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ABSTRACT

A high strength, high formability and low cost 2xxx aluminum-lithium alloy is disclosed.
The aluminum-lithium alloy is capable of being formed into wrought products with a thickness
of from about 0.01” to about 0.249”. Aluminum-lithium alloys of the invention gencrally
comprise from about 3.5 to 4.5 wt. % Cu, 0.8 to 1.6 wt. % Li, 0.6 to 1.5 wt. %Mg, from 0.03 to
0.6 wt.% of at least one grain structure control element selected from the group consisting of Zr,
Sc, Cr, V, Hf, and other rare earth elements, and up to 1.0 wt. % Zn, up to 1.0 wt. % Mn, up to
0.12 wt. % Si, up to 0.15 wt. % Fe, up to 0.15 wt. % Ti, up to 0.05 wt. % of any other element,
with the total of these other elements not exceeding 0.15 wt. %, and the balance being aluminum,

Ag should not be more than 0.5 wt.% and 1s preferably not intentionally added. Mg 1s at least

equal or higher than Zn in weight percent in the invented alloy. Further provided are methods for

manufacturing wrought products including the aluminum-lithium alloys of the present invention.
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HIGH STRENGTH, HIGH FORMABILITY, AND LOW COST

ALUMINUM-LITHIUM ALLOYS

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001] This present invention generally relates to Aluminum-Copper-Lithium-Magnesium based

alloy products.

2. Description of Related Art

[0002] In order to aggressively reduce aircraft weight for better fuel efficiency, low density
aluminum-lithium alloys are being assertively pursued by airframe manufacturers and aluminum

material manufacturers.

[0003] When it comes to sheet products used in aircraft applications, aircraft designers generally

use either “medium strength — high damage tolerance™ alloys like AA2024 alloy and 1ts recent
derivatives like 2524 (see for example US Patent No 5,213,639), or “high strength — medium
damage tolerance” alloys like AA7075 alloy.

[0004] For both types of alloys (i.e. AA2024 type alloys or AA7075 type alloys), there are
additional requirements to be fulfilled in order to be used by the aircraft industry. For 1nstance,

better formability is required in order to produce the complex parts needed on an aircraft and a

better corrosion resistance than incumbent alloys is desired for lower aircraft maintenance and

operation cost.

[0005] If there has been a considerable amount of works related to low density, Al-L1 based

alloys alternatives to AA2024 type alloys (1.c. medium strength — high damage tolerance),
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limited Al-Li based product has been developed to provide aircraft designers with better
alternatives than currently used high strength 7075 sheet.

[0006] The strength of Al-Li sheet is critical for aerospace applications. The higher strength
allows less total weight component design for better fucl efficiency. As a reference, the yicld
strength of commonly used 7075-T6 aluminum alloy at about 0.05” thickness sheet 1s 68ksi
based on “Aluminum Standards and Data 2013 published by The Aluminum Association. Most
of the current Al-Li sheet alloys have very low strength compared with 7xxx sheet.

[0007] 1t is also well known that it is an extreme metallurgical and technical challenge to
produce aluminum-lithium (Al-Li) product, especially very thin sheet products, in which the
material strength, formability, fracture toughness, fatigue resistance, and corrosion resistance are
required simultaneously.

[0008] Metallurgically, the desired microstructure and texture, which strongly affect the final
product properties, are much more difficult to control for sheet, especially thin sheet, Al-Li
products. The microstructure and texturc are strongly affected by chemical composition of the
alloy and most of the manufacturing steps, i.e. homogenization, hot and cold rolling, annealing,
solution heat treatment, and stretching. Al-Li sheet, especially thin sheet, 1s much more difficult
to manufacture than conventional alloy: thin Al-Li sheets are more sensitive to rolling cracking,

surface oxidation, and distortion. Due to these limitations, there is a small processing window

that can be used to optimize the desired microstructure and texture. Therefore, this 1s a
significant challenge to design an aluminum-lithium sheet alloy which achieves the desired

combination of properties (strength, formability, cost, with good damage tolerance and corrosion

resistance). These fabrication technical challenges restrict a lot the production of high strength

thin sheet Al-Li product.
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[0009] As a consequence, there is only one Al-Li alloy, ie. AA2090, registered for sheet
products with a thickness less than 0.063”, and only one additional alloy, 1.c. AA2198, registered
for sheet products with a thickness less than 0.125”, and only two additional alloys, 1.e. AA2195
and AA2199, registered for sheet/plate products with a thickness less than 0.57, based on the
most recently (2011) published “Registration Record Series — Tempers for Aluminum and
Aluminum Alloys Production” by The Aluminum Association.

(0010] These metallurgical and technical challenges for producing high strength thin sheet
products are also reflected in the patents and patent applications. In fact, a significant amount of
patents or patent applications are mostly related to plate products (>0.5”), but only a few to sheet
products.

10011] The cost of Al-Li alloy product is another concern. Silver (Ag) element 15 added to many
new generation Al-Li alloys in order to improve the final product properties, adding significant
alloy costs. Among those four registered Al-Li alloys sheet products mentioned previously, two
of them (AA2198 and AA2195) are Ag containing alloys.

[0012] US Patent 7,744,704 discloses an aluminum-lithium alloy for aircraft fuselage sheet or
light-gauge plate applications. This patent is the basis for the registered AA2198 Al-L1 sheet
alloy. This alloy comprises 0.1 to 0.8 wt. %Ag, so 1t 1s not considered to be a low cost alloy.
Furthermore it has a relatively low strength compared to 7075 T6 shects.

[0013] US Patent 7,438,772 discloses an aluminum-copper-magnesium alloy having ancillary

additions of lithium. This patent is the basis for registered AA2060 Al-Li alloy. The claimed

level for lithium is only from 0.01 to 0.8 wt.%; because of this limited addition of lithium, this 1s

not considered to be really a “low-density” alloy.
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(0014] US Patent 8,118,950 discloses improved aluminum-copper-lithium alloys. This patent 1s
the basis for registered AA2055 Al-Li alloy. This alloy comprises 0.3 to 0.7 wt. %Ag, so 1t 1S not
considered to be a low cost alloy. As provided in the patent, the alloy is used for high-strength
extrusions.

