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Methods are presented for modifying a physical property of a
structure, such as reducing or relieving remaining internal
stress, 1n which two or more energy types are concurrently
applied to the structure to change the physical property of
interest 1n an accelerated fashion. A first energy type, such as
heat, 1s applied according to time values and operational
settings dertved from a first order rate relationship for the first
energy type and from a first order rate relationship for a
second energy type. The second energy type, such as vibra-
tion or other time-varying energy form, 1s applied concur-
rently for the time value. Methods are also provided for deter-
mining operational settings for concurrent application of
multiple energy types to a structure.
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METHODS AND APPARATUS FOR STRESS
RELIEF USING MULTIPLE ENERGY
SOURCES

REFERENCE TO RELATED APPLICATION

[0001] This application claims priority to and the benefit of
U.S. Provisional Patent Application Ser. No. 60/404,020,
which was filed Aug. 16, 2002, entitled A PROCESS AND
DEVICE FOR METAL OR METAL ALLOY STRESS
RELIEF, the entirety of which 1s hereby incorporated by
reference.

FIELD OF INVENTION

[0002] The mvention i1s generally related to the field of
changing physical properties of structures and more particu-
larly to methods and processes for changing physical proper-
ties of structures using two or more energy sources.

BACKGROUND OF THE INVENTION

[0003] Manufactured parts are often fabricated using a vari-
ety of mechanical and thermal processing steps, such as heat
treating, welding, and others, that cause mechanical stress
within the matenals. Residual stress remaining 1n a manufac-
tured part has been found to adversely affect fatigue life,
corrosion susceptibility, and strength, wherein areas near
weld joints have been found to be particularly susceptible to
stress problems. In many machines and structures, compo-
nent parts may sulfer early degradation in load bearing capa-
bility, corrosion resistance, and/or catastrophic failure due at
least 1n part to internal stress remaining aiter fabrication or
welding. Furthermore, the repair and/or replacement of com-
ponents 1s costly 1n many situations.

[0004] Localized internal stresses may cause accelerated
failures due to stress corrosion, fatigue, and premature over-
load fractures. These failures can occur 1n bridges, aircraft
structures, ship hulls, pipelines, liquid storage tanks, rails,
and reactor vessels, as well as 1n many other structures.
Relieving or reducing internal stress in large structures is
sometimes difficult, particularly where the structure 1s 1n a
remote location. For example, stress may occur as a result of
welding pipes together 1n remote areas to create an o1l pipe-
line, or from welding, forming, and/or assembling structural
components 1 bridges, ships, or airplanes. For large and
small structures, premature degradation or failure of the
structure may result from remaiming internal stresses. Dura-
bility and performance of welded parts are affected by inter-
nal stresses that can reduce fatigue life and corrosion resis-
tance. Welding imnvolves providing high temperatures to melt
a welding rod or other filler metal used to join two sections of
plates. The base metal joiming surfaces are also heated to
melting temperatures during the welding process. The pres-
ence of thermal gradients adjacent to the weld line affects the
microstructure of the plate. Thermal gradients are the primary
cause of residual stresses along the weld lines and contribute
to diminished mechanical properties and reduced corrosion
resistance in the heat-affected zone compared to the base
material. In addition, welding, especially when coupled with
variations 1n thickness, leaves significant internal stresses as
the material attempts to adjust to the varying thermal gradi-
ents.

[0005] Accordingly, techniques have been developed for
relieving internal stresses in manufactured parts that may be
employed during or after fabrication or welding operations.
However, conventional stress-relief processes are typically
time-1ntensive, requiring application of energy to the stressed
parts for long periods of time. In a manufacturing setting,
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lengthy stress-reliel processes are costly i terms of total
fabrication time, throughput, and energy. Time and energy are
also an 1mportant consideration 1n stress-relieving structures
in the field. For example, performing a stress-relief operation
on an aircraft in a commercial airline fleet requires that the
aircraft be grounded during the stress-relief operation. For
large structures, such as welded pipes 1n a remote pipeline,
ship or aircrait hulls, etc., the energy for the stress-relief
operation often needs to be brought to the worksite, wherein
time-1ntensive conventional stress-relief techniques are par-
ticularly costly. Accordingly, there remains a need for
improved stress-relief techniques and systems for reducing
stress 1n manufactured parts and/or welded structures.

SUMMARY OF THE INVENTION

[0006] The following presents a simplified summary of the
invention in order to provide a basic understanding of some
aspects of the invention. This summary 1s not an extensive
overview of the invention. It is intended neither to identify key
or critical elements of the invention nor to delineate the scope
of the invention. Rather, the primary purpose of this summary
1s to present some concepts of the invention 1 a simplified
form as a prelude to the more detailed description that i1s
presented later. The invention relates to techniques for chang-
ing physical properties of a structure using concurrent appli-
cation of multiple energy types to the structure, and method-
ologies for determining operational settings for concurrent
application of multiple energy sources to a structure.

[0007] The concurrent provision of multiple energy types
in accordance with the present invention may be advanta-
geously employed to significantly reduce the time and/or
energy required to change a physical property of interest,
such as reducing remaining internal stress in manufactured
parts or other structures, compared to previous techniques.
The mvention may find utility 1n 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 pro-
cessing or lower temperature 1n semiconductor manufactur-
ing), or other technologies where time 1s spent while atoms
diffuse through a material. The mvention may also be
employed 1n areas of liquid diffusion, including but not lim-
ited to osmotic membranes (e.g., water purification, chemi-
cals separations, etc.), liquid chromatography (e.g., chemi-
cals separation, etc.), and chemical mixing.

[0008] In accordance with one aspect of the invention, a
method 1s provided for changing a physical property of a
structure, wherein the physical property can be creep rate,
creep, strain, stress, residual stress, internal stress, aging,
mixing, motion through a membrane, or any property, such as
those that may be controlled according to an Arhennius-type
first order rate equation. The method comprises providing a
first energy type to a structure by performing a first energy
process according to an operational setting. The operational
setting and/or a time value 1s selected according to a first order
rate relationship for the first energy process, a first order rate
relationship for a second energy process, and according to a
desired physical property value for the structure. In one
example, the physical property may be internal stress, where
the desired physical property value is one of a remaining
internal stress value and an internal stress reduction value.
The relationship for the first energy process relates applica-
tion of the first energy type to the structure and a physical
property of the structure, and the relationship for the second
energy process relates application of the second energy type
to the structure and the physical property. The method further
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comprises providing energy of the second type to the struc-
ture at an energy level above an activation energy for the
structure, where the first and second energy types are pro-
vided concurrently for at least the time value.

