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(57) Abstract: Aluminum alloy having an improved combination of properties are provided. In one aspect, a method for produc-
ing the alloy includes preparing an aluminum alloy for artificial aging and artificially aging the alloy. In one embodiment, the arti-
ficially aging step includes aging the aluminum alloy at a temperature of at least about 250 °F, and final aging the aluminum alloy
at a temperature of not greater than about 225 °F and for at least about 20 hours. These aluminum alloys realize an improved com-
bination of properties, including improved strength with at least equivalent fatigue crack growth resistance.
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AGING OF ALUMINUM-LITHIUM ALLOYS FOR IMPROVED COMBINATION
OF FATIGUE PERFORMANCE AND STRENGTH

CROSS-REFERENCE TO RELATED APPLICATION
[0001] This application claims priority to U.S. Patent Application No. 12/335,515,
entitled “AGING OF ALUMINUM ALLOYS FOR IMPROVED COMBINATION OF
FATIGUE PERFORMANCE AND STRENGTH,” filed on January 16, 2009, which is
incorporated herein by reference in its entirety.
BACKGROUND
[0002] For aluminum alloys, it is generally accepted that fatigue crack growth

resistance under spectrum loading generally decreases as strength increases, and vice-versa.
See, e.g., Wanhill et al., “Flight simulation and constant amplitude fatigue crack growth in
aluminum-lithium sheet and plate”, International Congress on Aeronautical Fatigue, Tokyo,
Japan, 1991. Additionally, some 7xxx alloys, such as AA7150 or AA7055, realize higher
strengths than 2xxx alloys, such as AA2024, AA2026 and AA2099, but also realize
significantly lower fatigue crack growth resistance.

BRIEF SUMMARY OF THE DISCLOSURE

[0003] Aluminum alloys having an improved combination of properties are disclosed.

In one aspect, a method of producing an aluminum alloy is disclosed. The method includes
the steps of (i) preparing a first aluminum alloy for artificial aging, and (ii) artificially aging
the first aluminum alloy. In one approach, the preparing step (i) includes (a) solution heat
treating an alloy comprising at least 0.1 wt. % Li at a temperature of at least 800°F and (b)
quenching the alloy. The method may optionally include the step of cold deforming the
alloy.

[0004] In one approach, the artificial aging step (ii) includes at least two artificial
aging steps, one of those steps including (c) aging the first aluminum alloy at a temperature
of at about least 250°F, and the last of those steps (i.e., the final artificial aging step)
including (d) aging the first aluminum alloy at a temperature of not greater than about 225°F
and for at least about 20 hours. Other steps, known to those skilled in the art, may be used as
part of the preparing or artificial aging steps.

[0005] In one embodiment, the lower limit of the final artificial aging step (ii)(d) is at
least about 150°F. In other embodiments, the lower limit of the final artificial aging step
(ii)(d) is at least about 160°F, or at least about 165°F, or at least about 170°F, or at least about
175°F. In one embodiment, the upper limit of the final artificial aging step (ii)(d) is not
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greater than about 220°F. In other embodiments, the lower limit of the final artificial aging
step (ii)(d) is not greater than about 215°F, or not greater than about 210°F, or not greater than
about 205°F, or not greater than about 200°F. In one embodiment, the final aging step (ii)(2)
is completed at a temperature that is lower than any previous artificial aging step. In one
embodiment, the duration of the final aging step (ii)(d) is not greater than about 5,000 hours.
In other embodiments, the duration of the final aging step (ii)(d) is not greater than about
2,000 hours, such as not greater than about 1,000 hours, or not greater than about 500 hours,
or even not greater than about 150 hours or about 100 hours.

[0006] Aluminum alloys produced in accordance with this methodology, and in
particular the final aging step, may realize an improved combination of strength and fatigue
crack growth resistance as compared to other aluminum alloys that are not finally aged as
described herein. In one approach, a first aluminum alloy may realize, or is composed of, the
following properties: (1) at least about a 6% increase in tensile yield strength as compared to
a similar aluminum alloy; and (2) at least equal fatigue crack growth resistance as compared
to the similar aluminum alloy. In some embodiments, the increase in strength is at least about
an 8% increase, or at least about a 10% increase, or at least about a 12% increase, and with at
least equal fatigue crack growth performance.

[0007] As used herein, “fensile yield strength” means the engineering stress at which
material strain is considered to change from elastic to plastic deformation, beyond which the
material is deformed permanently. For aluminum alloys, and for purposes of this patent
application, tensile yield strength is measured at an offset strain of 0.2% in accordance with
ASTM B557-06.

[0008] As described above, a “first aluminum alloy” is an aluminum alloy prepared
and artificially aged, as claimed. The aluminum alloy is generally a wrought aluminum alloy,
but could be another aluminum alloy form, such as a casting aluminum alloy.

[0009] A “similar aluminum alloy” is an aluminum alloy product having an identical
composition to the first aluminum alloy, and is prepared identically for artificial aging as the
first aluminum alloy. The similar aluminum alloy product is artificially aged in the same
fashion as the first aluminum alloy with respect to all aging steps, except the final aging step,
where the similar aluminum alloy is artificially aged either (i) at a temperature of greater than
225°F or (ii) at a temperature of not greater than 225°F but for less than 20 hours.

[0010] As noted above, the first aluminum alloy and the similar aluminum alloy may

have an identical composition. For the purposes of this patent application, an “identical
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composition” and the like means that the first aluminum alloy and the similar aluminum alloy
have compositions that are within standard tolerances of one another. For example, for
AA2199, a first aluminum alloy may comprise 2.8 wt. % Cu, 1.5 wt. % Li, 0.2 wt. % Mn, 0.2
wt. % Mg, 0.4 wt. % Zn, 0.03 wt. % Ti, 0.09 wt. % Zr, 0.03 wt. % Si, and 0.05 wt. % Fe, the
balance being aluminum and trace impurities. A second aluminum alloy may comprise 2.6
wt. % Cu, 1.6 wt. % Li, 0.25 wt. % Mn, 0.3 wt. % Mg, 0.4 wt. % Zn, 0.06 wt. % Ti, 0.10
wt. % Zr, 0.04 wt. % Si, and 0.06 wt. % Fe, the balance being aluminum and trace impurities.
These first and second aluminum alloys would be considered to have “identical
compositions” within the meaning of this patent application, since the compositions of both
alloys fall within the stated limits of AA2199, even though the compositions are not perfectly
identical.

[0011] As noted above, the first aluminum alloy and the similar aluminum alloy may
be prépared identically for artificial aging. For purposes of this patent application, “prepared
identically for artificial aging” and the like means that the similar aluminum alloy is prepared
utilizing the same procedures used to prepare the first aluminum alloy for artificial aging,
including times and temperatures for thermal processes, and within normal tolerances for the
processing conditions, such that both end products are of substantially similar form and have
substantially similar dimensions.

[0012] As used herein, “solution heat treating” and the like means heating an alloy to
a suitable temperature (e.g., above 800°F), and holding the alloy at that temperature long
enough to cause constituents to dissolve and enter into solid solution.

[0013] As used herein, “quenching” and the like means rapid cooling of an alloy,
such as by spraying or immersion. In some metallic materials, quenching may be used to
restrict, for example, phase transformations from occurring by narrowing the period of time
- in which such transformations could occur.

[0014] As used herein, “cold deformation” and the like means to work an alloy with
the primary purpose to strengthen a material by increasing the material's dislocation density.
Physical deformation of the material generally increases the concentration of dislocations,
which may subsequently form dislocation tangles and/or low-angle grain boundaries
surrounding sub-grains. These internal changes impede the motion of dislocations hindering
further plasticity. In some alloy systems, such as 2xxx and 8xxx series alloys, the

introduction of dislocations by cold deformation may also accelerate precipitation during
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artificial aging and/or increase precipitate density. Cold deformation, sometimes referred to
as cold working, generally results in a higher strength and a decrease in ductility.

[0015] As uséd herein, “aging” and the like means a treatment technique used to
strengthen metallic materials, including most structural alloys of aluminum. Natural aging
occurs at ambient temperatures over a period of time, while artificial aging occurs when the
alloy is heated to at least one temperature above room temperature for at least one selected
period of time.

