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ages based on total alloy weight: 2,0 to 5,0 aluminum; 3.0 to 8.0 tin; 1,0 to 5,0 zirconium; 0 to a

total of 16,0 of one or more elements selected from the group consisting of oxygen, vanadium,

molybdenum, niobium, chromium, iron, copper, nitrogen, and catbon; titanium; and impuri-

Preperation ties. A non-limiting embodiment of the titanium alloy comprises an intentional addition of fin

and zirconium in conjunction with certain other alloying additions such as aluminum, oxygen,

v | Snete | vanadium, molybdenum, niobium, and iron, to stabilize the a phase and increase the volume

l fraction of the a phase without the risk of forming embrittling phases, which was observed to
increase room temperature tensile strength while maintaining ductility.
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High Strength Titanium Alloys
INVENTORS

Matias Garcia-Avila
John V. Mantione
Matthew J. Amold

BACKGROUND OF THE TECHNOLOGY
FIELD OF THE TECHNOLOGY
[0001] The present disclosure relates to high strength titanium alloys.
DESCRIPTION OF THE BACKGROUND OF THE TECHNOLOGY

180021 THanium alloys typically exhibit a high strength-toe-weight ratio, are
corrosion resistant, and are resistant to creep at moderately high temperatures. For
these reasons, fitanium alioys are used in aerospace and aeronaulic applications
including, for example, landing gear members, engine frames, and other critical
structural parts. For example, T-10V-2Fe-3Al titanium alloy {glso referred to as "Ti
10-2-3 alloy,” having a composition specified in UNS 56410) and Ti-5Al-5Mo-5V-3Cr
titanium alloy (also referred to as “Ti 5553 alloy”; UNS unassigned) are commercial
alloys that are used for landing gear applications and other large componsents.
These alloys exhibit an ultimate tensile strength in the 170-180 ksi range and are
heat treatable in thick sections. However, these alloys tend {o have limited ductility
at room temperature in the high strength condition. This limited ductility is typically

caused by embrittling phases such as TizAlL TIAlL or omega phase.

180031 In addition, Ti-10V-2Fe-3Al titanium alloy can be difficult to process.
The alloy must be cooled quickly, such as by water or air quenching, after solution
freatment in order to achieve the desired mechanical properiies of the product, and
this can limit its applicability to a sectlion thickness of less than 3 inches (V.62 cm).
The Ti-5Al-5Mo-5V-3Cr titanium alloy can be air cocled from solution temperature
and, therefore, can be used in a section thickness of up 1o 6 inches (15.24 cm).

However, its strength and duclility are lower than the Ti-10V-2Fe-3Al titanium alloy.
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Current alioys also exhibit limited ductility, for example less than 8%, in the high
strength condition because of the precipitation of embrittling secondary metastable

phases.

[6004] Accordingly, there has developed a need for titanium alloys with thick
saction hardenability and/or improved ductility at an ultimate tensile strength greater

than about 170 ksi at room temperature.
SUMMARY

[0008]  According to one non-limiting aspect of the present disclosure, a
titanium alloy comprises, in weight percentages based on total alloy weight: 2.0t
5.0 gluminum; 3.0 tc 8.0 tin; 1.0 to 5.0 zirconium; C to a total of 16.0 of one or more
elements selected from the group consisting of oxygen, vanadium, molybdenum,

niohium, chromium, iron, copper, nitrogen, and carbon; titanium, and impurities.

10006] According to ancther non-limiting aspect of the present disclosure, a
titanium alloy comprises, in weight percentages based on total alloy weight: 8810
11.4 of one or more elements selecied from the group consisting of vanadium and
piobium; 4.6 o 7.4 tin; 2.0 to 3.9 aluminum; 1.0 {o 3.0 molybdenum, 1.6t0 3.4
zirconium; 0 to 0.5 chromium; 0 to 0.4 iron; 0 to 0.25 oxygen; 010 0.05 nitregen; 0o

0.05 carbon; titanium; and impurities.

[0007] According to yet another non-limiting aspect of the present
disclosure, a litanium alloy consists essentially of, in weight percentages based on
total alloy weight: 2.0 10 5.0 aluminum,; 3.0 t0 8.0 tin; 1.0 10 5.0 zirconium; G o a total
of 16.0 of one or more elements selected from the group consisting of oxygen,
vanadium, molybdenum, niobium, chromium, iron, copper, nitrogen, and carbon;

fitanium; and impurities.

BRIEF DESCRIPTION OF THE DRAWINGS

18008 The features and advantages of alioys, articles, and methods
described herein may be better understood by reference to the accompanying

drawing in which:
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[0009] FIG. 1 is a plot illustrating a non-limiting embodiment of a method of
processing a non-limiting embodiment of a titanium alioy according 1o the present

disclosure: and

[6010] FIiG. 2 is a graph plotting ultimate tensile strength (UTS) and
glongation of non-limiting embodiments of titanium alloys according o the present

disclosure in comparison {o cerlain conventional titanium alloys.