[0009] The first and second energy types may individually
be any form of energy applied to a structure. In one example,
the first energy type 1s thermal and the second energy type 1s
time varying, such as oscillatory mechanical vibration. The
first order rate relationships may be Larson-Miller (L-M)
relationship curves that relate the application of thermal and
oscillatory energy to the structure and the physical property of
interest. A first L-M parameter 1s determined according the
first L-M relationship, corresponding to the desired physical
property value, and a second L-M parameter 1s 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 remain-
ing internal stress value 1s selected along theY axis of the first
L.-M curve, and the corresponding parameter (“P””) value 1s
ascertained along the X axis (P, ). A second L.-M parameter 1s
determined for the desired physical property value according
to a second L-M relationship (e.g., a second L-M curve) by
locating the desired 1nternal stress value on the Y axis of the
second L-M curve, and locating the corresponding second
parameter value (e.g., P,) along the X axis. A third L-M
parameter (e.g., P;) may optionally be determined according
to the first and second L-M parameters (P, and P, ), such as by
subtraction (e.g., P, =P, - P,).

[0010] An operational setting and a time value are then
selected according to the third parameter P, using the first
order relationship for applying the first energy type to the
structure. One of a temperature setting and a time value 1s
selected for applying the first energy type to the structure, for
example, based on structural, equipment, economic, or other
considerations, or randomly. The other value 1s then deter-
mined or selected according to the third parameter P, (e.g.,
based on P, and P, ), the first L-M relationship, and according
to the previously selected value. For mstance, a temperature
value may be selected based on thermal heating equipment
limitations, structural material properties, etc., and a time
value 1s then determined by solving a first order rate equation
using the pre-selected temperature value and the third param-
cter. In another implementation, the time value may be
selected first, and the temperature setting 1s then determined
according to the time value, the first and second parameters,
and the first order rate equation.

[0011] In accordance with another aspect of the mvention,
a method 1s provided for determining operational settings for
concurrent application of multiple energy types to a structure.
The method comprises determining a first parameter accord-
ing 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. A second parameter 1s
determined according the desired physical property value and
according to a first order rate relationship for a second energy
process that relates application of a second energy type to the
structure and the physical property. A time value or an opera-
tional setting for the first energy process 1s selected, for
example, according to structural, equipment, economic con-
siderations, etc. The remaining time value or operational set-
ting 1s selected according to the first and second parameters
(c.g., or a third parameter that relates the first and second
parameters), according to the first order rate relationship for
the first energy process, and according to the previously
selected one of the time value and the operational setting. The
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method may further comprise determining the first order rate
relationships for the first and second energy processes.
[0012] Other aspects of the mvention provide methods for
changing a physical property of a 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
relationship characterizes a relationship between concurrent
application of the first and second energy types to the struc-
ture and a physical property of the structure. Operational
settings are selected by determining a parameter correspond-
ing to a desired physical property value and deriving one or
more settings from the L-M parameter.

[0013] To the accomplishment of the foregoing and related
ends, the following description and annexed drawings set
forth 1in detail certain illustrative aspects and implementations
of the mvention. These are indicative of but a few of the
various ways 1n which the principles of the invention may be
employed. Other objects, advantages and novel features of
the mmvention will become apparent from the following
detailed description of the invention when considered 1n con-
junction with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 1s a flow diagram illustrating an exemplary
method of moditying or changing a physical property of a
structure using concurrent application of multiple energy
types 1n accordance with the present invention;

[0015] FIG.2A1s aplotillustrating an exemplary first order
rate relationship curve for a first energy process in accordance
with the invention;

[0016] FIG.2Bi1saplotillustrating an exemplary first order
rate relationship curve for a second energy process 1 accor-
dance with the invention;

[0017] FIG. 3A 1s atlow diagram illustrating an exemplary
method of stress relieving a structure 1n accordance with the
invention;

[0018] FIG. 3B isaflow diagram illustrating further details
of the exemplary stress-relief method of FIG. 3A;

[0019] FIG. 4A 1s a plot illustrating an exemplary Larson-
Miller (L.-M) relationship curve for application of thermal
energy to stress-relieve 7035-1T7 aluminum structures 1in
accordance with the invention;

[0020] FIG. 4B 1s a plot illustrating an exemplary Larson-
Muiller relationship curve for application of oscillatory vibra-
tion energy to stress-relieve 7055-T77 aluminum structures in
accordance with the invention;

[0021] FIG. 4C 1s a schematic diagram illustrating an
exemplary system for stress-relieving a structure in which
various aspects of the mvention may be carried out;

[0022] FIG. 4D 1s a plot illustrating comparative stress
relief results for sample structures processed 1n accordance
with the mvention and samples processed according to con-
ventional techniques; and

[0023] FIG. 5 1s a flow diagram 1llustrating another exem-
plary method of changing a physical property of a structure
using a combined first order rate relationship in accordance
with the mvention.

DETAILED DESCRIPTION OF THE INVENTION

[0024] One or more implementations of the present inven-
tion will now be described with reference to the drawings,
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wherein like reference numerals are used to refer to like
clements throughout. The ivention relates to methods for
stress-relieving or changing other physical properties of a
structure using concurrent application of multiple energy
types to the structure, as well as to methods for determining,
operation settings for concurrent application of multiple
energy sources to a structure. The mvention finds particular
utility 1n association with stress relieving structures such as
manufactured parts, assemblies of multiple parts, welds, or
other structures, wherein concurrent application of a thermal
energy type and one or more time varying energy types can
provide for temporal acceleration of the stress-relief opera-
tion not previously attainable using conventional stress-relief
techniques. However, the invention may also be utilized in
association with any property changing processes, such as
those that may be modeled according to first order rate equa-
tions, wherein a plurality of energy types or sources are
employed to accelerate the change 1n one or more physical
properties, such as remaiming internal or residual stress. In
this regard, the invention 1s not limited to the particular
examples set forth herein.

[0025] Referring mitially to FIGS. 1, 2A, and 2B, an exem-
plary method 2 1s illustrated 1n FIG. 1 for modifying or
changing a physical property of a structure using concurrent
application of multiple energy types 1n accordance with the
present invention. Although the exemplary process or method
2 and other methods of the mmvention are illustrated and
described below as a series of acts or events, 1t will be appre-
ciated that the present invention 1s not limited by the 1llus-
trated ordering of such acts or events. For example, some acts
may occur 1n different orders and/or concurrently with other
acts or events apart from those 1llustrated and/or described
herein, 1n accordance with the invention. In addition, not all
illustrated steps may be required to implement a methodology
in accordance with the present invention.

[0026] The method 2 illustrates characterization of two
energy application processes at 6 and 8, correlation of {first
order rate relationships and first order rate parameters (“P”)
for different energy types at 10-14, selection of operational
and time values or settings at 16-18 and application of mul-
tiple energy types at 22. It 1s noted at the outset that certain
aspects of the invention provide methods including the char-
acterization, correlation, setting selection, and energy appli-
cation features described herein, while other methods of the
present mvention do not require all these acts. As one
example, the invention provides methods for changing physi-
cal 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 types that may
not require all the acts illustrated in the exemplary method 2.