[0015] US Patent 7,229,509 discloses an alloy with a broad chemical composition range, and
including 0.2 to 0.8 wt. % Ag, so it is not considered to be a low-cost alloy. This patent 1s the
basis for registered AA2050 Al-Li plate alloy. As described in the paper of “Alumimum-Copper-
Lithium Alloy 2050 Developed for Medium to Thick Plate [Lequeu 2010]7, AA2050 1s designed
for Al-Li plate products from 12.7mm (0.5”) to 127mm (5°). Similar to patent US7229509,
patent application of “US20110209801 A2” includes 0.15 to 0.35 wt. % Ag. In addition, this
application specifically claims that the alloy is suitable for plate in thickness range of 30mm
(1.2”) to 100mm (3.97).

[0016] Other patent applications that includes Ag and are also used for thick plates are “US
2009/0142222 A1” and “US 2013/0302206".

(0017] Patent US5032359 discloses an alloy including 0.05 to 1.2 wt. % Ag, so it 1S not
considered to be a low-cost alloy. The main advantage of this alloy is to have high strength,

ductility, excellent weldability, and natural aging response.
[0018] Patent application of “US 2014/0050936 A1” discloses an Al-L1 alloy product containing

3.00 to 3.80 wt.% Cu, 0.05 to 0.35wt.% Mg, and 0.975 to 1.385 wt. % Li. This 18 basically an Al-
Li version of “high damage tolerance — medium strength” application alloy, with strength not

matching the AA7075 performance.

[0019] In general, the current related prior art teaches that (1) there is a strong need for high

strength, low density, high formability, low cost, together with good damage tolerance and
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corrosion properties, Al-Li alloys capable of producing thin sheet products; (2) 1t 1s an extreme
metallurgical and technical challenge to produce such products; (3) the very expensive Ag 18

often added for better metallurgical quality, but this addition significantly increases the Al-Li

product cost.

BRIEF SUMMARY OF THE INVENTION

[0020] The present invention provides a high strength, high formability and low cost aluminum-
lithium alloy, suitable for use in making transportation components, such as acrospace structural
components. The aluminum-lithium alloy of the present invention comprises from about 3.5 to
4.5 wt. % Cu, 0.8 to 1.6 wt. % Li, 0.6 to 1.5 wt. % Mg, one or more grain structure control
elements selected from the group consisting Zr, Sc, Cr, V, Hf, and other rare earth elements, and
up to 1.0 wt. % Zn, up to 1.0 wt. % Mn, up to 0.12 wt. % S1, up to 0.15 wt. % Fe, up to 0.15 wt.
% Ti, up to 0.15 wt. % of incidental element, with the total of these incidental elements not
exceeding 0.35 wt. %, the balance being aluminum. The level of Mg 1s at least equal or higher
than Zn in weight percent in the aluminum-lithium alloy. The amount of Ag 1s preferably less
than 0.5 wt.%.

[0021] Preferably, the aluminum-lithium alloy of the present invention is a sheet, extrusion or

forged wrought product having a thickness of 0.01-0.249 inch, more preferably 0.01-0.125 inch
thickness. It has been surprisingly discovered that the aluminum-lithium alloy of the present
invention having no Ag, or very low amounts of Ag, and high Mg content is capable of

producing 0.01 to 0.249 inch thickness sheet products with high strength, low density, low cost,

excellent formability, and good damage tolerance properties and corrosion resistance.
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[0022] Another aspect of the present invention 1s a method to manufacture aluminum-lithium

alloys of the present imnvention.

BRIEF DESCRIPTION OF THE DRAWINGS
[0023] The features and advantages of the present invention will become apparent from the
following detailed description of a preferred embodiment thereof, taken i conjunct ion with the
accompanying drawings, in which:
[0024] FIG. 1 is a graph showing Yield Strength vs Sheet Gauge for the aluminum-lithium alloy

of the present invention and registered alloys;

[0025] FIG. 2 provides pictures showing the surface cracking conditions of bended of Alloy A

T3 temper sheet, an aluminum-lithium alloy of the present invention;

[0026] FIG 3 is a graph showing the Forming Limit Curve (FLC) of T3 temper of Alloy A sheet,
an aluminum-lithium alloy of the present invention,

[0027] FIG. 4 is a graph showing the effective crack resistance KRegas a function of the
effective crack extension (Daeg) of Alloy A in T8 temper (an aluminum-lithium alloy of the
present invention), 2198 1n T8 temper, and 7075 alloy in T6 temper sheets,;

[0028] FIG. 5 is a graph showing da/dN as a function of stress intensity factor of Alloy A (an

aluminum-lithium alloy of the present invention) and 2198 T8 temper sheets i T-L and L-T

orientations;

[0029] FIG. 6 is a picture showing the typical surface appearances after 672 hours

MASTMASSIS testing exposure time for both Alloy A (an aluminum-lithium alloy of the

present invention) and 2198 alloy at T/2 location; and
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[0030] FIG. 7 shows a picture of the microstructure of the samples after 672 hours
MASTMASSIS testing exposure time for both Alloy A (an aluminum-hthium alloy of the
present invention) and 2198 alloy at T/2 location.

DETAILED DESCRIPTION OF THE INVENTION
10031] The present invention is directed to aluminum-lithium alloys, specifically -alummum-
copper—lithium-magnesium alloys. The aluminum-lithium alloy of the present invention
comprises from about 3.5 to about 4.5 wt. % Cu, about 0.8 to about 1.6 wt. % L1, about 0.6 to
about 1.5 wt. % Mg, from about 0.03 to about 0.6wt. % of at least one grain structure control
clement selected from the group consisting of Zr, Sc, Cr, V, Hf, and other rare carth elements,
and optionally up to about 1.0 wt. % Zn, optionally up to about 1.0 wt. % Mn, up to about 0.12
wt. % Si, up to about 0.15 wt. % Fe, up to about 0.15 wt. % Ti, up to about 0.15 wt. % incidental
elements . with the total of these incidental elements not exceeding 0.35 wt. %, the balance being
aluminum. The aluminum-lithium alloy of the present invention should not have more than about
0.5 wt.% Ag. Alternatively, it is preferred that Ag 1s not intentionally added in the aluminum-
lithium alloy. As such, the aluminum-lithium alloy may include alternate embodiments having
less than about 0.2 wt.% Ag, less than about 0.1 wt.% Ag, less than about 0.05 wt.% Ag, or less
than about 0.01 wt.% Ag. In a preferred embodiment, the aluminum-lithium alloy has a Mg

content that is at least equal to or higher than Zn in weight percent.

