P%@P@é”?rﬂy Bropesafier! 98 1Rl e qegormeg copgyFFently
" conpri si ng14o, M@H}S’Eﬂbd’dit%ﬁﬁleh@%& LITY 15 The systens and net hods may be

used n the fielg ol SirfSSolel |G BERRS S0 HEIRLULESe hRBIOYAS a7

accel erated reduction ininterna
PCT/ US2003/appligatirn of the Arst/snergy tppartetthearhyei¢al pigaertyi of thestrpetyreite e changggeandy of a

struct Uil: Conpr\dh%fé‘?gthec‘nrﬁ rd?&'érdht@@el@%&ﬂb[ £2) forfthd §écoﬁ@%ﬁ&}éy loYJREss! Rlafks
struct Irst ene accord to an

oper at i 0na|%g@?tﬂqnﬁétheg?cqnggg?rgbmge I?ftg‘%/ H@’E'S?J@F%Fﬁ\é pfdhe LEiiedg baﬂfaanaed time
val ue bei ng sel ected according to a first order rate relationship (151) for
the first energy process (136), according to a first order rate

rel ationship ( 152) f %@mﬁfﬂS&)&%aﬁWﬁﬁﬂ&em&Cfﬁ& §ner€3ﬂ9pe is thermal and wherein the

second energy type is osciilatory.
20

3. The method of claim 2, wherein the operational setting is a temperature setting,
wherein one of the temperature setting and the time value is selected according to the first order
rate relationship (151) for the first energy process, according to the first order rate relationship (152)
for the second energy process, according to the desired physical property value, and according to
25  the other one of the temperature setting and the time vaiue.

4, The method of claim 3, wherein the first order rate relationship (151) for the first
energy process is a first Larson-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

30  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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according to a desired physical property value; and providing energy of a
second energy type to the structure at an energy |evel above an 10
activation energy for the structure by perform ng the second energy process
(132); wherein the first and second energy processes (136, 132) are
performed cOHEWPHYEAMSY (140, 142) for -at |east the ti nePCHUSW03MEPein t he
first order rate relationship (151) for the first energy process rel ates
application of the first energy type to the physical property of the
structure to be changed; and 15 wherein the first order rate relationship
(152) for the second energy process rel ates application of the second energy
type to the physi cal THYRRRKLY & 4 ienes EdrMpfikibg:€ to be changed. 2. The net hod
of claim1, wherein the first energy type is thernal and wherein the second
energy type is dgeminingtadirsyarsd-\gller péremetert (Rt dccofding Ithei finat RarseuHidilies irglatiohsbip

oper at i onak1s%Link FiROLdrsonMileEPRERAEYP co'?r%_&dohélﬂ% to tHeMHREIRI PhRNEI Pépektfialue;
tenperature setting and the tinme value is selected according to the first
order fate rel datermingigiape¢chd LarséramiliériperaiptesPv)etreardyy fottecesmd LarsguMitiérng t o
the first %ﬁeﬁshifpg{@),w <BLdnB SRV abmetb PPy d3RespBidYto FRAEHLI PYyREASS.
according to the desired physical property value, and according to 25 the
ot her one B8PP¥H&e®nperature setting and the time value. 4. The nethod of
claims3, wher el guddify d iriihe GFflAbmbdlire kol Rlng BB aide 1) for the first
energy process Is a first Larson- er relationship that rel ates
application of &deefiited seetr@rogy of the felperatsrie setiigang trartithetviite plupRiing ad thefirsiper t y,
and NQ6©! Bnd orld L abn RHiIGIardril s (8 0L LABARAL B the etk ofsBl-whiBeBRAMI: 36, ener oy
process is a secon ar sor- l'er " relationship that rel ates applicati'on of
osci | | at or fne&#REPrENa toghe firgi ane effipdempesatyp getingang g dme 4plupr operty. 24 WO

2004/ 016815 PCTI US2003/ 024449 5. The nmethod of claim4, further conprising:
determning a first Larson-M |l er paraneter (Pt) according the first