[0027] Begimnning at4, a first order rate relationship 1s deter-
mined at 6 for a first energy process and another first order rate
relationship 1s 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 between application of the corresponding
energy type to the structure and a physical property of inter-
est, for example, including but not limited to Larson-Miller
relationships and/or equivalents thereof. Thus, the first order
rate relationship determined at 6 relates application of the first
energy type to the structure and the physical property of the
structure, and the first order rate relationship determined at 8
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characterizes the relationship between application of the sec-
ond energy type to the structure and the physical property.
FIG. 2A provides a plot 31 illustrating an exemplary {first
order rate relationship curve for a first energy type, and FIG.
2B shows a plot 32 illustrating an exemplary first order rate
relationship curve for a second energy type in accordance
with the mvention.

[0028] A first orderrate relationship may be expressed as an
equation used to model or represent a process that relies upon
diffusion or dislocation motion over time. For example,
stress-relief may be expressed as a first order rate equation
representing passage of dislocations through a material. In
one implementation of the imvention, L-M equations may be
derived by taking the log of the Arrhenius equation, and may
be plotted as a curve of a physical property such as remaining
internal or residual stress on a Y axis vs. a first order rate
parameter (e.g., a Larson-Miller parameter) “P” on the X axis.
In the example of stress-relief through application of thermal
energy, a first order rate relationship can be plotted as remain-
ing internal stress vs. a thermal first order rate parameter Px,
which incorporates both time and temperature. Alternatively,
actual structures may be stressed and processed using thermal
stress-relief operations at various times and temperatures 1n
order to create a plot of several remaining internal stress vs.
first order rate parameter values.

[0029] It 1s noted at thus point that the physical property or
characteristic of interest may be plotted on reverse scales
along the'Y axis of such relationship curves or plots within the
scope of the mvention. These and any other suitable tech-
niques may be employed at 6 and 8 to determine the first order
rate relationships for the first and second energy processes in
accordance with the present invention. It 1s noted that more
than two energy types may be provided to the structure in
accordance with the mvention and the appended claims,
wherein corresponding first order rate relationships are
employed to determine one or more operational settings and/
or time values for acceleration of the change 1n the physical
property of the structure. It 1s further noted that the first order
rate relationships may be determined using any samples made
of the same or similar materials as the structures to be pro-
cessed, wherein the samples may, but need not, be of the same
s1ze, shape, etc., as the structures of interest. In this regard, the
first order rate relationships and the first order rate parameters
are applicable to any structure made of the material of inter-
est, whereby the first order rate relationships and the param-
cters dertved therefrom are universally applicable to any
structure made from that material.

[0030] 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 combined first order rate relationship may be
determined for multiple energy sources, where the correlated
elfect of concurrent application of the multiple energy types
to a structure 1s embedded or embodied 1n the combined first
order rate relationship and specific first order rate parameters
thereof. In the method 2, a first order rate parameter P, 1s
determined at 10 according the first order rate relationship for
the first energy process, wherein the first parameter P, corre-

sponds to the desired physical property value for the struc-
ture.

[0031] In FIG. 2A, the desired physical property value 1s
located along the Y axis 31 y of the plot 31, and the corre-
sponding point on the first order rate curve 1s identified as P,
along the X axis 31x. The same desired physical property
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value 1s used at 12 1n the method 2 to determine a second
parameter P, according to the first order rate relationship for
the second energy process. For example, in FIG. 2B, the
desired physical property value 1s located along the Y axis 32y
of the plot 32, and the corresponding point on the first order
rate curve 1s 1dentified as the second parameter P, along the X
axis 32x.

[0032] The operational settings for concurrently providing
two or more energy types to the structure are selected at 16
and 18 according to the first order rate parameters. One of a
time value and an operational setting for the first energy type
are selected according to one or more selection criteria,
including but not limited to structural, equipment, or eco-
nomic considerations, or arbitrarily. The other variable 1s then
selected or determined according to the first and second
parameters P, and P, using the first order rate relationship
associated with the first energy process.

[0033] Toward that end, a third parameter P, 1s optionally
determined at 14 according to the parameters P, and P, such
as by subtracting P, from P,, wherein the time and/or opera-
tional settings can then be selected or determined in accor-
dance with P, at 18. The correlation of the first order rate
parameters P, and P, 1n determining the operational and time
settings for application of the first energy type results 1n the
third parameter P, that reflects a temporal acceleration
achievable within the scope of the invention. This accelera-
tion, 1n turn, facilitating stress-reliel or implementation of
other multiple energy type processes to change a physical
property of a structure 1n less time and using less energy than
was possible using previous methods. The inventor has appre-
ciated that dislocation motion within a structure (e.g., such as
during stress reliet) occurs by a diffusion process and can be
described by a first order rate equation:

0 (1)

D = Dye ’T,
where

[0034] D-=rate of diffusion at some time, t
[0035] D,=1mitial rate of diflusion

[0036] Q=activation energy for reaction to begin
[0037] R=universal gas constant

[0038] T=temperature in degrees K (Kelvin).

Generally, the rate of stress relief obtained using thermal
methods 1s driven by diffusion and can be described using the
Arrhenius first order rate equation (2), named after the chem-
1st Svandte Arrhenius:

[0039]
r(l) = Aiﬂ%i", (2)
where
[0040] r=rate of stress relief at some time, t
[0041] A=constant
[0042] H=free energy of the reaction
[0043] R=universal gas constant
[0044] T=temperature in degrees K.
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The level of stress relief can be related to a first order rate
relationship or equation. In one example, a Larson-Miller
(L-M) equation 1s obtained by taking the log of the Arrhenius
equation (2).

[0045] Assuming

Foo —,

and rearranging, the L-M equation for thermal stress relief
may be expressed as:

AH (3)
P = ? = T(C-Flﬂgf),

where P 1s the L-M first order rate parameter. Other specific
forms of first order rate expressions may be used, which are
logarithmic expressions of an Arrhemius equation, wherein
Larson-Miller or “L-M”, as used herein, 1s 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 reliel 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).

[0046] The inventor has appreciated that internal or
residual stress reliel 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 1s anticipated to be of absolute values. This
component 1s pure elastic strain and 1s local within the lattice.
The formation of a dislocation will result when the strain
reaches a certain value equivalent to the activation energy. No
dislocation interaction will occur unless 1t 1s energetically
favorable to do so. When energy, whether 1n the form of heat
or any time-varying (e.g., oscillatory, periodic, pulsed)
applied energy that can cause a pressure wave to be generated,
1s applied to a crystalline solid, energy 1s added to the dislo-
cations that results 1n exciting their motion. Since any system
will move to the lower energy state, the dislocations will try to
attain a lower energy configuration by combining or annihi-
lating, thus reducing the internal stresses in the matenal.