[0032] In an alternate embodiment, the aluminum-lithium alloy comprises about 3.6 to about 4.2
wt.% Cu, about 0.9 to about 1.5 wt.% Li, about 0.8 to about 1.2 wt.% Li, about at least 0.05 wt.
% of at least one grain structure control element selected from the group consisting of Zr, Sc, Cr,

V, Hf, and other rare earth clements, a maximum of about 0.05 wt.% Si, a maximum of about

0 08 wt % Fe. Such embodiment of the aluminum-lithium alloy would also have a Mg content
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that is at least equal to or higher than Zn in weight percent. Additionally, the aluminum-lithium
alloy may include less than about 0.2 wt.% Ag, less than about 0.1 wt.% Ag, less than about
0.05 wt.% Ag, or less than about 0.01 wt.% Ag. In a preferred embodiment, no Ag 1S
intentionally added to the aluminum-lithium alloy.

[0033] The aluminum-lithium alloy of the present invention can be used to produce wrought
products, preferably, having a thickness range of 0.01-0.249 inch, more preferably in the
thickness range of 0.01-0.125 inch. In addition to low density and low cost, the aluminum-
lithium alloys of the present invention are wrought products having high strength, excellent
formability, good damage tolerance and corrosion propertics.

[0034] Such products are suitable for the use in many structural applications, especially for
acrospace structural components such as frames, stringers, and fuselages. The aluminum-lithium
alloy of the present invention can be used in a number of manufacturing processes In the
fabrication of sheet metal components. Common methods are roll forming, stretch forming,
hammer drop forming, stamping, draw forming, and hydroforming. Example components that
can be made from these forming methods, but not limited to, are fuselage frames, fuselage
stringers, contoured fuselage skins, constant cross-section skins, electrical wire harnesses clips,
brackets for cable used in control systems, attachment points for interior components to primary
structures such as fuselage frames, shear ties for attaching fuselage frames to fuselage skins,
shear ties for attaching wing ribs to wing skins, wing ribs, clips to attach wing ribs to wing spars,
empennage skins, empennage ribs, nacelle skins, engine leading edge inlet skins, pressure

bulkhead skins, pylon skins, bracketry for attaching avionics to structural components, bracketry

for attaching passenger oxygen systems, avionics cnclosures, shelving for avionics components,

elcC.
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[0035] As demonstrated in FIG. 1, the aluminum-lithium alloy of the present invention has
uniquely high strength and low cost and also is capable of producing very thin sheet products

compared against other known aluminum-lithium alloys.
[0036] The compositional ranges of the main alloying elements (Copper, Lithjum, Magnesium)

of the aluminum-lithium alloys of the present invention are listed in Table 1:

Table 1

Copper, Lithium and Magnesium Compositional Ranges

el
0.8 | 1.6
3‘6 ) 4.2 0.9 ) 1.5

[0037] Copper is added to the aluminum-lithium alloy of the present invention in the range of

3.5 to 4.5 wt.%, mainly to enhance the strength and also to improve the combination of strength,
formability and fracture toughness. An excessive amount of Cu, particularly in the set range of
the aluminum-lithium alloy of the present invention, could result in unfavorable intermetallic
particles which can necgatively affect material properties such as ductility, formability, and
fracture toughness. The interaction of Cu with other elements such as Li and Mg also should be
considered. In one preferred embodiment Cu is in the range of 3.6 to 4.2 wt.%. It 1s understood

that within the range of 3.5 to 4.5 wt.% Cu, the upper or lower limit for the amount of Cu may be

selected from 3.5, 3.6,3.7,3.8,3.9,4.0,4.1,4.2,4.3, 4.4, and 4.5 wt.% Cu.
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[0038] Lithium is added to the aluminum-lithium alloy ot the present invention in the range of
0.8 to 1.6 wt.%. The primary benefit for adding Li element is to reduce density and Increase
elastic modulus. Combined with other elements such as Cu, Li is also critical to improve the
strength, damage tolerance and corrosion performance. A too high L1 content, however, can
negatively impact fracture toughness, anisotropy of tensile properties, and formability properties.
In one preferred embodiment, Li is in the range of 0.9 to 1.5 wt.%. It s understood that within
the range of 0.8 to 1.6 wt.% Li, the upper or lower limit for the amount of Li may be selected
from0.8,0.9,1.0,1.1,1.2,1.3,1.4,1.5,and 1.6 wt.% L1

[0039] Mg is added to the aluminum-lithium alloy of the present invention in the range of 0.6 to
1.5 wt.%. The primary purpose of adding Mg is to enhance the strength with the secondary
purpose of reducing density slightly. However, a too high amount of Mg can reduce L1 solubility
in the matrix, therefore significantly and negatively impacts the aging kinetic for higher strength.
In one preferred embodiment Mg is in the range of 0.8 to 1.2 wt.%. Itis understood that within
the range of 0.6 to 1.5 wt.% Mg, the upper or lower limit for the amount of Mg may be selected
from 0.6, 0.7, 0.8,0.9, 1.0, 1.1, 1.2, 1.3, 1.4 and 1.5 wt.% Mg.

[0040] The addition of low level of Zn in the aluminum-lithium alloy of the present mnvention

aims at improving the corrosion resistance. In one embodiment, the addition of Zn is optional
and can be up to 1.0 wt.%. It is understood that the upper limit for the amount of Zn may be

selected from 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0 wt. % Zn. In another embodiment,

the Mg/Zn ratio should be higher than 1.0.