Lar son- M Id! er rglati umshed itibd ofazﬁan)s, futtflib@ccfnﬁﬂriﬁihg &&érﬁl?)ﬁlthﬁi}dersﬁﬁ-MﬁBﬁt er (Pt) g
corresponai_n 1.0 e es|re S|,Ca oper,t. va i er ni a secon
o oD PR B Sofhaie e Bty S Blon P SRR er ¥ uhtGers Tt Bh Sl

rel at i dAshispeopd S@)of the frsnpsestunsmerting eabihe fime Yadue ipislegied peqordinmyg the $yird b&pindi ng t o

the desi r ediiRhy:sdnscdr (P BEURRIIgYo MatitdELarssRMrek reldtbnshid (165) arfdRedMing tb e first
tenperature_s sel ecting a second one of the

ti.ng and t ti al ue;
t enper at ur gn%gftﬂfelt%rgpeé%ﬂets%gngﬁ”a:g‘eg'gleﬁ’%ueaccor ding to the first 10 and second
Larson-M |l er paraneters (Pt, Pv), according to the first Larson-M Il er

relationship (151),
7. The method of claim 6, wherein determining the third Larson-Miller parameter (Pf)

20  comprises subtracting the second Larson-Miller parameter (Pv) from the first Larson-Miller
parameter (Pt).

8. The method of claim 7, wherein selecting the second one of the temperature setting
and the time value comprises evaluating the first Larson-Miller relationship (151) using the third
25  Larson-Miller parameter (Pf) and the first one of the temperature setting and the time value to obtain
the second one of the temperature setting and the time value.

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
30  reduction value.

10. The method of claim 1, wherein the physical property is internal stress, and wherein
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and according to the first one of the tenperature setting and the tine
val ue. 6. The nethod of claimb5, further conprising determning a third
Larson-M | ler parameter (Pf) according to the first and second

Larson-M |l er paraneters (Pt, Pv), wherein the 15 second one of the

t enper at ur eWsB2004/¢ig81and the tine value is sel ected accor BCHES1003/02he9t hi rd
Larson- MIler paraneter (Pf), according to the first Larson-MIler

rel ationship (151), and according to the first one of the tenperature
setting and the tine value. 7. The nmethod of claim®6, wherein determ ning

the third Lar on-M | araneter (Pt 20 conprises sybtractin e second
L s | 1G4 RSBl ARy egh Pt FPHn0 TR RSt P4k or o s B3 pr sy
8. The et hedictvh vallai m 7, wherein sel ecting the second one of the
tenperature setting and the tinme val ue conprises evaluating the first
Larson-M I ler relationship (151) using the third 25 Larson-M || er paraneter

Pt andtheflrto i to
bt i n s he secolid opte Bpniq\8 BT EhaRHEE aforkonile iolsl (arfr YEWE '
nmet hod Sf @En@BYPracesy§a it karegmevi Eﬂﬁﬁﬁ“eprHﬁbiﬁl@ﬁ%sypﬁ"ﬁafioﬁf’@h%%[ﬁt egerpyelyee tognd
wherei n t hike gacire @l b yisisicalprdpedp ard whekeil th€firktorden@tertlatonsigpaba)ifisrghe Nt er nal

stress val ‘é%co‘?‘[u‘gne?gﬂ/ ePl &%&r IQQL?c%M Ea?'éon-l\;r)ﬂ%r Fef‘a%‘rt%kp% r%@ke!%gpli%&ron gﬂ e L3030 Of

claim1l, whererin roper Is1n Wherein 25
VO 2004/01@89@%@5@9‘39@2&@39“%1@@P@é%ffyr ed physical property value is one
of a remamining internal stress value and an internal stress reduction
value. 11. The nethod of claim1l, wherein the first order rate relationship

(151) far the fipst FhERBhEYorRRREESRIthe cdndrbihgt Larson-M Il er relationship
that relates application of the first .energy type to the structure and the

physi cal proper dgterménith aningiLeison-Miier paramster (Pt)checordirgt tiee firetl LatsoNilbi rplafobS) f or

the seconqffefedyst Qérﬁ’&ﬁﬁlﬁer'p§raﬁxe§?@8'&9rrés€6n%ﬂ&td\dwé Jje%freJ S popdHy Rallidiat
rel ates application of the second energy type to the structure and the

physi cal proper tdyterrrﬁ:ﬁwgla?secd’r’me_amah-m!dr mafaneted (AV) dctordihy to thesecomiiparsos-Miligr
determ ni nQ‘elQﬂoFéH (ES%QEi&@orM La s%ﬁ MAIRE ;%p%{egr (ﬁvﬁ&&re%ﬁﬁ?k% &e@?edfph s'ﬁ:tal