[0047] Inaddition, the inventor has appreciated that similar
mathematical relationships should hold for any stress relief or
other property changing method that causes dislocation
motion using a diffusion process, and can thus be described
by the Arrhenius first order rate equation (2) above. In accor-
dance with the present invention, an acceleration results in the
diffusion process through the concurrent application of mul-
tiple energy types to a structure for changing a physical prop-
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erty (e.g., stress reliel) where the time and operational set-
tings are determined as described herein. To further illustrate
the acceleration results, the following derivation 1s provided
for an example wherein thermal energy and vibration energy
are concurrently applied to stress-relieve a structure.

[0048] Assuming that the matrix of the material or part 1n
question can be partitioned into strained and non-strained
portions, each with a concentration C, the total concentration
may be expressed as:

C(mmf} - Cs (strained) T Cn (non-strained) (4)
In the case of strain relief, the following relationship holds:
C—GC, (3)

The rate of change of concentration of the strained portion
during stress reliel may be expressed as:

dCs L. (6)
dr >

for the rate change of a reaction, where

k = AeRT .

Thus
[0049]

dC,, (7)

where k., 1s the Arrhenius equation for an oscillatory (vibra-
tory) second energy type, and:

d Cor (8)
— _k‘p’ ) C.S "
dt d

where k.15 the Arrhenius equation for a thermal energy type.

[0050] The total for the combined method 1s:
dC;, dC,, dC 9
= {ﬂ: = —(k, +k7)-C,. %)
Solving for C_ (1):
[0051]
C.()=A e” FITILR (10)

Applying boundary conditions for t=0 and t=ce:

[0052]
C (0)=4 e *TT™O L B=4+ B and (11)
C ()=A4-0+B=B (12)
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Combining equations (11) and (12):
[0053]

A=C{0)=C () (13)
Substituting 1nto (10):
[0054]

CoO=[C(0)= Cy(oe)]e™ T+ C(o0), and (14)

Co()=C(0)e “TT L (o0)[1 —e™ “TT1], (15)
from the boundary conditions of C_(0)=1 and C_(o¢)=0. Thus:

C (H)=e FTTFVE (16)

Applying L’Hopital’s rule and substituting for t at comple-
tion:

C_(H)=e  FTT=) (17)

For the case of two diflusion-controlled processes occurring
simultaneously then, where k=Arrhenius equation:

1 _ AE_(_&HTR}&HF). (18)
i
Taking the natural log:
—1113‘:111;4—(AHT+AHF)(1). (19)
R T

Rearranging and converting to log:

(20)

(AHT + AH,

- ): T (C +1log ).

[0055] Thus, for any combination of simultaneously
applied stress relief processes, the sum of the 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, 1s 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 energy of the
material of interest within the scope of the present invention,
for example, by i1dentilying a resonant frequency for the
structure and the system i1n which the structure 1s 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 1s 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:

c=28f{, (21)
where
[0056] c=speed of sound 1n a material
[0057] 8= (specimen dimension)
[0058] {=frequency of harmonic.
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Also:
[0059]
- @
-[2f
where
[0060] Y=Young’s modulus
[0061] p=density of matenal.

The relationship between density and temperature 1is
expressed as:

p:p(}(l +BD:

where 3=3 ¢, and c,_ 1s the coelficient of thermal expansion.
Solving for frequency:

Y12 (24
Af:[E] _and

vl (25)
=51 (3)

Including the variation with temperature, the frequency 1is
expressed as:

1 (26)

Thus, the working frequency {1, 1s a function of 1/T.

[0062] Consequently, as the temperature T changes, the
working frequency will shift as well. Thus, for greatest effi-
ciency of stress relief, frequency can be adjusted to a final
value once the processing temperature 1s reached. For some
oscillatory techniques, this 1s believed to be a very weak
relationship at best and so adjustments in the oscillatory
operational frequency setting may, but need not be made 1n
accordance with the invention. Because of the cyclic lattice
displacement by wave energy 1s proportional to Young’s
modulus E and to Poisson’s ratio within a single method, the
frequency/modulus relationship will be unique to an alloy and
product form and thus may be advantageously determined by
experimental procedures on the specific part 1n question.

[0063] Furthermore, the resonant frequency may change as
a structure 1s stress relieved, wherein adjustments to the fre-
quency ol a time varying energy type may be made accord-
ingly. In addition, frequency may also be highly dependent on

part dimension. In general, though, specific frequency ranges
for alloys can be predetermined for a specific method of

frequency generation, whether sonic, laser, electrical, mag-
netic, mechanical, and microwave, or some other type,
wherein adjustments according to specific structures and
mounting systems are contemplated as falling within the
scope of the invention.

[0064] Returning to FIG. 1, once the first order rate param-
cters P,-P, have been determined at 10-14, the operational
setting and time value are selected in accordance therewith at
16 and 18. One operational setting for the first energy process
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or the time value for concurrent processing 1s selected at 16,
such as a temperature setting or a concurrent processing time
setting where the first energy type 1s thermal. The first vari-
able selected (e.g., independent variable) may be chosen at
16, based on structural, equipment, economic, or other con-
siderations, or randomly. In one example, processing equip-
ment, such as thermal energy sources, may have upper limits
on temperature, and/or it may be desired to maintain the
structure at or below a safe temperature to avoid changing the
structure temper or melting the structure, whereas a minimum
temperature value would be a critical temperature for the
material to exceed the activation energy therefor. In another
example, a section of a ship hull, aircraft structure, or bridge
may be difficult to bring to a very high temperature, due to
ambient conditions and/or heat sinking from attached struc-
tures, wherein such considerations may be taken into account
in selecting a temperature setting at 16.

[0065] At 18, the other one of the operational setting and
the time value 1s selected or determined according to the first
order rate parameter P (e.g., or stmply 1n accordance with P,
and P,), and also 1n accordance with the previously selected
(e.g., independent) variable. For the above example where a
temperature setting was selected at 16, the time value 1s
determined at 18 according to the temperature setting and the
parameter P, for application of the first energy type to the
structure using the first order rate relationship for the thermal
energy process. The first order rate relationship 1s used, for
example, by evaluating a corresponding first order rate equa-
tion (e.g., equation (3) above) for the first energy process,

using the parameter P, and the temperature setting as inde-
pendent variables, and solving for the dependent vanable,
which 1s the time value 1n this example.

[0066] Operation settings for the second energy process
can be selected according to other criteria for concurrent
application of energy together with the first energy process.
For example, frequency and/or amplitude settings may be
selected for an oscillatory second energy process, wherein the
structure, together with the system 1n which 1t 1s mounted for
processing, 1s scanned to determine a resonant frequency. The
processing frequency may then be chosen to be at or near the
resonant frequency, wherein the frequency may be adjusted
during processing. The frequency and amplitude of such an
oscillatory second energy process are also adjusted such that
the energy provided thereby 1s above an activation energy for
the matenal of the structure.