[0011] The reader will appreciate the foregoing details, as well as others,
upon considering the following detailled description of certain non-limiting

embodiments according to the present disclosure.

DETAILED DESCRIPTION OF CERTAIN NON-LIMITING EMBODIMENTS

[0012] Inthe present description of non-limiting embodiments, other than in
the operating examples or where otherwise indicated, all numbers expressing
guantities or characteristics are 1o be understood as being modified in all instances
by the term “about”. Accordingly, uniess indicated to the contrary, any numerical
parameters sat forth in the following description are approximations that may vary
depending on the desired properties one seeks 1o obtain in the materials and by the
methods according to the present disclosure. Atthe very ieast, and not as an
attempt o limit the application of the doctrine of equivalents {o the scope of the
claims, each numerical parameter should at least be construed in light of the number
of reported significant digits and by applying ordinary rounding techniques. All
ranges described herein are inclusive of the described endpoints uniess siated

otherwise.

[0013] Any patent, publication, or other disclosure material that is said to be
incorporated, in whole or in parl, by reference herein is incorporated herein only 1o
the extent that the incorporated material does not conflict with existing definitions,
statements, or other disclosure material set forth in the present disclosure. As such,
and to the exient neceassary, the disclosure as set forth herein supersedes any
confiicting material incorporated herein by reference. Any material, or portion
thereof, that is said to be incorporated by reference herein, but which conflicts with

existing definitions, statements, or other disclosure material set forth herein is only
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incorporated to the extent that no confiict arises between that incorporated material

and the existing disciosure material.

[0014] As used herein, the term “ductility” or "ductility limit" refers {o the
fimit or maximum amount of reduction or plastic deformation a metallic material can
withstand without fracturing or cracking. This definition is consistent with the
meaning ascribed in, for example, ASM Materials Engineering Dictionary, J.R. Davis,
ed., ASM International {1992), p. 131.

18015] Reference herein to a titanium alloy “comprising” a particular
composition is intended to encompass alloys “consisting essentially of’ or "consisting
of” the stated composition. 1t will be understood that titanium alloy compositions

described herein “comprising”, “consisting of’, or “consisting essentially of” a

particular composiion also may include impurities.

[0018] The present disclosure, in part, is directed o alloys that address
certain of the limitations of conventional fitanium alloys. One non-limiting
embodiment of the titanium alloy according o the present disclosure may comprise
or consist essentially of, in weight percentages based on tolal alioy weight: 2.010
50 aluminum; 3.0 10 B.G tiny;, 1.0 10 5.0 zirconium; © to a total of 16.0 of one or more
glements selected from oxygen, vanadium, molybdenum, niobium, chromium, iron,
copper, nitrogen, and carbon; titanium; and impurities. Certain embodiments of that
titanium alloy may further comprise or consist essentially of, in weight percentages
based on total alloy weight. 8.0 to 12.0, or in some embodiments 6.0 10 10.0, of one
or more elements selected from the group consisting of vanadium and niokium; 0.1
to 5.0 molybdenum; 0.01 to 0.40 iron; 0.005 to 0.3 oxygen; 0.001 to 0.07 carbon; and
0.001 to G.03 nitrogen. Another non-limiting embodiment of the fitanium alioy
according o the present disclosure may comprise or consist essentially of, in weight
percentages based on {otal alloy weight: 8.6 10 11.4 of one or more elements
selected from the group consisting of vanadium and niobium, 46510 7.4 tin; 2010 3.8
aluminum; 1.0 to 3.0 molybdenum; 1.6 {o 3.4 zirconium; 0 to 0.5 chromium; 0tc 0.4

iron; O to 0.25 oxygen; 0 1o G.08 nitrogen; O to 0.05 carbon; titanium, and impurities.

[B017] in non-limiting embodiments of alloys according to this disclosure,
incidental elements and impurities in the alloy composition may comprise or consist

essentially of one or more of hydrogen, tungsten, tantalum, manganese, nickel,
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hafnium, galiium, antimony, silicon, sulfur, potassium, and coball. Certain non-
limiting embodiments of titanium alloys according {0 the present disclosure may
comprise, in weight percentages based on total alloy weight, 0 to 0.015 hydrogen,
and 0 up to 0.1 of each of tungsten, tantalum, manganese, nickel, hafnium, gallium,

antimony, silicon, sulfur, potassium, and cobalt.