Lar son- g 151), the tirst Larson- | er par arre er
corresp ndlﬂ’iﬁ’ef%"af‘ﬁe desi red phyS| cal property value; deternmning a second

Larson-M Il er gg?ﬁﬁé ﬁ'hrs(cﬂé)of @QE&JrQ.oPaQRﬁHtﬁaPtaP@théﬁr%Q L-arson-Mller

relationship (1 secon ar son- ar Anet ef (Pv) corresponding to
the desired physeledhgai&ofd 6HeeF thy oparbtidesl saﬁﬂg%ﬁ the @ma valle &dcording toQkhe firkte

operati onal and géctoh&gars%ng/liﬁepgargrln&grs Yﬂ,l IH/? ;according to the first Larson-Miller relationship (151),
and according to the first one of the operational setting and the time value.

20

13. The method of claim 12, further comprising determining a tiwird Larson-Miller
parameter (Pf) by subtracting the second Larson-Miller parameter (Pv) from the first Larson-Miller
parameter (Pt), wherein the second one of the operational setting and the time value is selected
according to the third Larson-Miller parameter (Pf), according to the first Larson-Miller relationship

25  (151), and according to the first one of the operational setting and the time value.

14. The method of claim 13, wherein selecting the second one of the operational setting
and the time value comprises evaluating the first Larson-Miller relationship (151) using the third
Larson-Miller parameter (Pf) and the first one of the operational setting and the time value to obtain

30  the second one of the operational setting and the time value.
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sel ecting a second one of the operational setting and the tinme val ue
according to the first and second Larson-M|ler paraneters (Pt, Pv),
according to the first Larson-MIller relationship (151), and according to
the first one of the operational setting and the tinme value. 20 13. The
met hod of cWwaizedlidesifurt her conpri sing determ ning a thirc/tsoesmadd | | er
paraneter (Pf) by subtracting the second Larson-M Il er paraneter (Pv) from
the first Larson-MI|ler paranmeter (Pt), wherein the second one of the
operational setting and the tine value is selected according to the third
Larson-M | | er pdPanet’Be metppd of ciaist b MAFTAY thedetana enarextype i paciiatony Whegin the

r el at i onshisacon2Bndrdyotipe, is pioddeite M dirdvgird & atflaquehtyr selected @coofdirighea @penaatt | onal

setting an i | ecting

t he secondq{)eh&%cﬂfg% %%g]%t@ghnea D&ur%%%temvw%tp ﬁh%%grehe t%gd %S&rrgri ses

eval uating GL”HQYP'P?%?FGSLar son-M I ler relationship (151) using the third
Larson-l\gl |l er paraneter (PO and the first one of the operational setting and
the tine value to obtain 30 the second one of the operational setting and

tlhe ti Ts thaI ue. 1626 m&@@éd&l?@&ilﬁs W@FénMﬁB@&%h@&Mé&Qypel@proMé@_tdmb hod of
claim \er e

§lr fee se%on enaer?%ysy?rj?fes rpcsc# Les ary, wherein the second
ener gy type r's 5? TegeacY 81 Y AR dPeTerorly Ledency © cf'ﬁ ¢y sel ected according
to a resonant frequency of a systemin which the structure is nounted while
performng the first and second energy processes. 5 16. The nethod of claim
15, wherein t he 18ecofite erbpg)sf ctainpe wherepp ithensiechind ebagyt tyee is sdleatasitiiomeheadrougp
frequengy %né?srtm@@f%m& hRer, BRANAN Iable8I HRRRYicA Vibfahéh, 8¥EhRAwade’- The met hod of
claim 1, wherein the second energy type Is selected fromthe group 10
consi sting of sonic, |laser, electri caI magnetl c, mechanical vibration, and
m crowave. 18. A nethod of changi ng ysi cal property of a structure,

conprising: prdéidi ﬁd"%'i'fé’@éyhaﬁ@“%a ?Wyf'%aﬂ premrvgyawﬁfére( 4o8Wyisif® a structure by
performng a fi réﬁor\/rdﬁ@%ﬁggy of%rﬁ%?gr?e?%/%%{sgipt@% 6&%&?@@8&%@&@%& eﬁ&é}' ng; and