[0067] Itis noted in this regard, that whereas the first order
rate relationships and first order rate parameters determined
at 6-14 above are generally matenal specific and structure
independent, that one or more of the operational settings for
application of the energy types to the structure may be chosen
according to material specific considerations (e.g., activation
energy, etc.), as well as according to the specifics of a par-
ticular structure and/or a system 1n which the structure 1s
being processed, such as mass, size, shape, or other system or
structure characteristics. Once the operational and time set-
tings or values have been selected at 16 and 18, the method 2
proceeds to 22, where the first and second energy processes
are performed to apply the first and second energy types to the
structure concurrently for at least the selected time value to
achieve accelerated change 1n the physical property of the
structure, before the method 2 ends at 24. In certain imple-
mentations of concurrent energy application 1n which one of
the energy types 1s thermal, the heat may preferably be turned
off first, leaving the oscillatory energy running until the part
being processed (e.g., stress-relieved) achieves a minimum
temperature for dislocation mobility.
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[0068] As exemplified in FIGS. 1, 2A, and 2B, the mven-
tion provides methods for determining operational settings
and time values for concurrent application of multiple energy

types to a structure to change a physical property of the
structure, that may be employed alone or in conjunction with
the actual processing of structures to change a physical prop-
erty of interest. The determination of the first order rate rela-
tionships (e.g., in 6 and 8 above) may be done 1n a laboratory
setting using sample specimens of a given matenal type to
determine, or appropriate pre-existing first order rate relation-
ships 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 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).

[0069] It 1s further noted that the various aspects of the
invention may be employed in concurrent application of more
than two energy types. Thus, the invention contemplates con-
current application of any mteger number N different energy
types, where N 1s a positive integer greater than 1, wherein
first order rate relationships (e.g., dertved or pre-existing)
may be employed in determining N first order rate parameters
(e.g., P, ...P,) corresponding to a desired physical property
value. One or more operational settings and/or a time value
may then be determined according to these parameters, or the
parameters may be correlated using another parameter (e.g.,
P...=P,—(P,+P;+... +P,)). Inaddition, as illustrated and
described below with respect to FIG. 5, a single first order rate
relationship may be derived or obtained for concurrent appli-
cation of more than one energy type, wherein fewer than N
parameters may be needed in selecting the operational and
time settings and values for application of N energy types. In
one example, a single first order rate relationship may be
employed that relates application of N energy types to a
structure and a physical property of the structure, wherein a
single parameter may be used 1n selecting the operational and
time settings and values. In this regard, all such alternate
implementations are contemplated as falling within the scope
of the mvention and the appended claims, wherein the 1llus-
trated implementations are merely examples.

[0070] Referring now to FIGS. 3A, 3B, and 4A-4D, the

invention has been successiully implemented 1n reducing
remaining internal (e.g., residual) stress 1 aluminum struc-
tures using concurrent application of thermal and oscillatory
energy (e.g., mechanical vibration) to achieve a significant
reduction 1n the time required to obtain a desired remaining,
internal stress value (e.g., or a desired amount of internal
stress reduction). FIGS. 3A and 3B illustrate an exemplary
method 102 of stress-reliel using two energy processes (e.g.,
heat and mechanical vibration) 1n accordance with the inven-
tion, FIGS. 4A and 4B 1illustrate exemplary Larson-Miller
first order rate relationship curves for thermal and vibratory
energy, respectiully. A Larson-Miller first order rate relation-
ship or relationship curve, as used herein, includes any first
order rate equation or logarithmic expression of the Arrhenius
equation. FIG. 4C 1llustrates an exemplary system 1n which
the stress relief techniques of the mvention may be carried
out, and FIG. 4D 1llustrates a plot of comparative stress relief
results for aluminum structures processed 1n accordance with
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the invention together with structures processed using con-
ventional stress-reliel techniques.

[0071] In FIG. 3A, the method 102 begins at 104, wherein

a thermal Larson-Miller curve (first order rate relationship) 1s
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 measurements of 7053-T7 aluminum specimens or

samples subjected to varying amounts of thermal stress-relief
using different time and temperature settings. The test speci-
mens were obtained from a single lot so as to have identical or
nearly 1dentical mitial 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 1 unmits of kpsi
(thousand pounds per square inch). The samples were then
stress relieved at different time and temperature values using
thermal energy application, using induction heating equip-
ment. The remaining internal stress was then measured for the
stress-relieved samples, characterized 1n terms ol percent
remaining stress. A Larson-Miller equation for 7055-T7 alu-
minum was then employed to compute an L-M first order rate
parameter value “Pt” for each of the stress-relieved samples.
For example, the above equation (3) was used to calculate
“Pt” for each sample, using the corresponding time “t” and
temperature “T” (degrees K) used, wherein the value 10 was
used for the constant “C” corresponding to this alloy. It 1s
appreciated that different “C” values are used for different
materials, for example, 20 for steel, 10-15 for titanium, etc.,
wherein other values may be obtained for other matenals of
interest. However, for a given structure, the same C value 1s
used to obtain, and later calculate conditions for, all the opera-
tional values for a single stress relief procedure. The plot 151
was then constructed by plotting the first order rate param-
cters (e.g., “Pt” values) along the X axis 151x and the corre-

sponding remaining percent internal stress values along the'Y
axis 151y as shown 1n FIG. 4A.

[0072] Thefollowing table 1 illustrates the data points used
in constructing the exemplary L-M curve plot 151 in FIG. 4A.
Although the plot 151 1s illustrated in terms of percent stress
relief (Y axis), equivalent L-M curves can be plotted 1n terms
ol absolute stress values, for example, 1n units of kpsi. In
addition, reverse scales may alternatively be employed for the
X axis values and/or for the Y axis values.

TABLE 1
T (degrees Stress Relief
F.) T (minutes) L-M parameter Pt (%)
275 0 14.9 25
275 2.5 14.99 31
275 10 15.44 26
275 24 15.71 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
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[0073] The method 102 continues at 108, where an oscilla-
tory Larson-Miller curve (e.g., first order rate relationship) 1s
determined for a vibration stress-relief process, such as the
exemplary plot 152 1 FIG. 4B. A similar technique was
employed to establish the four exemplary data points in the
plot 152, wherein samples were 1nitially stressed, then sub-
jected to vibratory energy at or above the activation energy for
7055-T7 aluminum at ambient temperature (e.g., 70 degrees
F 1n this example) to reduce the internal stress. The stress-
relieved samples were then measured to determine the
remaining internal stress. The plot 152 of FIG. 4B was then
constructed by plotting the “Pv’” values along the X axis 152x

and the corresponding remaining internal stress values along
the Y axis 152y.