10041] In one embodiment, Ag is not intentionally added in the aluminum-lithium alloy of the

present invention. Ag may exist in the alloy as a result of non-intentionally added element. In

this case, the Ag should not be more than 0.5 wt.%. The aluminum-lithium alloy may include

10
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alternate embodiments having less than 0.2 wt.% Ag, less than 0.1 wt.% Ag, or less than 0.05
wt.% Ag. Ag is believed to improve the final product properties and therefore 1is included 1n
many aluminum-lithium alloys as well as in many patents and patent applications. However, Ag
significantly incrcases the cost of the alloys. In the preferred embodiment of the aluminum-
lithium alloy of the present invention, Ag is not intentionally included in order to reduce the cost.
It is surprising to find that the aluminum-lithium alloy of the present invention, without the
addition of Ag for providing low cost, can be used to produce high strength, high formability,
excellent corrosion resistance, and good damage tolerance performance sheet products suitable
for structural applications particularly acrospace structural applications.

[0042] In one embodiment, Mn may be optionally included up to 1.0 wt.%. In one embodiment,
Mn level is at least 0.1 wt.%. It is understood that the upper or lower limit for the amount of Mn
may be selected from 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0 wt.% Mn. Mn may help
improve the grain structures for better mechanical anisotropy and formability.

[0043] Ti can be added up to 0.15 wt.%. The purpose of adding T1 1s mainly for grain refining.
It is understood that the upper limit for the amount of Ti may be selected from 0.01, 0.02, 0.05,
0.06, 0.07, 0.08, 0.09, 0.10, 0.11, 0.12, 0.13, 0.14 and 0.15 wt.% T1.

[0044] In addition to aluminum, copper, lithium, magnesium, optionally zinc, optionally
manganese, and titanium, the aluminum-lithium alloy ot the prescent invention can contain at
least one of the grain structure control elements selected from the group consisting of Zr, Sc, Cr,
V, Hf, and other rare earth clements in a total amount of up to 1.0 wt.%. In one embodiment,

such grain structure control element has to be at least 0.05 wt.%. It is understood that the upper

or lower limit for the total amount of grain structure control elements may be selected from 0.05,

0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8, 0.9, 1.0 wt.%.

11
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[0045] Si and Fe may be present in the aluminum-lithium alloy of the present invention as
impurities but are not intentionally added. When present their content must be up to about 0.12
wt.% for Si, and up to 0.15 wt. % for Fe. Si, preferably <0.05 wt.% Si. In one embodiment, the
aluminum-lithium alloy of the present invention includes a maximum content of about 0.05 wt.%
for Si, and 0.08 wt.% for Fe.

[0046] The aluminum-lithium alloy of the present invention may also include low level of
«incidental elements” that are not included intentionally. The “incidental elements” means any
other elements except above described Al, Cu, L1, Mg, Zn, Mn, Ag, Fe, Si, Ti, Zr, Sc, Cr, V, Ht

and other rare earth clements.

[0047] The high strength, low cost Al-L1 alloy of the present invention may be used to produce

wrought products. In one embodiment, the aluminum-lithium alloy of the present invention 18

capable of producing rolled products, preferably, a sheet or coil product in the thickness range ot
0.01-0.249 inch, more preferably in the range of 0.01-0.125 inch.

(0048] The rolled products may be manufactured using known processes such as casting,
homogenization, hot rolling, optionally cold rolling, solution heat treatment and quench,
optionally stretching and levelling, and ageing treatments. The ingot may be cast by traditional

direct chill (DC) casting method. The ingot may be homogenized at temperatures from 454 to

549°C (850 to 1020°F), preferably from 482 to 543°C (900 to 1010°F), and more preferably from
496 to 538°C (925 to 1000°F). The hot rolling temperature may be from 343 to 499°C (650 to
930°F), preferably from 357 to 482°C (675 to 900°F), and more preferably from 371 to 466°C
(700 to 870°F). The optional cold rolling may be needed particularly for the thinnest gauges. The
cold work reduction can be from 20% to 95%, preferably from 40% to 90%. The products may

be solution heat treated at temperature range from 454 to 543°C (850 to 1010°F), preferably from

12
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482 to 538°C (900 to 1000°F), and more preferably from 493 to 532°C (920 to 990°F). The
wrought products are cold water quenched to room temperature and may be optionally stretched
or cold worked up to 15%, preferably from 2 to 8%. The quenched product may be subjected to
any aging practices known by those skilled in the art including, but not limited to, one-step aging
practices that produce a final desirable temper, such as Ts temper, for better combimation of
strength, fracture toughness, and corrosion resistance which are highly desirable for aerospace

members. The aging temperature can be in the range of 121 to 205°C (250 to 400°F) preferably

from 135 to 193°C (275 to 380°F), and more preferably from 149 to 182°C (300 to 360°F) and
the aging time can be in the range of 2 to 60 hours, preferably from 10 to 48 hours.

[0049] Many acrospace parts, such as frames, need to be formed to the designed geometry for
final applications. Therefore, the formability is also a critical consideration along with static and
dynamic material properties. The formability 1s normally evaluated by simple bending test
method and/or more sophisticated Forming Limit Diagram (FLD) method. The formability of T3
temper sheet is primarily focused for aluminum-lithium alloy of the present invention. For high
strength 7xxx and 2xxx alloy sheet, the O temper 1s commonly provided from aluminum product

manufacturer (aluminum mill) to airframe manufacturer. The O temper sheet 18 processed 1n

different ways such as forming, solutionizing, cold water quenching, and aging. The T3 temper

sheet provided has a significant cost advantage since 1t eliminates the process of solutionizing

and cold water quenching process steps at the airframer.