15 providing en ructurg& at an
ener gy |eveqrocsﬁﬁﬁﬁeoré'mtoaatopera&qn@iﬁe@wea@y for the structure by performing a

d wh t f t
por for nB4 comc uPPURTBy g o <tarsf pes e (PRL eI Foh R GTBy RHE R af o
one of the asfvatientdnersafor Yetstrigiyge birbripimingta seeond ghefey Ripeessel ect ed according to

a 20 desired physica rt al ue and accordjng to a fi rate
rel ati onship tIEl) e'iﬁg‘l é‘%'ﬁ aﬁg sec%nd energy processes are perfornted concurrently%140 149) for at

least a time value; and

wherein one of the operational setting and the time value are selected according to a
20  desired physical property value and according to a first order rate relationship that relates
concurrent application of the first and second energy types to the structure and a physical property
of the structure.

19. The method of claim 18, further comprising determining the Larson-Miller
25  relationship (2086) that relates concurrent application of the first and second energy types to the
structure and the physical property of the structure.

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

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

determining (108) a second Larson-Miller relationship that relates application of oscillatory
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concurrent application of the first and second energy types to the structure
and a physical property of the structure. 19. The nethod of claim 18,
further conprising determ ning the Larson-MIler 25 relationship (206) that
rel ates concurrent application of the first and second energy types to the
structure awmmd tobgoipdrgsi cal property of the structure. 20pcHusmbirassof
stress-relieving a structure, conprising: determning (106) a first

Larson-M I ler relationship that relates application of thermal energy 30 to
the structure and internal stress in the structure; determning (108) a
second Larson-MIler relationship that relates application of oscillatory

27 WO 2004/°0%¢8tPshe=tryrtus 200 e (nemehgresein degiudyeit he structure and the

B N T
desi red i ntrelpipashinand@seprding tpa desipd inlerakstrespoplye &r thestregtweni ng (112) a second

Larson-M | | er paraneter cordi to the second Larson-Mller 5 .

rel ati onship an e%%‘?!’&%?%??éat%c Rgarﬁf’é’é'\#'{reéaar?'ﬁ?t‘érﬁ?g rding {Bet%esse?/%ﬂdlljgr;so'ﬁ'gwgr M ni ng
(114) a X hireletionshipsand-aiardinarto fhardasied wrermabsiossiialg: t o the first and second
Larson- M Il er paramnete by subtracting the second rson-Ml1le ar anet er
From the firot WBPOORIMTEIS ) dsamile Pretaie SEpags orheodnt preote Kidmor

t enper at ur eMile péramejera vy s@btrecting the abaseq Lat®nddillee paramefer(fbOthe firstdesomblilene of t he
t enper at ur g affetdrng and the time value according to the third Larson-Mller
parameter, according to the first Larson-MIler relationship, and according

to the first omeledhg{1he)d festpees eftadenepestire sattpgandla tihevdlueye val ue; sel ecti ng
one or nore oscillatory operational settings accordi ng{ to a resonant

frequentdy of a sspdipefheP)? seRendone dhesterprittiye setting 3pd thertiane valvg agsprdipp A they (120)
t her mal enanigyLatson-Miler [kdnetdr LHcEordltyto thaifirsg Ldréva-Millee reteibnsbipedndtacendilg to ikt | NQgS;

and concur rff?ﬁ%é’ofﬁ”e%/rix irt e@&@r@an&’ﬁgki%hg{ﬂﬁ’e{y energy to the structure

according to the oscillatory peration Settings for a time greater than
or equal to the selettifg ¥ied dienore2ddcifistory diteationd futiehg®boctldmi 16 2fsonahidiegueicysdtbect i ng

(120) the ssgﬁgrgq\%% tr‘?efstr‘ha el ENRALAL Ur e setting and the tinme val ue
a first !

conpri ses solving arson-M'ller equation for the second one of the

t enper atur e set togrdV@ing (o thermlal diergy 8l thkestiustlrd @cdortfingfthd HiérmANépeRtiodalttings;
terrperaturei;ﬁettl ng and the tine value and the third Larson-MI Il er

par anet er, erein the first Larson-MI|ler equation represents the
concurrently providing (122) oscillatory energy to the structure according to the oscillatory

operational settings for a time greater than or equal to the time value.