[0016] As used herein, “artificial aging” and the like means heating an aluminum
alloy to at least one temperature above room temperature for at least one selected period of
time. Artificial aging can be accomplished via any known methodology and in any number
of steps, such as, for example, while heating, cooling, ramping heating and cooling and in
several steps and integrating the temperature and time exposures above room temperature, to
name a few.

[0017] - In one embodiment, the fatigue crack growth resistance is constant amplitude
fatigue crack growth resistance (CAFCGR). CAFCGR is the resistance to the growth of a
crack under fatigue loading (e.g., cyclic loading) of a constant or slowly increasing or
decreasing load or stress amplitude. A higher fatigue crack growth resistance is measured by
a lower crack growth rate per load cycle (da/dN) as a function of AK, or in terms of a greater
number of load cycles to specimeh failure, or between an initial and final crack length.
CAFCGR may be measured in accordance with ASTM E647-05. “AK?” is the linear elastic
stress intensity factor range (Kmax — Kmin), Which the fatigue crack is subjected to during a
fatigue crack growth test in a given load cycle. “AK” is calculated using the applied
maximum load (Ppax) and minimum load (Pnin) In a constant amplitude fatigue crack growth
test, AK changes slowly as the fatigue crack extends or grows under cyclic loading. The units
for AK are typically MPaVm or ksivVin. The “stress ratio” is the ratio of the minimum load to
the maximum load (Puin/Pmax) OF its equivalent expressed in term of K (i.e., Kmin/Kmax). The
stress ratio is typically held constant for the entire test for a constant amplitude fatigue crack
growth test.

[0018] In some of these embodiments relating to CAFCGR, the first aluminum alloy
product may be a first plate product or a first sheet product. In related embodiments, the
similar aluminum alloy is a similar plate product or a similar sheet product, respectively. In

other ones of these embodiments, the first aluminum alloy is an extrusion or forging, and the
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similar aluminum alloy is a similar extrusion product or a similar forging product,
respectively.

[0019] When the first aluminum alloy is a first plate product, the first plate product
may realize (i) the above-noted strength improvements, and at least equal CAFCGR as
compared to the similar plate product, or (ii) improved CAFCGR and at least equal strength
as compared to the similar plate product. In this regard, the CAFCGR performance is
generally measured at a AK in the range of from about 11 MPaVm to about 30 MPaVm. In
one embodiment, the at least equal CAFCGR occurs at a AK of at least about 11 MPaVm and
not greater than about 25 MPavm. In one embodiment, the at least equal CAFCGR occurs at
a AK of not greater than about 20 MPavm. In one embodiment, the at least equal CAFCGR
occurs at a AK of not greater than about 15 MPavm. In one embodiment, the crack growth
rate (da/dN) of the first plate product is at least about 5% lower than the similar plate product
at equivalent AK. In one embodiment, da/dN of the first plate product is at least about 15%
lower than the similar plate product at equivalent AK. In one embodiment, da/dN of the first
plate product is at least about 25% lower than the similar plate product at equivalent AK. In
one embodiment, da/dN of the first plate product is at least about 50% lower thaﬁ the similar
plate product at equivalent AK.

[0020] As used herein, a “first plate product” is a wrought aluminum alloy plate
product prepared and artificially aged, as claimed, wherein the plate has a thickness of at least
0.250 inch after hot rolling. In some embodiments, the wrought material is hot rolled to gage
and then solution heat treated to produce the plate product.

[0021] As used herein, a “similar plate product” is a similar aluminum alloy plate
product having an identical composition to a first plate product, and is prepared identically
for artificial aging as the first plate product. The similar plate product is artificially aged
identically to the first plate product, except that the similar plate product is finally aged either
(i) at a temperature of greater than 225°F or (ii) at a temperature of not greater than 225°F but
for less than 20 hours.

[0022] As used herein, “af least equal CAFCGR as compared to a similar plate
product” means that the first plate product has at least equal CAFCGR as compared to the
similar aluminum alloy plate product when the CAFCGR is measured in accordance with
ASTM E647-05 in the L-T direction at a stress ratio (R) of 0.1, a test frequency of 25 Hz, and

in a moist air environment of relative humidity of at least 90%, using an M(T) specimen



WO 2010/083009 PCT/US2009/068998

having a width (W) of 4.0 inches and a thickness (B) of 0.25 inch, and at a AK in the range of
11 - 30 MPaVm. The testing is performed using a constant minimum and maximum load.
[0023] = When the first aluminum alloy is a first sheet product, the first sheet product
- may realize (i) the above-noted strength improvements, and at least equal CAFCGR as
compared to a similar sheet product, or (ii) improved CAFCGR resistance and at least equal
strength as compared to the similar sheet product. In one embodiment, the CAFCGR is at
 least equal L-T CAFCGR or T-L CAFCGR as compared to the similar sheet product, and
generally when the CAFCGR is measured at a AK in the range of from about 10 MPavm to
about 45 MPaVm. In one embodiment, the AK is at least 25 MPaVm, and/or in the range of
from about 25 to about 45 MPavm.
[0024] As used herein, a “first sheet product” is a wrought aluminum alloy sheet
product prepared and artificially aged, as claimed, wherein (i) the sheet has a thickness of not
greater than 0.249 inch, or (ii) or as rolled stock in thicknesses less than or equal to 0.512
inch (13 mm) thick when cold rolled after the final hot working and prior to solution heat
treatment.
[0025] As used herein, a “similar sheet product” is a similar aluminum alloy sheet
- product having an identical composition to a first sheet product, and is prepared identically
- for artificial aging as the first sheet product. The similar sheet product is artificially aged
identically to the first sheet product, except that the similar sheet product is finally aged either
(i) at a temperature of greater than 225°F or (ii) at a temperature of not greater than 225°F but
for less than 20 hours.
[0026] As used herein, “at least equal L-T CAFCGR as compared to a similar sheet
product” and the like means that the first plate sheet has at least equal CAFCGR as compared
to the similar aluminum alloy sheet product when the CAFCGR is measured in accordance
with ASTM E647-05 in the L-T direction at a stress ratio (R) of 0.1, a test frequency in the
range of 4 —8 Hz and in a moist air environment of relative humidity of at least 20%, using an
M(T) specimen having a width (W) of 400 millimeters, and a AK in the range of from about
- 10 MPavVm to about 45 MPa\/m. In one embodiment, the AK is the range of from about 25
MPavm to about 45 MPavm. ‘
[0027] As used herein, “at least equal T-L CAFCGR as compared to a similar sheet
product” and the like means that the first plate sheet has at least equal CAFCGR as compared
to the similar aluminum alloy sheet product when the CAFCGR is measured in accordance

‘with ASTM E647-05 in the T-L direction at a stress ratio (R) of 0.1, a test frequency in the
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range of 4 —8 Hz and in a moist air environment of relative humidity of at least 20%, using an
M(T) specimen having a width (W) of 400 millimeters, and at a AK in the range of from

about 10 MPavm to about 45 MPavm. In one embodiment, the AK is in the range of from
about 25 MPavm to about 45 MPaVm.

[0028] In one embodiment, the fatigue crack growth resistance is spectrum fatigue
crack growth resistance (SFCGR). SFCGR is the resistance to the growth of a crack under
fatigue loading of variable amplitude (i.e., spectrum loading). Unlike constant amplitude
fatigue crack growth, the load amplitude, stress ratio and AK may change significantly from
one load cycle to the next. For most aircraft structure, spectrum loading is more
representative of the loading experienced by the aircraft in service than constant amplitude
loadihg. For example, a lower wing load spectrum typically includes not only the basic flight
loads but also flight maneuver and gust loads, landing loads and ground maneuver or taxi
loads. Spectrum fatigue crack growth resistance is better when there is (i) a lower rate of
crack growth per load cycle or simulated flight under spectrum loading, or (ii) a greater
number of spectrum load cycles or simulated flights to specimen failure or between an initial
and final crack length. Currently, there is no ASTM or industry standard for conducting
spectrum fatigue crack growth testing, but such testing is well known to those skilled in the
art. Historically, each aircraft manufacturer has typically developed their own proprietary
test method(s), test specimen(s) and aircraft specific spectrum. However, several generic
aircraft spectrum have been developed, including the lower wing spectra TWIST and
MiniTWIST, which are well known in the industry and commonly used to assess and
compare spectrum fatigue crack growth resistance of alumihum alloys. TWIST stands for
Transport Wing Standard. MiniTWIST is a shortened version of TWIST where many cycles
corresponding to the lowest gust load have been omitted (MiniTWIST contains 58442 cycles
of the lowest gust level instead of 398665 in TWIST per 1 block of 4000 flights). This
significantly shortens the length of time to run a single test. See, e.g. J.B. De Jonge, D.
Schutz, H. Lowak and J. Schijve “Standardized load sequence for flight simulation tests on
transport aircraft wing structures’ TR-73029, National Aerospace Laboratory, NLR,
Amsterdam, 1973; and H. Lowak, J.B. De Jonge, J. Franz and D. Schutz, “MiniTWIST, a
shortened version of TWIST”, MO 79018, National Aerospace Laboratory, NLR,
Amsterdam, 1979; both of which are herein incorporated by reference in their entirety.