[0050] Rolled products including the aluminum-lithium alloy of the present invention having a

maximum thickness of about 0.249” may exhibit in a solution heat-treated, quenched, stretched

and artificially aged condition a minimum longitudinal yicld strength of 68 ksi. Alternatively,

rolled products including the aluminum-lithium alloy of the present invention having a maximum

13
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thickness of about 0.249” may exhibit in a solution heat-treated, quenched, stretched and
artificially aged condition a minimum longitudinal yield strength ot 74 ksi. Furthermore, rolled
products including the aluminum-lithium alloy of the present invention having a maximum
thickness of about 0.249” may exhibit in a solution heat-treated, quenched, stretched and
artificially aged condition a minimum bending radius of 1.88%t in the longitudinal direction.
Additionally, rolled products including the aluminum-lithium alloy of the present invention
having a maximum thickness of about 0.249” may exhibit in a solution heat-treated, quenched,
stretched and artificially aged condition a minimum longitudinal yield strength of 68 ks1 or 74
ksi, and a minimum bending radius of 1.88*t in the longitudinal direction.

[0051] Rolled products including the aluminum-lithium alloy of the present invention having a
maximum thickness of about 0.125” may exhibit in a solution heat-treated, quenched, stretched
and artificially aged condition a minimum longitudinal yield strength of 68 ksi. Alternatively,
rolled products including the aluminum-lithium alloy of the present invention having a maximum
thickness of about 0.125” may exhibit in a solution heat-treated, quenched, stretched and
artificially aged condition a minimum longitudinal yield strength of 74 ksi. Furthermore, rolied
products including the aluminum-lithium alloy of the present invention having a maximum
thickness of about 0.125” may exhibit in a solution heat-treated, quenched, stretched and
artificially aged condition a minimum bending radius of 1.88*t in the longitudinal direction.
Additionally, rolled products including the alummum-lhthium alloy of the present invention
having a maximum thickness of about 0.125” may exhibit in a solution heat-treated, quenched,

stretched and artificially aged condition a minimum longitudinal yield strength of 68 ksi or 74

ksi, and a minimum bending radius of 1.88*t in the longitudinal direction.
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[0052] The following examples illustrate various aspects of the invention and are not intended to

limit the scope of the invention.

Example 1: Book Mold Ingot Based Product Study

[0053] Eleven book mold ingots with the approximate dimension of 1.25” x 67 x 12” were cast

and processed into 0.05” sheet products. Table 2 gives the chemical compositions of these 11

book mold ingots. Among these 11 chemistries, #5 is not in the range of the inventive chemical

composition due to very low Cu content. #6 to #11 ingots have about 0.3 wt.% Ag, therefore, are

not in the inventive chemical composition range.

Table 2

" ]
Sample| Invention Alloy Compositions, wt.%

5 S (o [wm 2o

712 [ | oo
.

Invention

Invention

Not Invention

Not Invention
Not Invention
Not Invention

Q0| N

Not invention
Not Invention

[0054] Book mold ingots were surfacc scalped, homogenized, hot rolled, cold rolled, solution
heat treated, quenched, stretched, and aged to final T8 temper 0.05” thickness sheets.

[0055] The ingots were homogenized at temperatures from 496 to 538°C (925 to 1000°F). The

hot rolling temperatures were in the range of 399 to 466°C (750 to 870°F). The ingots were hot
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rolled at multiple passes into 0.06 to 0.20” thickness sheets. Although the cold rolling 1s optional,
all the example book mold sheets were further cold rolled to 0.05” thickness. The cold rolled
sheets were solution heat treated at a temperature range from 493 to 532°C (920 to 990°F). The
sheets were cold water quenched to room tempcrature. Although the stretching or cold working
is optional, all the example sheets were stretched at about 2 to 6%. The stretched sheets were

apged to T8 temper in the temperature range of 166°C (330°F) for 24 hours. The formability of T3

temper sheets was evaluated, and tensile properties were evaluated for T8 temper sheets.
[0056] Table 3 gives the sheet tensile properties in the T8 (aged) temper. The 0.2% offset yield
strength (TYS) and ultimate tensile strength (UTS) along rolling direction (L) were measured

under ASTM B557 specification. The #5 chemistry, which is not within the inventive chemistry

range, has much lower strength due to low Cu content. Samples #6 to #11, which are the non-
invention, Ag-containing alloys, have high strengths, as expected. However it 1S surprising to see

that alloys #1 to #4, the inventive, non Ag-containing alloys, have also high strength, very close

to the Ag-containing alloys.

[0057] Table 3 includes the minimum required in industry AMS specifications for 7075 T62
sheets and 2024 T3 sheets. Invention alloys are at the level of 7075 T62, and much higher than
2024 T3 minimums.

[0058] Table 3 also includes the specific yield strength, i.e. strength divided by density: the

inventive alloys are much higher than 7075 T62 incumbent alloy.

16
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Table 3

T8 Temper Sheet Tensile Properties

Sample Invention alloy ' Janci ey
ID "L uTs, ksilL TYS, ksi| Density. |Specific L TYS,
Ibs/in"3 ksi / (Ib/in”3)
K " Invention 770 | 746 0.097 771
2 Invention 77.6 74.8 0.097 769
3 invention 80.7 78.9 0.097 816
4 Invention 77.5 747 0.098 760
5 Not Invention
0 Not Invention
I Not Invention
| 8 Not Invention
9 Not Invention
10 Not Invention
11 Not Invention

302413 Spocification (AMS4037) | 63.0 | 420 | 0.101 415
7075-T62 Specification (AMS4045) 78.0 69.0 0.102 676

[0059] The T3 temper sheet bending performance was also evaluated based on ASTM 290-09.

One end of the sheet specimen along with the bend support die was held together 1n a vise. A

force was applied on the other end of sheet to bend against the radius of a support die to 180°.

After bending, the surface of the specimen was examined to determine if there were cracks. The

bend ratio R/, i.e. support dic radius (R) to sheet thickness (t), is normally used to evaluate

bending performance. The lower the bend ratio indicates the better the bending performance.

[0060] Table 4 gives the bending performance of each alloy sheet. “Crack” in the table indicates

there were notable cracks after the bending test. As can be seen, the minimum bend ratio betfore

cracking is 1.6%t to 1.88*t, which is a very good performance: for example, on the widely used

2024 T3 sheets, the minimum bend ratio in the industry specification AMS 4037 1s 2.5*t. There

17
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is no noticeable difference between Ag-containing and the low cost non-Ag contamning inventive

alloys.