10018] In certain non-limiting embodiments of the present titanium alloy, the
titanium alloy comprises an aluminum equivalentvalue of 6. 010 9.0 and 5
molybdenum equivaleni value of 5.0 to 10.0, which the inventers have observed
improves ductility at an ultimate tensile strength greater than about 170 ksi at room
temperature while avoiding undesirable phases, accelerating precipitation kinetics,
and promoting a martensitic tfransformation during processing. As used herein,
"aluminum equivalent valug” or "aluminum equivalent” (Aleg) may be determined as
follows (wherein all elemental concentrations are in weight percentages, as
indicated): Aleg = Al oy + [{(1/8) % Zrpw o0l + [{1/3)% 8N oy} + [10x0pa %], As used
herein, “molybdenum equivalent value” or “molybdenum equivalent” (Moeq) may be
determined as follows {(wherein all elemental concentrations are in waight
percentages, as indicated), Moeq= MoOpu oy + [{1/5)xTawme w] + [{1/3.8)xNbau. %)} +
[(172.8Yx W o] + [(1/1.8)xV e o] + [1.25%Crave o] + [1.25xNi o] + [1.7xMnpa %)) +
[1.72Cowmt %] + [2.5%Fem. w)].

[0018] In certain non-limiting embodiments of the present titanium alloy, the
titanium alloy comprises a relatively low aluminum content to prevent the formation
of brittle intermetallic phases of Ti:X-lype, where X represents a metal. Titanium has
two allotropic forms: a bela ("B")-phase, which has a body centered cubic ("boo™
crystal structure; and an alpha ("a")-phase, which has a hexagonal close packed
{*nep”) crystal structure. Most o-B titanium alloys contain approximaiely 8%
aluminum, which can form TisAl upon heat treatment. This can have a deleteriocus
effect on ductility. Accordingly, certain embodiments of the titanium alloys according
to the present disclosure include about 2.0% to about 5.0% aluminum, by weight. in
certain other embodiments of the titanium alloys according to the present disclosure,
the aluminum content is about 2.0% to about 3.4%, by weight. In further
embodiments, the aluminum content of titanium alloys according to the present

disclosure may be about 3.0% 10 about 3.9%, by weight.
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[0020] In certain non-limiting embodiments of the present titanium alloy, the
titanium alloy comprises an intentional addition of tin and zirconium in conjunction
with certain other glloying additions such as aluminum, oxygen, vanadium,
molybdenum, niohium, and iron. Without intending to be bound to any theory, itis
believed that the intentional addition of tin and zirconium stabilizes the a phase,
increasing the volume fraction of the o phase without the risk of forming embyrittling
phases. it was observed that the intentional addition of tin and zirconium increases
room temperature tensile strength while maintaining ductility. The addition of tin and
zirconium also provides solid solution strengthening in both the ¢ and § phases. in
certain embodiments of the titanium alloys according to the present disclosure, g
sum of aluminum, tin, and zirconium contents is 8% to 15% by weight based on otal

alloy weight.

10021] In certain non-limiting embodiments according o the present
disclosure, the titanium alloys disclosed herein include one or more §-stabilizing
elements selected from vanadium, molybdenum, niobium, iron, and chromium {o
slow the precipitation and growth of a phase while cooling the material from the B
phase field, and achieve the desired thick section hardenability. Certain
embodiments of titanium alloys according to the present disclosure comprise about
6.0% to about 12.0% of one or more slements selected from the group consisting of
vanadium and nichium, by weight. In further embodiments, a sum of vanadium and
niobium contents in the titanium alloys according o the present disclosure may be
about 8.6% 10 about 11.4%, about 8.8% 0 about 8.4%, or about 10.6% to about

11.4%, all in weight percentages based on {olal weight of the titanium alloy.

100227 A first non-limiting titanium alloy according 1o the present disclosurs
comprises or consists essentially of, in weight percentages based on total alloy
weight: 2.0 {0 5.0 aluminum; 3.0 to 8.0 tin; 1.0 1o 5.0 zirconium; 0 {o a total of 16.0 of
one or more elements selected from oxygen, vanadium, molybdenum, niobium,

chromium, iron, copper, nitrogen, and carbon; titanium; and impurities.

[0023] inthe first embodiment, aluminum may be included for stabilization

of alpha phase and strengthening. In the first embodiment, aluminum may be
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present in any concentration in the range of 2.0 to 5.0 weight percent, based on {otal

alloy weight.

[0024] In the first embodiment, fin may be included for solid solution
strengthening of the alloy and stabilization of alpha phase. in the first embodiment,
tin may be present in any concentration in the range of 3.0 to 8.0 weight percent,

hased on iotal alloy weight.

[0025] In the first embodiment, zirconium may be included for solid solution
strengthening of the glloy and stabilization of alpha phase. In the first embodiment,
zirconium may be present in any concentration in the range of 1.0 t0 5.0 weight

percent, based on iotal alioy weight.