[0029] In some of these embodiments relating to SFCGR, the first aluminum alloy

may be a first plate product. In related embodiments, the similar aluminum alloy is a similar
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plate product. In other ones of these embodimehts, the first aluminum alloy is a sheet,
extrusion or forging, and the similar aluminum alloy is a similar sheet, extrusion or forging
product, respectively. ,

[0030] When the first aluminum alloy is a first plate product, the first plate product
may realize (i) the above-noted strength improvements, and at least equal SFCGR as
compared to the similar plate product, or (ii) improved SFCGR resistance and at least equal
strength as compared to the similar plate product. In one embodiment, the first plate product
realizes at least a 1% increase in spectrum flights between a half crack length of 25mm (0.98
inch) and 65mm (2.56 inches) as compared to the similar plate product. In one embodiment,
the first plate product realizes at least a 5% increase in spectrum flights over this half crack
length as compared to the similar plate product. In one embodiment, the first plate product
realizes at least a 10% increase in spectrum flights over this half crack length as compared to
the similar plate product. In one embodiment, the first plate product realizes at least a 25%
increase in spectrum flights over this half crack length as compared to the similar plate
product. In one embodiment, the first plate product realizes at least a 50% increase in
spectrum flights over this half crack length as compared to the similar plate product.

[0031] As used herein, “at least equal SFCGR as compared to a similar plate
product” and the like means that the first plate product has at least equal SFCGR as compared
to the similar aluminum alloy plate product when the SFCGR is measured using the
MiniTWIST spectrum, truncated at Level III, with a mean flight stress of 9.8 ksi, at a test
frequency of not greater than 10 Hz, in a moist air environment having a relative humidity of
at least 90%, and using an M(T) specimen having a thickness of 12mm (7.87 inches) and a
width of 200mm (0.47 inches). “Mean flight stress” and the like means the stress at 1G
corresponding to level and straight flight at cruise speed, altitude and weight. The stress
deviates from the mean flight stress due to maneuver, gust, landing and taxi loads.
“Truncation level” and the like means the gust level in the spectrum above which the gust
loads are not allowed to exceed. The highest gust loads which are expected to occur
infrequently over the life of the aircraft may cause significant crack retardation (i.e., crack
slowing) effects in aluminum alloys. As gust loads this severe may not actually occur in the
life of every aircraft in service and because their inclusion may give optimistic (i.e., slow)
crack propagation rates, the highest gust loads are frequently truncated to a lower gust level.
For example, the lower wing spectrum MiniTWIST is typically truncated at Level III, which
truncates the three highest gust loads in a block of 4000 flights.
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[0032] As described above, the aluminum alloys may be prepared with a multi-step
artificial aging process. In one embodiment, the artificial aging step is at least a three-step
process and includes the above described (i) aging and (ii) final aging steps. In this
embodiment, the aging also includes second aging the wrought aluminum alloy at a
temperature in the range of from about 250°F to about 330°F, where the second aging occurs
after the aging step (ii)(c) and before the final aging step (ii)(d). Nonetheless, all the aging
steps may be completed concomitant to one another.
[0033] With respect to the final aging step, “final aging” and the like means the final
artificial aging step conducted on an aluminum alloy product before it is cooled to room
temperature in preparation for its end use. Conversely, “initial aging” and the like means a
first artificial aging step subsequent to solution heat treatment and optional cold deformation
to be followed by one or more additional aging steps. In one embodiment, the final aging
step is isothermic or stepped aging. In other words, in this embodiment, the final aging step
occurs at a given temperature for a specified period of time.
[0034] In one embodiment, the final aging step is defined by an Arrhenius equation.
As used herein, “Arrhenius Equation” or “Arrhenius Relationship” is a mathematical
description of a given property which changes as a function of temperature due to the
property being based on a thermally activated process. An Arrhenius equation can be derived
for any given alloy if a few time and temperature points are known. For example, FIG. 2
demonstrates several Arrhenius relationships defined by the equations In (natural log) (time)
=x (1/T) - y; where:

. (time) is cumulative time of final aging;

a
b. In is a natural logarithm;

o

. T is the temperature at a given cumulative time of final aging;

d. xis a constant; and

e. y is a constant.
In one embodiment, the final aging occurs at a series of temperatures which change over time
where the total aging effect can be given by an Arrhenius equation. This is known as
ramped aging and means that any change in temperature occurs in a continuously changing
fashion over time. '
[0035] Aluminum alloys realizing the above-described strength and fatigue crack
growth improvements are generally 2xxx or 8xxx series alloys containing lithium. In one

embodiment, an aluminum alloy comprises at least 0.1 wt. % Li (e.g., 0.5 — 2.7 wt. % Li). In
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some embodiments, the aluminum alloys also include silver. In one embodiment, the
aluminum alloy comprises silver in the range of 0.1 — 0.7 wt. %.
BRIEF DESCRIPTION OF THE DRAWINGS

[0036] FIG. 1A is a chart illustfating one embodiment of a method for producing the
new alloys described herein. ‘
[0037] FIG. 1B is a chart illustrating one embodiment of a method for producing a
new alloy.
[0038] FIG. 1C is a chart illustrating one embodiment of a method for producing a
new alloy.
[0039] FIG. 1D is a chart illustrating one embodiment of a method for producing a
new alloy.
[0040] FIG. 1E is a chart illustrating one embodiment of a method for producing a
new alloy.
[0041] FIG. 1F is a chart illustrating one embodiment of a method for producing a
new alloy.

~ [0042] FIG. 2 is a chart illustrating three examples of an Arrhenius relationship

between time and temperature relative to a final aging step of the present disclosure.

[0043] FIG. 3 is a graph illustrating strength versus spectrum fatigue crack growth
performance for various alloys produced in accordance with conventional practices.

[0044] FIG. 4 is a graph illustrating strength versus spectrum fatigue crack growth
performance for various alloys produced in accordance with both a conventional method and
the new methods described herein.

[0045] FIG. 5 is a graph illustrating strength versus spectrum fatigue crack growth
performance for alloys produced in accordance with both a conventional method and the new
methods described herein.

[0046] FIG. 6 is a graph illustrating strength versus spectrum fatigue crack growth
performance for an alloy produced in accordance with both a conventional method and the
new methods described herein.