Table 4

Sample Bended sample surface cracking

invention alloy?
D 125t | 1.6t | 1.88t

1 Invention No Crack | NoCrack | No Crack
2 Invention No Crack | No Crack No Crack
3 Invention Crack No Crack | No Crack
4 Invention No C-rack No Crack | No Crack
o ~ —_—

5 Not [nvention No Crack | NoCrack | No Crack
I 6 Not Invention ) No Crack | No Crack | No Crack
I Not Invention Crack No Crack | No Crack
8 Not lnven*fion Crack No Crack | No Erack
9 Not Invention Crack Crack No Crack
10 Not Invention No Crack | No Crack | No Crack
11 Not Invention No Crack | NoCrack | No Crack

2024-T3 Specification (AMS4037)

(0061] By considering both strength and formability, inventive alloy #1 to #4 has very high

strength, high formability, and low cost. Non-Inventive Alloy #3 has very low strength due to
low Cu content. The other non-inventive alloys #6 to #11 have also high strength and high

formability, but high cost because of the Ag addition.

Example 2: Full Scale Plant Trial

[0062] Two industrial scale 406mm (16”) thick ingots ot the inventive alloys and one of the
2198 alloy were cast by DC (Direct Chill) casting process and processed to 0.05” thickness

sheets. The 2198 alloy was used as a baseline alloy. Table 5 gives the chemical compositions of

industrial scale ingots of inventive alloys and 2198 alloy.

13
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Table 5

k-

Alloy Chemical Compositions, wt. %

Alloys
tors im0 | 00 | 407 [0 053 [ 036 [ 008 [ 131 [ o0

[0063] The ingots were homogenized at temperature from 496 to 538°C (925 to 1000°F). The hot

-
-
&)
I
N

-

rolling temperatures were from 371 to 466°C (700 to 870°F). The ingots were hot rolled at
multiple passes into 0.06 to 0.20” thickness. Although the cold rolling is optional, all sheets were
further cold rolled to 0.05” thickness. The cold rolled sheets were solution heat treated at a
temperature range from 493 to 532°C (920 to 990°F). The sheets were cold water quenched to
room temperature. Although the stretching or cold working is optional, all example sheets were
stretched by 2 to 7%. The stretched sheets without artificial aging were used for T3 temper
tensile and formability evaluations. The stretched sheets were further aged to T8 temper for
strength, fracture, and fatigue performance evaluation. The aging temperature was 166°F (330°F)
for 24 hours.

[0064] The tensile properties of T3 temper sheets along rolling direction (L), long transverse

direction (LT) and 45 degree off the rolling direction (L45) are given in Table 6. The invention
alloy sheets, Alloy A and Alloy B, have higher strength than existing T3 temper 2198 alloy sheet

and also 2024-T3 minimum per AMS4037. The difference of strength m different tensile

orientations, L, LT and 145, (i.c. the in-plane anisotropy) is also very low.
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Table 6

LT LT | LT | L45 L45
LUTS, | LTYS, |LEL|UTS,| TYS, | EL | UTS, | TYS, L45
Alloy ksi ksi % ksi ksi ksi ksi |EL %

%
Alloy A 21.0
Alloy B " 669 | 491 |185|67.6| 456 [19.0] 654 | 43.9

2198 548 | 409 |165]|53.1| 37.3 527 | 37.3

-
02473 (AMsaoan) | |esol420(150[

. LT, and L45 orientations for the different

-

[0065] Table 7 gives the tensile properties along
alloys and aging times at 330°F. The inventive alloy sheets, Alloy A and Alloy B, have much
higher strength than existing 2198 alloy sheet n all the testing orientations and aging times.

Table7

LT LT LT L45 145
Aging Hours | LUTS, | LTYS, [L EL| UTS, TYS, | EL | UTS, | TYS, | L45
. : . : o

Alloy at 330F ksi ksl % | ksi | ksi Yo ksl ksi {EL %
18 80.6
Alloy A 24 80.0
32 80.8 . .
18 83.9
Alloy B 24 83.9
32 84.0

24 71.1 67.9
P
2024-T8 (AMS-QQ-A/250

[0066] 7075-T62 aluminum sheet is the typical product for “high strength — medium damage

tolerance” aerospace application. Compared with 7075-T62, inventive alloy has much higher
strength, especially Yield Strength (TYS).

[0067] The formability was evaluated by both standard uniaxial bend and Forming Limit

Diagram (FLD) tests.

20



[0068] As described above, the bend test was based on ASTM 290-09. As an example, FIG. 2
gives the surface cracking conditions of bended Alloy A T3 temper sheet at different bend ratios
and different directions Longitudinal (L) and Long-Transverse (LT). Small cracks can be
observed for low bending ratio of 1.6*t, but no cracks arc observed at the 1.88*t bending ratio.
[0069] Table 8 gives the bending performance of T3 temper sheets for both directions
Longitudinal and Long-Transverse, at two different stretching levels after quench (2% and 6%)
and various bend ratios. For inventive alloys, a few cracks can be found at bend ratios of 1.6¥t to
1.88*t; for the much lower strength AA2198 alloy, no cracks are found at 1.25%t. Alloy A and B
have the samc bending performance. 2198 alloy has slightly better bending performance

compared to inventive alloy, but with much lower strength. Also note with the Ag content 1n

CA 02908196 2015-10-08

2198, it is also a much more expensive alloy to produce.

Table 8

Test

1251

Bended sample surface cracking

Alloy | Temper | Stretching| Direction 1.88t 2.41
Alloy Al T3 Crack | No Crack} No Crack
BII_oy Al T3 Crack | No Crack
Aloy A| T3 No Crack | No Crack
F_ISTIon Al T3
AlloyB| T3 2.0% L Crack Crack | No Crack | No Crack
Alloy B T3 2.0% _LT __:_ Crack Cragk Crack | No Crack
2198 | T3 | 2.0% ] Crack J_Nga:ack No Crack | No Crack
2198 T3 2.0% LT Crack | No Crack | No Crack | No Crack
2198 | T3 | 6.0% L | Crack |No Crack | No Crack | No Crack
2198 T3 __6.04% LT Crack | No Crack | No Crzaclf_lngrack

5004-T3 Specification (AMS4037) 1 25t
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[0070] The inventive alloys have better bending performance than the widely used 2024 T3

sheets, where the minimum bending ratio required by the industry specification AMS 4037 1s
2.5%.