[0074] The following table 2 1llustrates the data points used
in constructing the exemplary L-M curve 152 1n FIG. 4B.
TABLE 2
T L-M parameter Stress Relief
(hours) Pt (%0)

0 9 0

0.2 10.33 26.67

0.5 10.54 80

1.0 10.7 93.33

[0075] With the L-M relationship curves 151 and 152 for
the thermal and oscillatory processes determined at 106 and
108, respectively, a first thermal L-M parameter Pt 1s deter-
mined at 110 that corresponds to a desired remaining internal
stress value for the structure. In the 1llustrated example, 3%
remaining internal stress was selected (e.g., 97% stress reduc-
tion) as the desired physical property value. Using this value
along the Y axis 151y m FIG. 4A, a corresponding thermal
L-M parameter Pt 1s identified along the X axis 151x from the
plot 151, having a value of 16,800. At 112, an oscillatory L-M
parameter Pv 1s determined from the oscillatory L-M curve
152 shown 1n FIG. 4B, that also corresponds to the desired
remaining internal stress value. The desired remaining stress
value (e.g., 3%) 1s located along the Y axis 152y in FIG. 4B,
and the corresponding vibratory L-M parameter Pv 1s 1denti-

fied along the X axis 152x having a value of 10,800.

[0076] Referring againto the thermal L-M curveplot1511n
FIG. 4A, a final L-M parameter P1 1s determined at 114 by
subtracting the vibratory parameter Pv from the thermal
parameter Pt (e.g., PI=Pt—Pv=16,800—10,800=6,000).
Using this Pt value of 6,000, one of a temperature setting and
a time value 1s selected at 116 for the induction heating
process, and the other 1s 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 avail-
able heating equipment), material limitations (e.g., keeping
the structure temperature below melting or other critical tem-
peratures for the structure material), and heating the structure
to above a temperature related to the activation energy of the
maternal, etc. In this example, 300 degrees F. was selected for
stress-relieving the aluminum structure without melting or
altering the temper of the material. In other situations, the
process temperature may be dictated by other considerations,
such as an 1n-line process where the structures are being heat
treated, and the temperature profile 1s fixed for the heating
process, in which case the present invention may be employed
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to determine the time value for concurrent application of
oscillatory energy or other second energy type while the
structure 1s at temperature, 1s being cooled, or quenched.

[0077] At 120, the dependent vanable 1s selected. In the

illustrated example, the processing time t 1s determined
according to the final L-M parameter Pi determined at 114
above (e.g., 6,000). In this example, the L-M equation (3) 1s
solved for the time value t using the temperature T selected at
116 (c.g., 300 degrees F.), the constant (e.g., C=10 for alumi-
num), and the parameter P1 (e.g., 6,000), to yield a process
time t=about 28.25 seconds for concurrent application of
thermal and wvibrational energy to achieve the desired 3%
remaining internal stress value. One or more vibrational set-
tings may be selected, for example frequency and/or ampli-
tude, 1n order to provide oscillatory or time-varying energy at
or above an activation energy of the aluminum material. One
technique that may be employed involves determining a reso-
nant frequency for the structure and the system in which the
structure 1s to be processed, and selecting a frequency at or
near (e.g., slightly below) the resonant frequency, wherein the
frequency may be adjusted during processing. In this
example, 1t 1s noted that separate application of heat at this
temperature or ol vibration alone for this time would not yield
the desired stress-relief goal. Thus, the imvention facilitates
significant acceleration of stress-relief, as 1llustrated further
below with respect to FI1G. 4D. At 122, the induction heating
and vibration processes are performed concurrently for at
least the selected time value and according to the selected
operation parameters for the induction heating and vibration
processes, and the method 102 ends at 124.

[0078] As 1llustrated further in FIG. 3B, the thermal and
oscillatory processes need not be exactly aligned 1n 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-reliet pro-
cessing 122 begins at 130 in FIG. 3B, wherein the vibration
process 1s 1nifially started at 132 and continues until the
selected amplitude and frequency are achieved at 134. The
thermal processing begins at 136 (while the vibration contin-
ues) and the temperature 1s monitored at 138. Once the
selected temperature setting 1s reached at 138 (e.g., 300
degrees F 1n this example), the selected temperature and
vibrational settings are maintained at 140 until the concurrent
processing time t 1s determined at 142 to be at least the
selected time value t..,. Thereafter, the application of ther-
mal energy 1s discontinued at 144 and the vibration 1s contin-
ued at 146 until the structure temperature T 1s less than a
critical temperature TCRIT (e.g., YES at 148), whereaiter the
vibration 1s discontinued at 150 and the method 102 ends at
124. Other implementations of concurrent application of
multiple energy types are contemplated within the scope of
the mvention. For example, either processes (e.g., heat or
vibration) may be started before the other one, or both may
begin at the same time. Furthermore, either process may be
continued after the other 1s discontinued or both may end at
the same time. In order to prevent the buildup of new residual
stresses due to the presence of thermal gradients, 1t may be
desirable that the oscillatory energy level be maintained until
the temperature falls below the value required for activation
of dislocation motion. In this regard, the example 1llustrated
in FIG. 3B is but one possible implementation within the
scope of the invention, wherein the invention and the
appended claims are not limited to the exemplary implemen-
tations 1llustrated and described herein. In one example,
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where thermal energy 1s already present, a temperature value
1s selected at which the second energy form 1s to be applied.
For example, the temperature value might be selected as the
highest operating temperature that a part will see 1n service, or
the temperature at which a stress-inducing process concludes,
or the temperature at which the part becomes solid after
welding, which may then be used as the appropriate time in
the process and temperature at which to apply the vibration or
other oscillatory process.

[0079] The above techniques can then be used to determine
Pt, Pv, and Pt using the first and second L-M relationships
from either two first order rate relationships or from a single
combined first order rate relationship characterizing concur-
rent application of multiple energy types. For example, where
a thermal L.-M curve and an oscillatory L-M curve are avail-
able, P3 may be calculated by subtracting P2 from P1. Once
P3 1s obtained, the previously selected temperature value may
be used to determine the time for the concurrent energy appli-
cation. The first and second energy types are applied concur-
rently for the appropriate time, beginning once the structure
has reached the temperature value selected above, and then
the thermal energy application 1s discontinued. The second
(e.g., oscillatory) energy type may be continued thereaiter
until the structure temperature drops below activation energy
tor 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 gra-
dients mnherently present during cooldown.

[0080] FIG. 4C illustrates an exemplary system 160 1n
accordance with another aspect of the mvention, 1n 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 1 66, wherein the connections 166 may include coils
for imparting fields in the structure 162 according to standard
inductive heating techniques. The system 160 further
includes a vibration system 170 coupled to impart oscillatory
energy (e.g., mechanical vibration) to the structure 162 via
connections 172, such as cables, mechanical actuators, etc.
The heating and vibration systems 164 and 170 are operated
according to control signals 174 and 176, respectively, from a
control system 180, and feedback signals (e.g., vibration ire-
quency, vibration amplitude, structure temperature, etc.) are
provided along connections 182 from transducers (not
shown) operatively coupled with the structure to the control
system 180.