20 21, The method of claim 20, wherein selecting (120) the second one of the temperature
setting and the time value comprises solving a first Larson-Miller equation for the second one of the
temperature setting and the time value using the first one of the temperature setting and the time
value and the third Larson-Miller parameter, wherein the first Larson-Miller equation represents the
first Larson-Miller relationship.

25

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

determining (110) a first parameter according to a desired physical property value for the
30  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;

28



first Larson-MIller relationship. 25 22. A nmethod of determ ning operational
settings and tine values for concurrent application of nultiple energy
types to a structure to change a physical property of the structure, the
met hod conpri si ng: determining (110) a first paranmeter according to a
desired phySYQHO¥MBl5erty value for the 30 structure an8CHESHOHMOt 0 a
first order rate relationship for a first energy process that rel ates
application of a first energy type to the structure and the physi cal

property; 28 mg%t%%éiﬁgé@@gisr é&;ﬁé Eﬁé@l&gé ﬁnggé‘iﬁ‘ggtg? 9&¥r€J 'ygkéﬂggﬁér{.’y%)anuéar%econd

par amet er accor, _ | roperty val ue and according to a
first ordera°fFtied P aficst PraFI<HP FRIgtigRshiR fr @csgsaRd @’Ffégywcﬁ?sotl?@é%at?%%&p"ﬁa@”é{f gs

appl i cat i orsecdndanergyetgtd trerseadye ndaie prysitanpropdriyuict ure and t he physi cal
property; selecti nq, (116) a first one of a tine value and an operati onal
setting for the SPPY8e (1dRka st onsofmrtigieaalye a@é”é’&?r?%a'(sifﬂﬂgf°hth§3fé€ﬁ‘?8r9¥5ne of the
time valsue mowdss he operational setting according to the first and second
paraneters, according to the first order rate relationship for the first
energy process, SeI8#A9 HERG weeng one ofithrolingg yalye apthiae gperativeal s¢tiing ageardieg tafE t he
gper at i onal fir&t@hd deBéhd pa?_rr%&rs, ddrerding tdaslfirgtfordet RtaTelgibnship idfthﬁﬁrrs':c EheIgp pioBdss g
eterm nin the. first o I t . the first energy
process; a%aéwﬁjagcgkdgfg?ﬁ tr'?? h{ﬁ??nf(.f)’é@g['rﬂee\%?feraéﬁlh%rohée@t%gé{gg&'? 2| ationship for the
second energy process. 24. The method of claim22, wherein the first order
rate relationship for the first energy 15 process is a first Larson-Mller
rel ati ofshi p t h&8. r elTae msthap@iciaraed, bmhesfcomprisingi r st energy type to the

structure and the E‘QJX'Si cal dlJﬁ)r,()ﬁerty, and wherein the first order rate
rel ationship fordeefRiniagdBNde iy ardgyratgrelationshin fr the ficgt epgiey RTaGeSH M | | er

relationship t h%‘eteFrﬁh@ @g?)%lrét%'ei @@é%étigégﬁﬁfﬁr‘?ﬁéjﬁg%r@geﬁ%@y probé@e to the

structure and the phy property. e net claim 22, further
conprising determning (114) a third paraneter according to the first and
second, wherein the second one of the tinme value and t he operati onal

setting is sel ected (TheOpthatefsledm 27y wherein He firshprdef rgje relatipnsbip fordraftbytdnaigy t o t he
fir SL 0¥5jerpr60'&ﬁﬁs a n@t lﬁaﬁ@o?{h;ﬁlféi’ malii&fsmb h?t r%fbfeS BppREBIRY 10 Shéigy o decor di ng
to the firsg nme val ue, and.the. .operation n : e
ot hod of ' caRlE 58 kA slchRopk, s b s oREL Ale BRReRElot kRBecoR® 75 0°

energy process is a second Larson-Miller relationship that relates application of the second energy

type to the structure and the physical property.

20 25. The method of claim 22, further comprising determining (114) a third parameter
according to the first and second, wherein the second one of the time value and the operational
setting is selected (120) according to the third parameter, according to the first order rate
relationship for the first energy process, and according to the first one of the time value and the
operational setting.