(0071] FIG. 3 is a graph that gives thc Forming Limit Diagram (FLD) of inventive Alloy A T3
temper sheet. The FLD was evaluated based on ASTM E2218-02 (Reapproved 2008)

specification. A Forming Limit Curve (FLC) was osenerated by the points identified by necking

on the samples.

(0072] The fracture toughness was evaluated based on ASTM E561-10¢2 and ASTM B646-06a.
The commonly used 16” wide and 40” long specimen was used for 0.05” thickness sheet center
cracked tension fracture toughness testing. FIG. 4 is a graph showing the effective crack
resistance KR, as function of effective crack extension (Daeg) of inventive Alloy A and 2198 1n

T8 temper. The 7075-T6 data from ASM Handbook (ASM Handbook Volume 19: Fatigue and
Fracture R.J. Bucci et.al. Page 771-812) was also added in FIG. 4. The inventive alloy in T8
temper sheet has better fracture toughness than 7075-T6, but less than 2198-T8 sheet. This 18
consistent with the “high strength — medium damage tolerance™ target of the inventive alloys,
when the AA2198 is a “medium strength — high damage tolerance” alloy.

[0073] The Fatigue Crack Growth Rate (FCGR) was evaluated based on ASTM E647-08 (9.1).
FIG. 5 is a graph showing the da/dN as a function of stress intensity factor of both inventive
Alloy A and 2198 T8 temper sheets in both T-L and L-T orientations. The 2198 and Alloy A
testing results in FIG. 5 were based on a stress ratio of 0.1 and a frequency of 10Hz. The 7075-
T6 data from ASM Handbook (ASM Handbook Volume 19: Fatigue and Fracture R.J. Bucct

ct.al. Page 771-912) was also added in FIG. 5. The inventive alloy has better fatigue crack
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growth resistance performance than 7075-T6 sheet, but comparable or only slightly worse than

2198 alloy.

[0074] The corrosion resistance was evaluated by the MASTMASSIS tests. The MASTMASSIS

test is generally considered to be a good representative accelerated corrosion method for Al-Li

based alloys.

10075] The MASTMASSIS test was based on ASTM G85-11 Annex-2 under dry-bottom

conditions. The sample size was 0.050” thickness x 4.0” L x 4.0” LT. The temperature of the

exposure chamber through the duration of the test was 49 + 2°C. The T8 temper 2198 and Alloy
A were tested at both T/2 (center of thickness) and T/10 (1/10 of thickness from surface)

locations. The testing duration times were 24, 48, 96, 168, 336, 504, and 672hrs.

[0076] FIG. 6 is a picture of typical surface images after 672 hours MASTMASSIS testing
exposure time for both inventive Alloy A and 2198 alloy at T/2 location. Inventive alloy A has
pitting rating and 2198 has strong pitting rating. FIG. 7 shows the microstructure of the samples
after 672 hours MASTMASSIS testing exposure time for both T8 temper inventive Alloy A and
2198 alloy at T/2 location. No exfoliation features can be observed.

[0077] Table 9 summarizes the MASTMASSIS test corrosion ratings for both inventive alloy

and 2198 alloy in T8 temper.
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Table 9

{

Stretching | ; MASTMASSIS Exposure Hours

L ocation
36 168 336 504 b/2

Alloy

Pitting

Pitting

T/2 Pitting

1/10

2
T/10 Pitting
2198
T1/2 Pitting Pitting
1/10 Pitting Pitting

10078] While specific embodiments of the invention have been disclosed, it will be appreciated

Pitting

%
B -

Pitting Pitting

Strong Pitting

Strong Pitting

by those skilled in the art that various modifications and alterations to those details could be
developed in light of the overall teachings of the disclosure. Accordingly, the particular
arrangements disclosed are meant to be illustrative only and not limiting as to the scope of the

invention which is to be given the full breadth if the appended claims and any and all equivalents

thereof.

24



CA 02908196 2015-10-08

What 1s claimed 1s:

1.

2.

A high strength, high formability and low cost aluminum-lithium alloy comprising:
from about 3.5 to about 4.5 wt. % Cu,
from about 0.8 to about 1.6 wt. % L1,
from about 0.6 to about 1.5 wt.% Mg,

less than about 0.2 wt.% Ag,

from about 0.03 to about 0.6 wt. % of at least one grain structure control element

selected from the group consisting of Zr, Sc, Cr, V, Hf, and other rare earth elements,

optionally up to about 1.0 wt. % Zn,

optionally up to about 1.0 wt. % Mn,

up to about 0.15 wt. % Ti,

up to about 0.12 wt.% S,

up to about 0.15 wt.% Fe,

up to about 0.15 wt. % incidental elements, with the total of these incidental elements
not exceeding about 0.35 wt. %, with the balance being aluminum, and

wherein Mg content is at least equal to or higher than Zn in weight percent.

The aluminum-lithium alloy of claim 1, wherein the Cu content 1n the alloy 1s from about

3.6 to about 4.2 wt.%

3.

The aluminum-lithium alloy of any one of claims 1-2, wherein the Li content in the alloy

is from about 0.9 to about 1.5 wt.%
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4. The aluminum-lithium alloy of any one of claims 1-3, wherein the Mg content in the

alloy is from about 0.8 to about 1.2 wt.%

5. The aluminum-lithium alloy of any one of claims 1-4, wherein the grain structure control

element selected from the group consisting of Zr, Sc, Cr, V, Hf, and other rare earth elements 1s

at least 0.05 wt.%.

6. The aluminum-lithium alloy of any one of claims 1-5, wherein the St content in the alloy

is maximum about 0.05 wt.%.

7. The aluminum-lithium alloy of any one of claims 1-6, wherein the Fe content in the alloy

is maximum about 0.08 wt.%.

8. The aluminum-lithium alloy of any one of claims 1-7, wherein the Ag content in the alloy

is less than 0.1 wt.%

9. The aluminum-lithium alloy of any one of claims 1-8, wherein the Ag content in the alloy

is less than 0.05 wt.%.