[0047] FIG. 7 is a graph illustrating constant amplitude fatigue crack growth
performance for aluminum alloy plates produced in accordance with both a conventional

method and the new methods described herein.
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[0048] FIG. 8 is a graph illustrating constant amplitude fatigue crack growth rate

(da/dN) as a function of AK for an aluminum alloy plates produced in accordance with both a
| conventional method and the new methods described herein.
[0049] FIG. 9 is a graph illustrating strength versus spectrum fatigue crack growth
performance for an alloy produced in accordance with both a conventional method and the
new methods described herein.
[0050] FIG. 10 is a graph illustrating T-L constant amplitude fatigue crack growth
rate (da/dN) as a function of AK for an aluminum alloy sheet produced in accordance with
both a conventional method and the new methods described herein.
v[0051] FIG. 11 is a graph illustrating L-T constant amplitude fatigue crack growth
rate (da/dN) as a function of AK for an aluminum alloy sheet produced in accordance with
both a conventional method and the new methods described herein.
[0052] FIG. 12a is a TEM photo illustrating the microstructure of a conventionally
processed alloy.
[0053] FIG. 12b is a TEM photo illustrating the microstructure of a conventionally
processed alloy.
[0054] FIG. 13a is a TEM photo illustrating the microstructure of an alloy processed
with an embodiment of the new final aging step disclosed herein.
[0055] FIG. 13b is a TEM photo illustrating the microstructure of an alloy processed
with an embodiment of the new final aging step disclosed herein.
[0056] FIG. 14 is a Differential Scanning Calorimetry graph based on a
conventionally processed alloy and an alloy processed with an embodiment of the new final
aging step disclosed herein.
[0057] While the above-identified drawings set forth presently disclosed
embodiments, other embodiments are also contemplated, as noted in the below detailed
description. This disclosure presents illustrative embodiments by way of representation and
not limitation. Numerous other modifications and embodiments can be devised by those
skilled in the art which fall within the scope and spirit of the principles of the present
disclosure. '

DETAILED DESCRIPTION

‘[0058] Reference is now made to the accompanying drawings, which at least assist in

illustrating various pertinent features of the new alloys disclosed herein. These embodiments

are merely illustrative of the new alloy. In addition, each of the examples given in connection
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with the various embodiments of the new alloy is intended to be illustrative, and not restrictive.
'Further, the figures are not necessarily to scale and somé features may be exaggerated to show
details of particular components. In addition, any measurements, specifications and the like
shown in the figures are intended to be illustrative, and not restrictive. Therefore, specific
structural and functional details disclosed herein are not to be interpreted as limiting, but merely
as a representative basis for teaching one skilled in the art to variously employ the new alloy
disclosed herein.

[0059] The instant disclosure relates to new aluminum alloys having improved
properties. In one embodiment, the improved properties include an improvement in strength
with at least equal fatigue crack growth performance. In some embodiments, the improved
properties include an improvement in both strength and fatigue crack growth performance. In
other embodiments, the improved properties include an improvement in fatigue crack growth
performance with at least equal strength.

[0060] The new alloys of the instant disclosure are generally aluminum-lithium based
alloys. In some embodiments, the new alloys also include silver. The new alloys may be any
2xxx or 8xxx series alloys containing lithium. In some embodiments, the aluminum alloy
comprises copper and lithium as primary alloying additions, but may also optionally include
magnesium, silver and zinc as alloying additions.

[0061] A broadly stated 2xxx or 8xxx alloy of the present disclosure may include 2.2
- 4.4 wt. % Cu, and/or at least 0.1 wt. % Li (e.g., 0.5 - 2.7 wt. % Li), up to 1.2 wt. % Mg, up
to 0.8 wt. >% Ag, up to 1.0 wt. % Zn, at least one element or compound for grain structure
control, the balance being aluminum, and incidental elements and impurities. In some
embodiments, the 2xxx or 8xxx aluminum alloy comprises (and in some instances consists

essentially of) one of the following alloys and its alloying constituents (all values in wt. %):

Table 1 - Examples of Al-Cu-Li containing alloys

Cu Mg Li Ag Zn
Alloy 1 23-29 0.05 - 0.40 1.4-1.8 - 0.2-09
Alloy 2 24-3.0 0.1-0.50 1.6-2.0 - 04-1.0
Alloy 3 24-3.0 0-0.25 1.9-2.6 - 0-0.1
Alloy 4 25-3.1 0-0.25 1.1-1.7 - 0-0.15
Alloy 5 3.0-3.8 0.05-0.50 09-14 - 0.1-0.5
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Table 2 - Examples of Al-Cu-Li-Ag containing alloys

Cu Mg Li - Ag Zn
Alloy 6 29-35 0.25-0.8 0.8-1.1 0.1-0.5 0-0.35
Alloy 7 32-38 0.25-0.8 08-13 0.25-0.6 0-0.35
Alloy 8 3.7-43 0.25-0.8 0.8-1.2 0.25-0.6 0-0.25
Alloy 9 25-33 0.25-0.8 1.4-2.1 0.25-0.6 0-0.25
Alloy 10 34-42 0.6-1.1 0.6-0.9 0.1-0.5 0.3-0.45
Alloy 11 32-42 0.1-0.6 0.9-1.4 0.2-0.7 0.2-0.7
>[0062] Grain structure control elements or compounds are deliberate alloying

additions with the goal of forming second phase particles, usually in the solid state, to control
solid state grain structure changes during thermal processes, such as recovery and
recrystallization. Examples of grain structure control elements include Zr, Sc, Hf, Cr, Mn, to
name a few.

[0063] The amount of grain structure control material utilized in an alloy is generally
dependent on the type of material utilized for grain structure control and the alloy production
process. When zirconium (Zr) is included in the alloy, it may be included in an amount up to
about 0.4 wt. %, or up to about 0.3 wt. %, or up to about 0.2 wt. %. In some embodiments,
Zr is included in the alloy in an amount of 0.04 - 0.18 wt. %. Scandium (Sc) and hafnium
(Hf) may be included in the alloy as a substitute (in whole or in part) for Zr, and thus may be
included in the alloy in the same or similar amounts as Zr. Manganese (Mn) may be included
in the alloy in addition to or as a substitute (in whole or in part) for Zr. When Mn is included
in the alloy, it may be included in an amount of up to about 1.0 wt. %, or up to about 0.6 wt.
%, or up to about 0.4 wt. %, or up to about 0.2 wt. %. In some embodiments, Mn is included
in the alloy in an amount of 0.05 wt. % to about 0.4 wt. % or 1.0 wt. %. Like Mn, chromium
(Cr) may be included in the alloy in addition to or as a substitute (in whole or in part) for Zr.
When Cr is included in the alloy, it may be included in an amount of up to about 0.3 wt. %,
or up to about 0.2 wt. %, or up to about 0.1 wt. %. In some embodiments, Cr is included in
the alloy in an amount of 0.01 wt. % to about 0.1 wt. % or 0.2 wt. %.

[0064] Incidental elements are those elements or materials that may optionally be
added to the alloy to assist in the production of the alloy. Examples of incidental elements

include casting aids, such as grain refiners and deoxidizers.
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[0065] Grain refiners are inoculants or nuclei to seed new grains during solidification
of the alloy. An example of a grain refiner is a 3/8 inch rod comprising 96% aluminum, 3%
titanium (Ti) and 1% boron (B), where virtually all boron is present as finely dispersed TiB,
particles. During casting, the grain refining rod is fed in-line into the molten alloy flowing
into the casting pit at a controlled rate. The amount of grain refiner included in the alloy is
generally dependent on the type of material utilized for grain refining and the alloy
production process. Examples of grain refiners include Ti combined with B (e.g., TiB,) or
carbon (TiC), although other grain refiners may be utilized. When Ti is included in the alloy,
it is generally present in an amount of up to about 0.10 or 0.20 wt. % Ti. In some

embodiments, Ti is included in the alloy in an amount of 0.01 wt. % to about 0.10 wt. % or

- 0.20 wt. %.

[0066] Deoxidizers are materials added to the alloy during casting to reduce or restrict
cracking of the ingot (irrespective of whether actual “deoxidation” occurs). Examples of
deoxidizers includes Ca, Sr, and Be. The amount of deoxidizer included in the alloy is
generally dependent on the type of material utilized for deoxidizing and the alloy production
process. When calcium (Ca) is included in the alloy, it is generally present in an amount of
up to about 0.05 wt. %, or up to about 0.03 wt. %. In some embodiments, Ca is included in
the alloy in an amount of 0.001 - 0.03 wt% or 0.05 wt. %, such as 0.001-0.008 wt. % (or 10
to 80 ppm). Strontium (Sr) may be included in the alloy as a substitute for Ca (in whole or in
’part), and thus may be included in the alloy in the same or similar amounts as Ca.
Traditionally, beryllium (Be) additions have served as a deoxidizer/ingot cracking deterrent.
Though for environmental, health and safety reasons, some embodiments of the alloy are
substantially Be-free. When Be is included in the alloy, it is generally present in an amount
of up to about 0.03 wt. %.