[0081] FIG.4Dillustrates aplot 190 of internal stress (kpsi)
remaining in four 7035-T7 aluminum samples produced by
an ASTM ES8 tensile test, wherein all the tested specimens
were selected from the same heat-treat and test lot, and tested
under the same conditions to ensure that all the samples
started with approximately equivalent internal stress states.
The resulting internal stresses are illustrated following stress-
reliel processing according to four techmques at different
depths below the sample surface, wherein the observed varia-
tion in stress with depth from the surface was a result of the
manufacturing process and 1s typical for this product form.
The stress results for a first sample (#1) are illustrated by a
curve 191, the results for a second sample (#2) are 1llustrated
by a curve 192, and the results for a third sample (#3) are
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illustrated by a curve 193. The fourth sample (#4) was tested
according to the present mvention using heat and vibration,
and the exemplary results for the fourth sample are 1llustrated
by a curve 194.

[0082] Sample #1 was stress-relieved using vibration only
at a frequency of 53 Hz for 4 minutes, yielding the remaining
internal stress shown 1n the curve 191. Sample #2 was stress-
relieved using vibration only under similar frequency condi-
tions for 24 minutes, resulting 1n the stress shown 1n curve
192. Sample #3 was stress-relieved using a thermal only
process (no vibration) at 300 degrees F. for 4 minutes.

[0083] The fourth sample (#4) was stress relieved using
concurrent application of thermal and vibratory energy for 4
minutes according to the invention, wherein the stresses are
seen 1n the curve 194 to be approximately zero throughout the
depth of the measurement. In the illustrated example, the
fourth sample was processed generally according to the
operational settings set for 1n the description of FIGS. 3A-4
above, using a temperature setting of about 300 degrees F. and
vibrational settings selected to provide energy above the acti-
vation energy at or near a resonant frequency of the system in
which the structure was mounted during processing. As the
data demonstrates 1n FI1G. 4D, the inventive process, 1n four
minutes, stress-relieves the fourth sample (#4) suiliciently to
meet the desired stress reduction goal 1n less time than either
the vibration only or the thermal only techniques of the other
samples.

[0084] FIG. 51llustrates another exemplary method 202 for
changing a physical property of a structure and for determin-
ing operational settings for a concurrent multiple-energy pro-
cess 1n accordance with the mvention, beginning at 204. At
206, a combined first order rate relationship 1s determined for
concurrent application of two or more energy types to a
structure for changing a physical property thereof. In this
method, the combined first order rate relationship relates
concurrent application of the first and second energy types to
the structure and a physical property of the structure, which
may be a single L-M of other first order rate curve.

[0085] Todevelop afirst order rate relationship (e.g., curve,
equation, model, etc.) that combines the effects of concurrent
application of two or more energy types for stress relietf or
other property change, the following technique may be used
at 206. For the example of thermal and oscillatory energy
types, the frequency dependence on temperature 1s believed

to be strongly dependent on alloy and part configuration (e.g.
including the mass, size, shape, etc. of the structure being
processed and the system 1n which the structure 1s mounted
during processing) and weakly dependent on temperature.
Therefore, a frequency may be selected that 1s appropriate to
the system and alloy. Fine-tuning may be done but generally
the frequency will not vary greatly over a wide range of
temperatures if the rest of the system 1s stable. Test coupons or
samples, preferably from a single lot of matenal (alloy, etc.)
ol 1nterest, can be used to derive test results for plotting a
combined {first order rate relationship curve. For residual or
internal stress relief, generally tensile specimens may be pro-
duced per ASTM ER8 or some suitable test method and tested
approprately to failure. One half of each broken tensile cou-
pon 1s used for testing (e.g., measuring) the baseline residual
stress. The other half of each tensile coupon 1s stress relieved
using concurrent application of thermal and oscillatory
energy (e.g., using the frequency setting determined above) at
varying times and temperatures chosen to yield a wide range
of L-M parameters within the limits of the heat source and
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time available. The resulting (e.g., measured) remaining
stress values (e.g., or calculated amounts of stress reliel) can
then be plotted vs. the corresponding I.-M parameter to gen-
erate the combined relationship curve, wherein at least five
points are 1deally used to determine the L-M curve for the
combined (e.g., concurrent) processes.

[0086] The resulting combined first order rate relationship
curve from 206 (e.g., or a suitable pre-existing combined first
order rate relationship) 1s then used to determine time and
temperature settings and parameters for process application.
A combined first order rate parameter Pc 1s determined at 208
from the combined first order rate curve or relationship, cor-
responding to a desired value of the physical property of
interest. Time and operational settings are selected at 210 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.

[0087] Although the invention has been illustrated and
described with respect to one or more implementations, alter-
ations and/or modifications may be made to the illustrated
examples without departing from the spirit and scope of the
appended claims. In particular regard to the various functions
performed by the above described components or structures
(blocks, units, assemblies, devices, circuits, systems, etc.),
the terms used to describe such components (including a
reference to a “means”) are itended to correspond, unless
otherwise indicated, to any component or structure which
performs the specified function of the described component
(e.g., that 1s functionally equivalent), even though not struc-
turally equivalent to the disclosed structure which performs
the Tunction 1n the herein 1llustrated exemplary implementa-
tions of the invention. In addition, while a particular feature of
the mnvention may have been disclosed with respect to only
one of several implementations, such feature may be com-
bined with one or more other features of the other implemen-
tations as may be desired and advantageous for any given or
particular application. Furthermore, to the extent that the
terms “including”, “includes™, “having”, “has”, “with”, or
variants thereof are used in either the detailed description and
the claims, such terms are intended to be inclusive in a manner

similar to the term “comprising.”

1. A method of changing a physical property of a structure,
comprising;
providing energy of a first energy type to a structure by
performing a {irst energy process according to an opera-
tional setting, at least one of the operational setting and
a time value being selected according to a first order rate
relationship for the first energy process, according to a
first order rate relationship for a second energy process,
and according to a desired physical property value; and

providing energy of a second energy type to the structure at
an energy level above an activation energy for the struc-
ture by performing the second energy process;

wherein the first and second energy processes are per-
formed concurrently for at least the time value;

wherein the first order rate relationship for the first energy
process relates application of the first energy type to the
structure and a physical property of the structure; and

wherein the first order rate relationship for the second
energy process relates application of the second energy
type to the structure and the physical property.
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2. The method of claim 1, wherein the first energy type 1s
thermal and wherein the second energy type 1s oscillatory.

3. The method of claim 2, wherein the operational setting 1s
a temperature setting, wherein one of the temperature setting
and the time value 1s selected according to the first order rate
relationship for the first energy process, according to the first
order rate relationship for the second energy process, accord-
ing to the desired physical property value, and according to
the other one of the temperature setting and the time value.

4. The method of claim 3, wherein the first order rate
relationship for the first energy process 1s 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 for the second energy process 1s a second
Larson-Miller relationship that relates application of oscilla-
tory energy to the structure and the physical property.