10.  The aluminum-lithium alloy of any one of claims 1-9, wherein no Ag is intentionally

added to the aluminum alloy.
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11.  The aluminum-lithium alloy of any one of claims 1-10, wherein said aluminum-lithium

alloy is in the form of a rolled, extruded, or forged product from about 0.01 to 0.249” thick.

12.  The aluminum-lithium alloy of claim 11, wherein said aluminum-lithium alloy has a

maximum thickness of about 0.125”.

13.  The aluminum-lithium alloy of any one of claims 1-12, wherein the aluminum-lithtum

alloy is in the form of a sheet or a coil having a thickness from about 0.01” to 0.249".

14 The aluminum-lithium alloy of claim 13, wherein the aluminum-lithium alloy has a

maximum thickness of about 0.125.

15. A rolled product comprising an aluminum-lithium alloy according to any one of claims 1-
14, having a maximum thickness of about 0.249”, exhibiting in a solution heat-treated, quenched,

stretched and artificially aged condition a minimum longitudinal yield strength of 68 ksi.

16. A rolled product comprising an aluminum-lithium alloy according to any one of claims 1-

14, having a maximum thickness of about 0.249", exhibiting in a solution heat-treated, quenched,

stretched and artificially aged condition a minimum longitudinal yield strength of 74 ksi.

17. A rolled product comprising an aluminum-lithium alloy according to any one of claims 1-
14, having a maximum thickness of about 0.125”, exhibiting in a solution heat-treated, quenched,

stretched and artificially aged condition a minimum longitudinal yield strength of 68 ksi.
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18. A rolled product comprising an aluminum-lithium alloy according to any one of claims 1-

14, having a maximum thickness of about 0.125”, exhibiting in a solution heat-treated, quenched,

stretched and artificially aged condition a minimum longitudinal yield strength of 74 ksi.

19. A rolled product comprising an aluminum-lithrum alloy according to any one of claim 1-

18, having a maximum thickness of about 0.2497, exhibiting in a solution heat-treated, quenched

and stretched condition a minimum bending radius of 1,88*t in longitudinal direction.

70. A method of manufacturing a high strength, high formability, low cost aluminum-lithium
alloy, the method comprising:
a. casting stock of an ingot of aluminum alloy comprising the aluminum-lithium
alloy product of any one of claims 1-20 producing a cast stock
b. homogenizing the cast stock producing a homogenized cast stock;
c. hot working the homogenized cast stock by one or more methods selected from
the group consisting of rolling, extrusion, and forging forming a worked stock;

d. optionally cold rolling the worked stock;

e. solution heat treating (SHT) the optionally cold rolled, worked stock producing a

SHT stock;

f. cold water quenching said SHT stock to produce a cold water quenched SHT

stock;

o optionally stretching the cold water quenched SHT stock; and

h. artificially ageing of the cold water quenched, optionally stretched SHT stock.
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71, The method of claim 20, wherein said step of homogenizing includes homogenizing at

temperatures from 454 to 549°C (850 to 1020°F).

22.  The method of any one of claims 20-21, wherein said step of hot working includes hot

rolling at a temperature of 343 to 499°C (650 to 93 0°F).

73.  The method of any one of claims 20-22, wherein said step of optionally cold work

includes cold reduction at about 20% to 95%.

74.  The method of any one of claims 20-23, wherein said step of solution heat treating

includes solution heat treated at temperature range from 454 to 543°C (850 to 1010°F).

24.  The method of any one of claims 20-23, wherein said step of optionally stretching

includes stretching up to about 15%.

75.  The method of any one of claims 20-24, wherein said step of ageing includes 121 to

205°F (250 to 400°F) and the aging time can be in the range of 2 to 60 hours.

26. The method of any one of claims 20-25, wherein

a. said step of homogenizing includes homogenizing at temperatures from 454 to 549°C

(850 to 1020°F).

29



27.

CA 02908196 2015-10-08

b. said step of hot working includes hot rolling at a temperature of 343 to 499°C (650 to
930°F)

c. said step of optionally cold work includes cold reduction at about 20% to 95%.

d. said step of solution heat treating includes solution heat treated at temperature range
from 454 to 543 °C (850 to 1010°F).

¢. said step of optionally stretching includes stretching at about up to 15%.

f. said step of ageing includes 121 to 205°F (250 to 400°F) and the aging time can be 1n

the range of 2 to 60 hours.

A high strength, high formability and low cost aluminum-lithium alloy comprising;:
from about 3.5 to about 4.5 wt. % Cu,
from about 0.8 to about 1.6 wt. % L1,
from about 0.6 to about 1.5 wt.% Mg,

less than 0.05 wt.% Ag,

from about 0.03 to about 0.6 wt. % of at least one grain structure control element

selected from the group consisting of Zr, Sc, Cr, V, Hf, and other rare earth elements,
optionally up to about 1.0 wt. % Zn,
optionally up to about 1.0 wt. % Mn,
up to about 0.15 wt. % Ti,

up to about 0.12 wt.% S,

up to about 0.15 wt.% ke,
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wherein each other incidental element is present at up to about 0.15 wt. %, with the
total of these other incidental elements not exceeding about 0.35 wt. %, with the balance

being aluminum,
wherein Mg content is at least equal or higher than Zn 1n weight percent,

wherein said aluminum-lithium alloy is a rolled alloy product having a thickness less

than 0.2497,

wherein said aluminum-lithium alloy exhibits in a solution heat-treated, quenched,
stretched and artificially aged condition a minimum longitudinal yield strength of 68 ksi and

a minimum bending radius of 1.88*t in the longitudinal direction.

78 The aluminum-lithium alloy of claim 27, wherein said aluminum-lithium alloy has a

thickness of less than 0.125”.

79 The aluminum-lithium alloy of any one of claims 27-28, wherein said aluminum-lithium

alloy does not have any Ag intentionally added.

30. The aluminum-lithium alloy of any one of claims 27-29, wherein said minimum

longitudinal yield strength 1s 74 ksi.
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