[0067] Incidental elements may be present in minor amounts, or may be present in
significant amounts, and may add desirable or other characteristics on their own without
departing from the alloys described herein, so long as the alloy achieves the improved
combination of properties described herein. It is to be understood, however, that the scope of
this disclosure should not and cannot be avoided through the mere addition of an element or
elements in quantities that would not otherwise impact on the combinations of properties
- desired and attained herein.
[0068] Impurities are those materials that may be present in the alloy in minor

amounts due to, for example, the aluminum production process and/or leaching from contact
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with manufacturing equipment. Iron (Fe) and silicon (Si) are examples of impurities
generally present in aluminum alloys. The Fe content of the alloy should generally not
exceed about 0.25 wt. %. In some embodiments, the Fe content of the alloy is not greater
than about 0.15 wt. %, or not greater than about 0.10 wt. %, or not greater than about 0.08 wt.
%, or not greater than about 0.04 or 0.05 wt. %. Likewise, the Si content of the alloy should
generally not exceed about 0.25 wt. %, and is generally less than the Fe content. In some
| embodimehts, the Si content of the alloy is not greater than about 0.12 wt. %, or not greater
than about 0.10 wt. %, or not greater than about 0.06 wt. %, or not greater than about 0.02 or
0.03 wt. %.
[0069] In some embodiments, magnesium (Mg) is included in the alloy as an
impurity, but in other embodiments purposeful additions of Mg are present in the alloy.
When purposeful additions of Mg are included in the alloy, the alloy generally includes at
least about 0.1 wt. % Mg, and the upper limit of Mg may be any of 0.25 wt. %, or 0.40 wt. %,
~or 0.50 wt. %, or 0.8 wt. %, or 1.0 wt. %.
[0070] In some embodiments, zinc (Zn) is included in the alloy as an impurity, but in
other embodiments purposeful additions of Zn are present in the alloy. When purposeful
additions of Zn are included in the alloy, the alloy generally includes at least about 0.25 wt.
% Zn, and the upper limit of Zn may be any of 0.4 wt. %, 0.6 wt. %, 0.8 wt. %, and 1.0 wt.
%.
[0071] In some embodiments, silver (Ag) is included in the alloy as an impurity, but
in other embodiments purposeful additions of Ag are present in the alloy. When purposeful
additions of Ag are included in the alloy, the alloy generally includes at least about 0.05 wt.
% Ag, and the upper limit of Ag may be any of 0.3 wt. %, or 0.4 wt. %, or 0.5 wt. %, or 0.6
wt. %, or 0.7 wt. %, or 0.8 wt. %.
[0072] In some embodiments, the new alloy is a lithium containing alloy, such as, for
example, AA2199, AA2099, AA2090, AA2397, or AA2297. In other embodiments, the new
~ alloy is a lithium and silver containing alloy, such as, for example, AA2198, AA2098,
AA2195, and/or AA2196. In another embodiment, the new alloy is an 8xxx series alloy
comprising lithium, such as, for example AA8090, AA8091 or AA8(93.
[0073] Except where stated otherwise, the expression "up to" when referring to the
amount of an element means that that elemental composition is optional and includes a zero
amount of that particular compositional component. Unless stated otherwise, all

compositional percentages are in weight percent (wt. %).
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[0074] The new alloys of the instant disclosure generally achieve an improved
combination of properties. These properties may be attained, for instance, via the unique
processing conditions utilized to produce the new alloys. One embodiment of a method for
producing the new alloys is illustrated in FIG. 1A. In the illustrated embodiment, the method
(100) includes the steps of preparing a wrought aluminum alloy for artificial aging (110), and
artiﬁcially aging the wrought aluminum alloy (120). The preparing (110) and artificial aging
(120) steps may be conducted in any manner to produce the desired temper (e.g., any of, but
not limited to, T6, T62, T81, T83, T84, T851, T8510, T8511, T86, T87 and T89).

[0075] The preparing step (110) may include solution heat treating the alloy (112),
quenching the alloy (114), and optional cold deforming the alloy (116), to name a few. The
preparing step (110) may substantially include one or more natural aging steps (118), which
may occur before or after the optional cold deformation step (116).

[0076] The artificial aging step (120) is a multi-step artificial aging process, and at
least includes a step of aging the aluminum alloy at a temperature of at least 250°F (122), and
final aging the wrought aluminum alloy at a temperature of less than 250° such as in the
range of 150°F to 225°F, for at least 20 hours (124). In some embodiments, the minimum
final aging temperature is at least about 175°F.

[0077] The wrought aluminum alloy may be any wrought product, such as any of a
rolled product (sheet or plate), extrusion, or forging, for instance. In one embodiment, the
- wrought aluminum alloy is a sheet product. In one embodiment, the wrought aluminum alloy
is a plate product. In one embodiment, the wrought aluminum product is a forging. In one
embodiment, the wrought aluminum product is an extrusion.

[0078] The solution heat treatment step (112) may occur at a temperature (Tsyr) that
is sufficiently high to facilitate solution heat treatment, and for a duration that is sufficiently
long to produce a solution heat treated alloy. For some aluminum alloys the solution heat
treat temperature may be at least 800°F, and the duration may be at least 1 hour.

[0079] The quenching step (114) is generally completed after, or concomitant to, the
solution heat treatment step (112) and may be accomplished via any suitable apparatus or
process, such as immersion or spray quenching. In some embodiments, the quenching
medium may be, for example, an aqueous solution, such as water. In other embodiments, the
quenching medium is a solid medium, such as, for example, sand. In some embodiments, a

solution heat treated and quenched alloy is capable of precipitation hardening. In some
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embodiments, the quenched alloy is precipitation hardened during the aging process, such as,
for example, via the methods disclosed in U.S. Patent No. 3,645,804.

[0080] The optional cold deforming step (116) is generally completed after, or
concomitant to, the quenching step (114). The cold deforming may be accomplished, for
example, via stretching, compression or a combination thereof. The cold deforming step is
generally completed before, or concomitant to, the artificial aging step (120).

[0081] The artificial aging step (120) is generally a multi-step aging process
comprising at least (i) a step of aging at a first temperature T}, which is a temperature greater
than 250°F (122), and (ii) a final aging step (124), which occurs at a temperature T for a
duration of at least 10 or 20 hours, where T is a temperature in the range of 150°F to 225°F.
As illustrated below, the duration and temperature of this final aging step (124) at least
- partially assists in facilitating production of alloys having the improved properties described
herein. After the final aging step (124), the alloy may be cooled to room temperature (128).
The artificial aging step (120) may also optionally include any number of other aging steps
(126) conducted before or after the aging (122) step, and before the final aging step (124).
The aging steps are generally completed in series and concomitant to one another.

[0082] With respect to the step of aging at a first temperature T;, which is a
temperature greater than 250°F (122), the temperature and duration of this step are alloy
dependent, but are generally in the range of 270 to 310°F and 20 to 48 hours.

[0083] With respect to the final aging step (124), the final aging temperature Tk is
generally alloy dependent, but is generally in the range of 150°F to 225°F, or 176°F to 200°F.
}Correspondingly, the aging duration is alloy and temperature dependent. In one embodiment,
the duration of the final aging step (124) is not greater than 5,000 hours. In other
- embodiments, the duration of the final aging step (124) is not greater than 2,000 hours, or not
greater than 1,000 hours, or not greater than 500 hours, or even not greater than 150 hours or
100 hours.