5. The method of claim 4, further comprising:

determiming a first Larson-Miller parameter according the
first Larson-Miller relationship, the first Larson-Miller
parameter corresponding to the desired physical prop-
erty value;

determining a second Larson-Miller parameter according,
to the second Larson-Miller relationship, the second
Larson-Miller parameter corresponding to the desired
physical property value;

selecting a first one of the temperature setting and the time
value;

selecting a second one of the temperature setting and the
time value according to the first and second Larson-
Miller parameters, according to the first Larson-Miller
relationship, and according to the first one of the tem-
perature setting and the time value.

6. The method of claim 3, further comprising determining
a third Larson-Miller parameter according to the first and
second Larson-Miller parameters, wherein the second one of
the temperature setting and the time value 1s selected accord-
ing to the third Larson-Miller parameter, according to the first
Larson-Miller relationship, and according to the first one of
the temperature setting and the time value.

7. The method of claim 6, wherein determining the third
Larson-Miller parameter comprises subtracting the second
Larson-Miller parameter from the first Larson-Miller param-
eter.

8. The method of claim 7, wherein selecting the second one
of the temperature setting and the time value comprises evalu-
ating the first Larson-Miller relationship using the third Lar-
son-Miller parameter 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 1s
internal stress, and wherein the desired physical property
value 1s one of a remaining internal stress value and an inter-
nal stress reduction value.

10. The method of claim 1, wherein the physical property 1s
internal stress, and wherein the desired physical property
value 1s one of a remaining internal stress value and an inter-
nal stress reduction value.

11. The method of claim 1, wherein the first order rate
relationship for the first energy process is a first Larson-Miller
relationship that relates application of the first energy type to
the structure and the physical property, and wherein the first
order rate relationship for the second energy process 1s a
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second Larson-Miller relationship that relates application of
the second energy type to the structure and the physical prop-
erty.

12. The method of claim 11, turther comprising;:

determining a first Larson-Miller parameter according the

first Larson-Miller relationship, the first Larson-Miller
parameter corresponding to the desired physical prop-
erty value;

determining a second Larson-Miller parameter according

to the second Larson-Miller relationship, the second
Larson-Miller parameter corresponding to the desired
physical property value;

selecting a first one of the operational setting and the time

value;

selecting a second one of the operational setting and the

time value according to the first and second Larson-
Miller parameters, according to the first Larson-Miller
relationship, and according to the first one of the opera-
tional setting and the time value.

13. The method of claim 12, further comprising determin-
ing a third Larson-Miller parameter by subtracting the second
Larson-Miller parameter from the first Larson-Miller param-
cter, wherein the second one of the operational setting and the
time value 1s selected according to the third Larson-Miller
parameter, according to the first Larson-Miller relationship,
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 using the third
Larson-Miller parameter and the first one of the operational
setting and the time value to obtain the second one of the
operational setting and the time value.

15. The method of claim 1, wherein the second energy type
1s oscillatory, wherein the second energy type 1s provided to
the structure at a frequency selected according to a resonant
frequency of a system 1n which the structure 1s mounted while
performing the first and second energy processes.

16. The method of claim 15, wherein the second energy
type 1s provided to the structure at a frequency at or near the
resonant frequency of the system.

17. The method of claim 1, wherein the second energy type
1s selected from the group consisting of sonic, laser, electrical,
magnetic, mechanical vibration, and microwave.

18. A method of changing a physical property of a struc-
ture, comprising;

providing energy of a first energy type to a structure by

performing a first energy process according to an opera-
tional setting; and

providing energy of a second energy type to the structure at

an energy level above an activation energy for the struc-
ture by performing a second energy process;
wherein the first and second energy processes are per-
formed concurrently for at least a time value; and

wherein one of the operational setting and the time value
are selected according to a 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 determin-
ing the Larson-Miller relationship that relates concurrent
application of the first and second energy types to the struc-
ture and the physical property of the structure.
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20. A method of stress-relieving a structure, comprising:

determining a first Larson-Miller relationship that relates
application of thermal energy to the structure and inter-
nal stress in the structure;

determiming a second Larson-Miller relationship that
relates application of oscillatory energy to the structure
and the internal stress 1n the structure;

determining a first Larson-Miller parameter according the
first Larson-Miller relationship and according to a
desired internal stress value for the structure;

determining a second Larson-Miller parameter according,
to the second Larson-Miller relationship and according
to the desired internal stress value;

determining a third Larson-Miller parameter according to
the first and second Larson-Miller parameters by sub-
tracting the second Larson-Miller parameter from the
first Larson-Miller parameter;

selecting a first one of a temperature setting and a time
value:

selecting a second one of the temperature setting and the
time value according to the third Larson-Miller param-
cter, according to the first Larson-Miller relationship,
and according to the first one of the temperature setting
and the time value;

selecting one or more oscillatory operational settings
according to a resonant frequency of a system 1n which
the structure 1s mounted;

providing thermal energy to the structure according the
thermal operational settings; and

concurrently providing oscillatory energy to the structure
according to the oscillatory operational settings for a
time greater than or equal to the time value.

21. The method of claim 20, wherein selecting 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 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.

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:

determiming a first parameter according to a desired physi-

cal 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;

determining a second parameter according the desired

physical property value and according to a first order rate
relationship for a second energy process that relates
application of a second energy type to the structure and
the physical property;

selecting a first one of a time value and an operational

setting for the {irst energy process;

selecting a second one of the time value and the operational
setting according to the first and second parameters,
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.

23. The method of claim 22, further comprising:

determining the first order rate relationship for the first
energy process; and
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determining the first order rate relationship for the second

energy process.

24. The method of claim 22, wherein the first order rate
relationship for the first energy process is a first Larson-Miller
relationship that relates application of the first energy type to
the structure and the physical property, and wherein the first
order rate relationship for the second energy process 1s a
second Larson-Miller relationship that relates application of
the second energy type to the structure and the physical prop-
erty.

25. The method of claim 22, further comprising determin-
ing a third parameter according to the first and second,
wherein the second one of the time value and the operational
setting 1s selected 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 opera-
tional setting.

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

27. The method of claim 25, wherein selecting 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.

28. The method of claim 22, wherein the physical property
1s iternal stress, and wherein the desired physical property
value 1s one of a remaining internal stress value and an inter-
nal stress reduction value.

29. A method of determining operational settings for con-
current application of multiple energy types to a structure to
change a physical property of a structure, the method com-
prising:
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determining a {irst order rate relationship that relates con-
current application of first and second energy types to
the structure and a physical property of the structure;

determiming a first order rate parameter according to the
first order rate relationship, the first order rate parameter
corresponding to a desired physical property value for
the structure;

selecting a first one of an operational setting for the first
energy process and a time value; and

selecting 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 accord-
ing to the first one of the operational setting and the time
value.

30. The method of claim 29, further comprising determin-
ing 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, com-
prising:

a thermal energy source;

an oscillatory energy source; and

a control system that provides control signals to the thermal
and oscillatory energy sources to control concurrent
delivery of thermal and oscillatory energy from the ther-
mal energy source and the oscillatory energy source to a
structure.

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