25

26. The method of claim 25, wherein determining (114) the third parameter comprises
subtracting the second parameter from the first parameter.

27. The method of claim 25, wherein selecting (120) the second one of the time value

30  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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i

subtracting the second paraneter fromthe first paraneter. 27. The nethod of
claim 25, wherein selecting (120) the second one of the time value 30 and
the operational setting conprises evaluating the first order rate
relationship for the first energy process using the third paraneter and the
first one oWwatvesnicsms val ue and the operational setting por/ushaiznsdhe
second one of the tine value and the operational setting. 29 WO 2004/ 016815
PCTI US2003/ 024449 28. The nethod of claim 22, wherein the physical property
is internal stress, and wherein the desired physical property value is one
of a remamining internal stress value and an internal stress reduction
value. 5 29. A nethod of determ ning operational settings for concurrent
appl i cation of ltiple ner.gy. types to. a str . hysi cal
property of a s?lr’l'uct Eéee',net %Gg()f%%'{'h%gw@eéer'rrbtp i g@%ﬁ%ﬁé@éé frﬁeﬁ%ﬁ%%%z%%f a first
or der rat e Waielthe desirednbpyiagl Rigperty valuefis enetof  remainingdnteingl eiress VusHIENt hat

rel at es congéthdl erdss agapttios adliedn of first and second energy types to the
structure and a physical 10 property of the structure, the first order rate
paranet &r corresponding to a desired physical property value for the

structure; selegting, (210 first one of an operational setting faor the
first energy pr gé’essAg?f%’JS oﬁeﬁeémm\?ﬁf)’f?é?t'o%%8‘3@8?@6F‘?”ﬁﬁre&%ﬁcagﬁonsog%ﬁﬂe one of
t he oper at ieperay typestte @ atgucturgito chamge p piysival pweertyc 8 stdichige, the metewd cdrBprising:'st  or der
rate paraneter, according.tqo the first order rate rel ationship, and

accor ding to t hESPTIE GFR & Nt oipersott BRPRR P GReay ke pTISLOrRTARY FEAPToHR ek ue.
30. The netrbigtes ahcwieal appiRBtionfolifirstraad secompamey tygesde trershuctira gnd £2963icdl he fir st
order rgfe per@Jt@&f&r@@ffb&t@e,ttﬁ@f&st%ﬁde%@%aa%m@fép%&ég%ﬂmb L¢Rliled rﬂhﬁfcalpr]j)@rEyhand

second enervgkfl tﬁpes to the structure and 20 a physical property o e
structure. e fohe $le4clig'f or changing a property of a structure, conprising:

a thermal ener g(y"i%%'?é fzﬁ%)ga]fgs‘ﬁ)ﬁe %n%&e‘?éti‘o%a‘?%é?ﬁrﬁ f&ﬂﬁfﬂs}(ﬁeﬁé&[ @%g%s]gng)a?tiw@”d 25 a

control system rovides control signa to the thernmal
and osci | | 2f8#¥denergy sources (164, 170) to control concurrent delivery of

osci |1 atory onertyh(ploENBheHdhb B frankafiellhy B il ML Giohe 0 11
claim 3P, fist eHeTate prEMPIST, Agrording e e Bretrosdep e ralelianel) i aped agsping ta thefirstiere 30
structure tgdthpoperatdeal kame khesghale (182) to the control system (180).

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
20  aphysical 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

25 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
30  structure to provide feedback signals (182) to the control system (180).

30



30 33. The nethod of claim2, further conprising continuing the second
energy process after discontinuing the first energy process until the
structure tenperature is less than a critical tenperature. 34. A nmethod of
changi ng a physical property of a structure, conprising: providing a
structure having thermal energy present; and providing oscillatory energy to
the structure while the structure cools after a prior process concl udes,
for atine less than the time required to cool the part to room

tenperature. 31 . - .
33. The method of claim 2, further comprising continuing the second energy

process after discontinuing the first energy process until the structure temperature is less

than a critical temperature.

34. A method of changing a physical property of a structure, comprising:

providing a structure having thermal energy present; and

providing oscillatory energy to the structure while the structure cools after a prior
process concludes, for a time less than the time required to cool the part to room

temperature.
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