[0084] Various embodiments of methods useful in producing alloys having improved
properties are illustrated in FIGS. 1B - 1F. Referring now to FIG. 1B, a two-step, stepped
aging process is illustrated. After the preparing step (110), the initial aging step is completed
by stepping up the temperature of the alloy from room temperature (RT) to T;, which is a
temperature of at least 250°F. The alloy is then held at T; for time t;. The duration of time t;
is alloy dependent, but generally is in the range of 20 to 48 hours in this embodiment. Next,

the aging temperature is stepped down to the final aging temperature Ty, which is a
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| ‘temperature in the range of 150 to 225 °F. The alloy is then held at Tr for time t;. The
duration of time t; is alloy dependent, but generally is in the range of 20-5000 hours in this
embodiment. The alloy is then allowed to cool to room temperature.
[0085] Referring now to FIG. 1C, a two-step, ramped-to-stepped aging process is
illustrated. After the preparing step (110), the initial aging step is completed by ramping up
the temperature of the alloy from room temperature to T;, which is a temperature of at least
250°F. The alloy is then held at T; for time t;. The duration of time t; is alloy dependent, but
generally is in the range of 20 to 48 hours in this embodiment. Next, the aging temperature is
stepped down to the final aging temperature Tr, which is a temperature in the range of 150 to
225 °F. The alloy is then held at Ty for time t;. The duration of time t; is alloy dependent, but
generally is in the range of 20-5000 hours in this embodiment. The alloy is then allowed to
cool to room temperature. _
[0086] Referring now to FIG. 1D, a two-step, ramped-to-ramped aging process is
illustrated. After the preparing step (110), the initial aging step is completed by ramping up
the temperature of the alloy from room temperature to T}, which is a temperature of at least
250°F. The alloy is then held at T; for time t;. The duration of time t, is alloy dependent, but
generally is in the range of 20 to 48 hours in this embodiment. Next, the aging temperature is
ramped down slowly through the range of the final aging temperature Ty, which is the range
of 150 to 225 °F. The alloy is then allowed to cool to room temperature.
[0087] Referring now to FIG. 1E, a continuous ramped aging process is illustrated.
After the preparing step (110), the initial aging step is completed by slowly ramping up the
temperature of the alloy from room temperature to T;, which is a temperature of at least
250°F. Next, the aging temperature is ramped down slowly through the range of the final
aging temperature Tr, which is the range of 150 to 225 °F.
| [0088] Referring now to FIG. 1F, a three-step, stepped aging process is illustrated.
After the preparing step (110), the initial aging step is completed by stepping up the
temperature of the alloy from room temperature to T;, which is a temperature below 250°F.
The alloy is then held at T; for time t;. The duration of time t, is alloy dependent, but
generally is in the range of 5 to 24 hours in this embodiment. Next, the alloy is stepped up to
temperature T, which is a temperature of at least 250°F and is greater than temperature T;.
The alloy is then held at T, for time t,. The duration of time f; is alloy dependent, but
generally is in the range of 20 to 48 hours in this embodiment. Next, the aging temperature is

stepped down to the final aging temperature Tr, which is a temperature in the range of 150 to
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225 °F. The alloy is then held at Tr for time tz. The duration of time t¢ is alloy dependent, but
generally is in the range of 20 to 5000 hours in this embodiment. The alloy is then allowed to
" cool to room temperature. v
[0089] Variations of the above-described methods may be employed to produce the
new alloys disclosed herein. For example, in some embodiments, combinations of stepped,
ramped, and/or continuous ramped may be employed to produce alloys having the strength
and fatigue crack growth resistant properties described herein.
[0090] In one embodiment, at least one of the aging steps is isothermal. In this
embodiment, the temperature of the system stays essentially constant during that aging step
(e.g., the final aging step).
[0091] In one embodiment, at least one of the aging steps has a temperature range
within which aging occurs is defined by an Arrhenius equation (e.g., the final aging step). As
described above an “Arrhenius equation” or “Arrhenius relationship” is a mathematical
description of a given property which changes as a function of temperature due to the
property being based on a thermally activated process. An Arrhenius equation can be derived
for any given alloy if a few time and temperature points are known. For example, FIG. 3
demonstrates several Arrhenius relationships defined by the equations In (natural log) (time)
=x (1/T) - y; where: |

| “ a. (time) is cumulative time of final aging;

b. Inis a natural logarithm; |

c. T is the temperature at a given cumulative time of final aging;

d. x is a constant; and

- e. yisaconstant.

[0092] In another embodiment, the time needed to achieve the final aging results of
the instant invention is inversely proportional to the temperature of the final aging step.
[0093] As described above, the new alloys realize an improved combination of
properties. In one embodiment, the improved properties include an improvement in strength
with at least equal fatigue crack growth performance. In some embodiments, the improved
properties include an improvement in both strength and fatigue crack growth performance. In
other embodiments, the improved properties include an improvement in fatigue crack growth
performance with at least equal strength.
[0094] In one approach, the first wrought aluminum alloy may realize (1) at least a

3% or 6% increase in tensile yield strength as compared to a similar wrought aluminum alloy;
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and (2) at least equal fatigue crack growth resistance as compared to the similar wrought
alloy. In some embodiments, the increase in strength is at least 8%, or at least 10%, or even
at least 12%, with at least equal fatigue crack growth performance.

[0095] In some embodiments, the wrought aluminum alloy is a first plate product, and
the crack growth rate (da/dN) of the first plate product is at least 5% lower than the similar
plate product at equivalent AK. In one embodiment, da/dN of the first plate product is at least
15% lower than the similar plate product at equivalent AK. In one embodiment, da/dN of the
first plate product is at least 25% lower than the similar plate product at equivalent AK. In
one embodiment, da/dN of the first plate product is at least 50% lower than the similar plate
product at equivalent AK. In one embodiment, the first plate product realizes at least a 1%
increase in spectrum flights between a half crack length of 25mm (0.98 inch) and 65mm
(2.56 inches) as compared to the similar plate product. In one embodiment, the first plate
product realizes at least a 5% increase in spectrum flights over this half crack length as
compared to the similar plate product. In one embodiment, the first plate product realizes at
least a 10% increase in spectrum flights over this half crack length as compared to the similar
plate product. In one embodiment, the first plate product realizes at least a 25% increase in
spectrum flights over this half crack length as compared to the similar plate product. In one
embodiment, the first plate product realizes at least a 50% increase in spectrum flights over
this half crack length as compared to the similar plate product.

[0096] In other embodiments, the wrought aluminum alloy is a first sheet product,
and the CAFCGR is at least equal L-T CAFCGR or T-L. CAFCGR as compared to the similar
sheet product, and generally when the CAFCGR is measured at a AK in the range of 10 — 45
| MPaVm. In one embodiment, the AK is at least 25 MPaVm, and/or in the range of 25 - 45
MPavm.

[0097] Improved strength and/or fatigue crack growth performance may also be
realized with other wrought products, such as extrusions or forgings.

Example 1 - Prior art 2xxx alloys (with and without Li) produced using conventional

(standard) aging process - spectrum fatigue crack growth performance

[0098] AA2x24-T3 plate is tempered by cold deformation and natural aging and
AA2199-T8 is tempered by cold deformation and artificially aged using a conventional multi-
step aging process to obtain various strengths. The yield strength of the alloys is measured in
accordance with ASTM B557-06, and the spectrum fatigue crack growth performance of

each alloy is measured in accordance with aircraft manufacturer specifications. As illustrated
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in FIG. 3, with increasing yield strength the alloys realize lower spectrum fatigue crack
growth resistance.
Example 2 - 2xxx + Li alloys produced using new multi-step aging processes - spectrum

fatigue crack growth performance
[0099] AA2199 is produced and rolled into plate. Seven samples of the AA2199

plate are subjected to a conventional multi-step aging practice. One sample is not further
| aged and is used as a control sample. The remaining six samples are subjected to a final
aging step at various time and temperatures. The strength of each of the seven samples is
measured in accordance with ASTM B557-06. The spectrum fatigue crack growth resistance
of the seven samples is measured in accordance with an aircraft manufacture specification.
From each of the seven samples, a center-cracked M(T) specimen in the L-T orientation
having a width of 200 mm (7.87 in.) and thickness of 12 mm (0.47 in.) was machined along
with a lorigitudinal tensile specimen having a diameter of 12.7 mm (0.5 in.). Prior to the
application of the spectrum to the M(T) specimens, the specimens are fatigue pre-cracked
under constant amplitude loading condition to a half crack length (a) of about 20 mm.
Collection of crack growth data under spectrum loading starts at a half crack length of 25 mm
to reduce the influence of transient effects resulting from the change from constant amplitude
to spectrum loading conditions. The spectrum crack growth data is collected over the crack
length interval of 25-65 mm, and crack length vs. number of simulated flights and number of
~ flights to reach 65 mm are obtained. The test frequency is about 10 Hz, and the tests are
performed in a moist air environment having a relative humidity of greater than 90%. The
0.2% offset tensile yield strength for each aging condition is measured in accordance with
ASTM B557-O6 using round specimens having a diameter of 0.50 inch.

[00100] As illustrated in FIG. 4, the alloys with the additional final aging step realize
improved strength with at least equal spectrum fatigue crack growth resistance. In particular,
the alloys with the additional final aging step realize improved spectrum fatigue crack growth
performance when the final aging temperaturé is in the range of 176°F to 200°F, and the final
aging duration is in the range of 125 - 1000 hours.

Example 3 - 2xxx + Li alloys produced using a new multi-step aging process - spectrum

fatigue crack growth performance
[00101] AA2199 is produced and rolled into plate. Five samples of the AA2199 plate

are aged to various strengths using conventional multi-step aging practices. From each of

these samples, a portion of the alloy is removed and subjected to a final aging step of 176° F
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for a duration of 500 hours. The strength of each of the five sample pairs is measured in
accordance with ASTM B557-06. From each sample, two center-cracked M(T) specimens in
the L-T orientation and two longitudinal tensile specimens are machined having the same
dimensions as in Example 2. Spectrum fatigue crack growth resistance is measured utilizing
a Mini-TWIST Spectrum, truncated at Level III, with mean flight stress of 67.6 MPa (9.8
ksi). With the exception of the spectrum used, the details of the test procedures and analysis
are the same as those used in Example 2.

[00102] As illustrated in FIG. 5, the five conventionally aged samples (open diamonds)
realize decreasing spectrum fatigue crack growth resistance with increasing strength.
However, the alloys with the additional final aging step the multi-step aged alloys (filled
squares) realize both increased strength and spectrum fatigue crack growth resistance relative
to their conventionally aged counterparts.

- Example 4 - 2xxx + Li alloys produced using new multi-step aging processes - spectrum

fatigue crack growth performance
[00103] AA2199 is produced and rolled into plate. Four samples of the AA2199 plate

are aged using a conventional multi-step aging practice. One sample is not further aged and

is used as a control sample. The remaining three samples are subjected to a final aging of
200° F for 50 hours, 176°F for 500 hours, and 225°F for 25 hours, respectively. The strength
of each of the four samples is measured in accordance with ASTM B557-06. From each
sample, two center-cracked M(T) specimens in the L-T orientation and two longitudinal
tensile specimens are machined having the same dimensions as in Example 2. Spectrum
fatigue crack growth resistance is measured utilizing a Mini-TWIST Spectrum, truncated at
Level III, with mean flight stress of 67.6 MPa (9.8 ksi). With the exception of the spectrum
used, the details of the test procedures and analysis are the same as those used in Example 2.

[00104] As illustrated in FIG. 6, the two multi-step aged alloys having final aging
temperatures of 176°F and 200°F and aging durations of 50 and 500 hours, respectively,
realize improved strength and spectrum fatigue crack growth performance relative to the
- conventionally aged alloy. However, the multi-step aged alloy having a final aging
temperature of 225°F and an aging duration of 25 hours does not realize an improvement;
instead this alloy realizes a decrease in spectrum fatigue crack growth performance with

increasing strength, similar to that of the prior art alloys described in Example 1.
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Example S - 2xxx + Li alloys produced using new multi-step aging processes - constant

amplitude fatigue crack growth performance
[00105] AA2199 is produced and rolled into plate. Four samples of the AA2199 plate

are aged using a conventional multi-step aging practice. One sample is not further aged and
is used as a control sample. The remaining three samples are subjected to a final aging of
200° F for 50 hours, 176°F for 500 hours, and 225°F for 25 hours, respectively. The strength
of each of the four samples is measured in accordance with ASTM B557-06. From each of
“the four samples, a center-cracked M(T) specimen in the L-T orientation and having a width
of 101.6mm (4 in.) and thickness of 6.34mm (0.25in.) is machined along with round tensile
specimen having a diameter of 12.7mm (0.50 in.). The constant amplitude fatigue crack
growth resistance of the specimens is measured in accordance with ASTM E647-08. The
minimum and maximum loads are kept constant at 61848 N (13904 Ibs ) and 6183 N(1390
Ibg) throughout the test corresponding to a stress ratio of 0.1. The tests are performed at a
frequency of 25 Hz in a moist air environment having a relative humidity of at least 90%.
The speciméns are fatigue pre-cracked to an initial crack length of 6mm prior to the test.
Crack length versus the number of load cycles is collected from a crack length of 6mm to
about 40mm. As illustrated in FIG. 7, the constant amplitude fatigue crack growth resistance
increases for all the alloys with the additional final aging step..

[00106] The test data were further analyzed in accordance with ASTM E647-08 to
obtain the fatigue crack growth rate (da/dN) as a function of the stress intensity factor range
(AK). As illustrated in FIG. 8, the alloys with the additional final aging step realize improved
crack growth rate at low to intermediate AK values (approximately 12-28 MPavm). These
improvements in fatigue crack growth resistance are realized even though the alloys also
realize a marked strength improvement.

- Example 6: 2xxx+Lit+Ag alloys produced using a new multi-step aging process -

spectrum fatigue crack growth performance

[00107] An aluminum-lithium plate having a composition similar to that of Alloy 10
from Table 2, above, is produced and rolled into plate. A sample of the plate is aged using a
conventional multi-step aging practice. A portion of the sample is then removed and aged at
200°F for 500 hours. The strength of each of the alloys is measured in accordance with
ASTM B557-06. From each aging practice, a center-cracked M(T) specimen in the L-T
orientation and two longitudinal tensile are machined having the same dimensions as in

Example 2. Spectrum fatigue crack growth resistance is measured utilizing a Mini-TWIST
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Spectrum, truncated at Level III, with mean flight stress = 67.6 MPa (9.8 ksi). With the
exception of the spectrum used, the details of the test procedures and analysis are the same as
those used in Example 2. As illustrated in FIG. 9, the alloy with the additional final aging
step realizes both increased spectrum fatigue crack growth resistance and tensile yield
strength.

Example 7 - 2xxx + Li alloys produced using new multi-step aging processes - constant

amplitude fatigue crack growth performance - sheet
[00108] AA2199 sheet is produced and rolled to sheet. The alloy is then aged using a

conventional single-step aging practice. Two center-cracked M(T) specimens in the L-T
- orientation and two in the T-L orientation are machined from the sheet, each specimen having
a width of 400 mm (15.7 inches). The sheet thickness and specimen thickness are 4 mm
(0.157 inch). Four longitudinal and four long transverse tensile specimens are machined
'having the dimensions 4 mm (0.157 inch) thick and 12.7 mm (0.5 inch) wide. One M(T)
specimen from each orientation and two tensile specimens of each orientation is subjected to
a final aging step of 225°F for 40 hours.

[00109] The tensile properties of the sheet are measured in accordance with ASTM
B557-06. The constant amplitude fatigue crack growth resistance is measured in accordance
with ASTM E647-08. The fatigue crack growth testing is performed at a stress ratio R=0.1
and the tests are run in lab air with a relative humidity of at least 20%. The testing is
designed to simulate a constant load amplitude test with a maximum load of 120 MPa, R=0.1,
and an initial crack length of 2a=4 mm. The testing uses a specimen compliance technique to
measure crack length. A displacement gauge is used for compliance measurement. To
overcome issues associated with accuracy at very short crack lengths, the tests are run with a
controlled K gradient that utilizes a longer initial crack length. The initial crack length used
is 2a=36 mm, the specimen width is 400 mm, and a K gradient control is used to control the
rate of change in AK to match that achieved by a constant load amplitude test. The test
frequency used is 8 Hz at the start of the test, and it is decreased to 4 Hz during the test.
[00110] As illustrated in FIG. 10 and FIG. 11, the alloy with the additional final aging
step realizes increased strength in both the L and LT directions while also realizing at least
equivalent L-T and T-L constant amplitude fatigue crack growth rate (da/dN) as a function of
AK relative to the single-step aged alloy. In particular, the fatigue crack growth rate (da/dN)

for the multi-step aged alloys is about the same as the single-step aged alloys for AK values
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in the range of 10 to 45 MPaVm. The magnitude of the strength increase is 9.4% for the L
direction and 12.5% for the LT direction based on the average of duplicate tests.
Example 8 - Microstructure of 2xxx + Li alloys produced using new multi-step aging

processes
[00111] AA2199, a conventional Al-Li alloy, is solution heat treated, quench, cold

deformed, and artificially aged using both (i) a conventional two-step aging practice, the first
step being 8 hours at about 225°F, and the final step being 28 hours at about 290°F, and (ii) an
embodiment of the new aging practice disclose herein, the first step being 8 hours at about
225°F, the second step being 28 hours at about 290°F, and the final step being 2000 hours at
176°F. , '
[00112] Both alloys are scanned using a Transmission Electron Microscope (TEM)
with in-situ observation and Differential Scanning Calorimeter (DSC). The results of TEM
and DSC measurements are illustrated in FIGS. 12a-12b (conventional alloy), 13a-13b (new
alloy). The DSC results are illustrated in FIG. 14. DSC traces were plotted by fixing zero
heat flow rate at 122°F and 914°F.
[00113] Some microstructural changes were observed at high magnifications (over
| 50,000X) in the TEM as a result of the new aging process disclosed herein. As illustrated in
FIGS. 12a-12b and 13a-13b, the &’ phase is imaged in dark field conditions. Normally, as
illustrated in FIGS. 12a-12b, the & phase is spherical with some coating of the ®’
precipitates and AlsZr dispersoids. As illustrated in FIGS. 13a-13b, the 6’» phase coarsens
both on the surface of @ plate-like precipitates and the Al;Zr dispersoids. In addition the
spherical &’ precipitates also appear to coarsen. Thus, the final aging disclosed herein
appears to realize a new microstructure that may contribute to the alloy realizing increased
'sfrength while at least maintaining fatigue crack growth resistance. |
[00114] FIG. 14 illustrates the DSC samples of the above alloys. “Baseline” is the
conventionally processed AA2199, and “Improved Spectrum” is the AA2199 processed in
accordance with the new aging practice disclosed above. As illustrated in FIG. 14, the
‘endothermic reaction due to the dissolution of & is larger for the sample with the additional
lower temperature aging step. There is a higher volume fraction of & for the newly
processed alloy relative to the conventional alloy. The coarsening reactions of 8’ may be
responsible for provide an increase in strength without impairing fatigue performance. Other
changes to the precipitation reactions at grain boundaries could be present but these were not

examined in this example in detail.
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[00115] While a number of embodiments of the present disclosure have been described
in detail, these are illustrative embodiments only, and not restrictive, and that many
modifications and /or alternative embodiments may become apparent to those of ordinary
skill in the art. Furthermore, the appended claims are intended to cover all such ordinary

modifications and embodiments that come within the spirit and scope of the present

disclosure.
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CLAIMS

What is claimed is:

1. A method comprising:
(i) preparing a first aluminum alloy for artificial aging, the preparing comprising:
a. solution heat treating a first aluminum alloy comprising at least 0.1 wt. %
Li at a temperature of at least about 800°F; and
b. quenching the first aluminum alloy; and
(ii) artificially aging the first aluminum alloy, the artificial aging comprising:
c. aging the first aluminum alloy at a temperature of at least about 250°F; and
d. final aging the first aluminum alloy at a temperature of not greater than
about 225°F and for at least about 20 hours;
wherein the first aluminum alloy realizes:
¢} at least about a 6% increase in tensile yield strength as compared to a similar
aluminum alloy; and
2) at least equal fatigue crack gfowth résistance as compared to the similar alloy;
wherein the similar aluminum alloy is of identical composition relative to the first aluminum
alloy; | |
wherein thé similar aluminum alloy and the first aluminum alloy are prepared identically for
artificial aging; and
wherein the similar aluminum alloy is artificially aged in the same manner as the first
aluminum alloy, but in the absence of the ﬁna1 aging step (d).
2. The method of claim 1, wherein the artificially aging step (ii) comprises:
second aging the first aluminum alloy at a temperature in the range of from abouf
250°F to about 330°F, wherein the second aging occurs after the aging step (ii)(c) and before
the final aging step (ii)(d).
3. The method of any of the preceding claims, wherein the final aging step (ii)(d) is
completed at a temperature that is lower than any previous artificial aging step.
4, The method of any of the preceding claims, wherein the final aging step (ii)(d) occurs
at a temperature of at least about 150°F and for at least about 20 hours. '
5.> The method of claim 4, wherein the duration of the final aging step (ii)(d) is not
greater than about 2,000 hours.
6. The method of claim 5, wherein the duration of the final aging step (ii)(d) is not
greater than about 1,000 hours.
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7. The method of claim 5, wherein the duration of the final aging step (ii)(d) is not
greater than about 500 hours.
8. The method of claim 5, wherein the duration of the final aging step (ii)(d) is not
greater than about 150 hours.
9. The method of any of the preceding claims, wherein the first aluminum alloy is a first
wrought aluminum alloy comprising lithium in the range of from about 0.5 wt. % to about 2.7
wt. %.
10.  The method of claim 9, wherein the first wrought aluminum alloy comprises silver in
the range of from about 0.1 wt. % to about 0.7 wt. %.
11.  The method of any of the preceding claims, wherein the first aluminum alloy is a first
plate product, wherein the similar aluminum alloy is a similar plate product, wherein the
fatigue crack growth resistance is constant amplitude fatigue crack growth resistance
(CAFCGR), and wherein the first plate product exhibits:

(1) at least about a 6% increase in tensile yield strength as compared to the similar
plate product; and

(2) at least equal CAFCGR as compared to the similar plate product, wherein the
CAFCGR is measured at a AK in the range of from about 11 MPaVm to about 30 MPavm.
12.  The method of claim 11, wherein the AK is not greater than about 25 MPavm.
13.  The method of claim 12, wherein the first plate product has a crack growth rate
(da/dN) that is at least about 5% lower than the similar plate product at an equivalent AK.
14.  The method of any of the preceding claims, wherein the first aluminum alloy is a first
plate product, wherein the similar aluminum alloy is a similar plate product, wherein the final
aging step (ii)(d) occurs at a temperature less than about 225°F, wherein the fatigue crack
growth is spectrum fatigue crack growth resistance (SFCGR), and wherein the first plate
product exhibits:

(1) at least about a 6% increase in tensile yield strength when compared to a similar
plate product; and

(2) at least equal SFCGR when compared to the similar plate product.
15.  The method of claim 14, wherein the first plate product realizes at least about a 1%
increase in spectrum flights between a half crack length of 25mm (0.98 inch) and 65mm
(2.56 inches) as compared to the similar plate product.
16.  The method of any of claims 1-10, wherein the first aluminum alloy is a first sheet

product, wherein the similar aluminum alloy is a similar sheet product, wherein the fatigue
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crack growth is constant amplitude fatigue crack growth resistance (CAFCGR), and wherein
~ the first sheet product exhibits: |

(1) at least about a 6% increase in tensile yield strength as compared to the similar
sheet product; and

(2) at least one of: _

(A) at least equal L-T CAF CGR as compared to the similar sheet product and
- at a AK in the range of from about 10 MPavVm to about 45 MPaVm; and
(B) at least equal T-L. CAFCGR as compared to the similar sheet product and

at a AK in the range of from about 10 to about 45 MPavVm.
17. The method of claim 16, wherein the AX is at least about 25 MPavm.
18. A first rolled aluminum alloy product comprising at least 0.1 wt. % Li, wherein the
first rolled aluminum alloy product is solution heat treated, quenched and artificially aged,
and wherein the first rolled product realizes (1) at least about a 6% increase in tensile yield
strength as compared to a similar rolled aluminum alloy product; and (2) at least equal fatigue
crack growth resistance as compared to the similar rolled aluminum alloy product, wherein
the similar rolled aluminum alloy products is solution heat treated, quenched and artificially
aged identically to the first rolled aluminum alloy, except that the similar rolled aluminum
alloy is finally aged either (i) at a temperature of greater than about 225°F or (ii) at a
temperature of not greater than about 225°F but for less than 20 hours.
19. - The rolled aluminum alloy product of claim 18, wherein the first rolled product is
produced from AA2199.
.20 The rolled aluminum alloy product of claim 19, wherein the first rolled product is a

plate product.
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