10026] Inthe first embodiment, molybdenum, if present, may be included for
solid solution sirengthening of the alloy and stabilization of beta phase. In the first
embodiment, molybdenum may be present in any of the following weight
concentration ranges, based on total alloy weight 0to 5.0, 1.0t0 5.0, 1.010 3.0; 1.0
020 and 2010 3.0

[6027] Inthe first embodiment, iron, if present, may be included for solid
solution strengthening of the alioy and stabilization of beta phase. In the first
embodiment, iron may be present in any of the following weight concentration

ranges, based on olal alloy weight: Ot 0.4; and 0.01 10 0.4,

18028] Inthe first embodiment, chromium, if present, may be included for
solution sirengthening of the alloy and stabilization of beta phase. In the first
embodiment, chromium may be presenti in any concentralion within the range of 0 io

0.5 weight percent, based on total alioy weight

[0028] A second non-iimiting fitanium alioy according to the present
disclosure comprises or consists essentially of, in weight percentages based on total
alloy weight: 8.6 1o 11.4 of one or more slements selecied from the group consisting
of vanadium and niobium; 4.6 to 7.4 tin; 2.0 t0 3.8 aluminum; 1.0 to 3.0 molybdenum;
1.6 10 3.4 zirconium; 0 to 0.5 chromium, G to G.4 iron; 010 0.25 oxygen; 010 0.05

nitrogen; 0 to 0.05 carbon, titanium; and impurities.

[0030] Inthe second embodiment, vanadium and/or niobium may be

included for solution strengthening of the alloy and stabilization of beta phase. Inthe
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second embodiment, the total combined content of vanadium and nicbium aluminum
may be any conceniration in the range of 8.8 to 11.4 weight percent, based on {otal

alloy weight.

[0031] Without intending to be bound to any theory, it is believed that a
greater aluminum equivalent value may stabilize the a phase of the alloys harein.
On the other hand, a greater molybdenum equivalent value may stabilize the B
phase. In certain embodiments of the titanium alloys according 1o the present
disclosure, a ratio of the aluminum equivalent value o the molybdenum equivalent
value is 0.6 10 1.3 to aliow for strengthening of the alioy, reducing the risk of
formation of embrittling phases, allowing good forgeability and formation of ultrafine

microstructure which provide good high cycle fatigue properties.

10032] The nominal production method for the high strength titanium alloys
according to the present disclosure is typical for cast-wrought titanium and titanium
alloys and will be familiar {0 those skilled in the arl. A general process flow for alloy
production is provided in Figure 1 and described as follows. It should be noted that
this description does not lmit the alloy o be cast-wrought. The alloys according fo
the present disclosure, for example, may also be produced by powder-to-part
production methods, which may include consolidation and/or additive manufacturing

methods.

[0033] In certain non-limiting embodimentis according o the present
disclosure, the raw materials to be used in producing the alloy are prepared.
According to certain non-limiting embodiments, the raw materials may include, but
are not be limited to, titanium sponge or powder, slemental additions, master alloys,
titanium dioxide, and recycle material. Recycle material, also known as reveri or
scrap, may consist of or include titanium and fitanium alloy turnings or chips, small
and/or large solids, powder, and other forms of titanium or titanium alloys previously
generated and re-processed for re-use. The form, size, and shape of the raw
material 1o be used may depend on the methods used to melt the alloy. According to
certain non-limiting embodiments, the material may be in the form of a particulate
and introduced loose into a melt furnace. According to other embodiments, some or
all of the raw material may be compacted inio small or large briquettes. Depending

on the requirements or preferences of the particular meit method, the raw material
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may be assembled into a consumable electrode for melting or may be fed as a
particulaie into the furnace. The raw material processed by the cast-wrought
process may be single or multiple melted o a final ingot product. According o
certain non-limiting embodiments, the ingot may be cylindrical in shape. In other
embodiments, however, the ingot may assume any geometric form, including, but

not limited to, ingots having a rectangular or other cross section.

[0034] According to certain non-limiting embodiments, the melt methods for
production of an ailoy via a cast-wrought route may include plasma cold hearth
{(PANM) or electron beam cold hearth (EB) melting, vacuum arc remelting (VAR},
glectro-slag remelting (ESR or ESRR), and/or skull melting. A non-limiting listing of
methods for the production of powder includes induction melied/gas atomized,
plasma atomized, plasma rotating electrode, elecirode induction gas atomized, or

one of the direct reduction technigues from TiO; or TiCl,.

[0035] According to certain non-limiting embodiments, the raw material may
be melted to form one or more first melt electrode(s). The electrode(s) are prepared
and remelted one or more times, typically using VAR, 10 produce a final melt ingotl.
For example, the raw malerial may be plasma arc cold hearth melied (FAM) to
creaie a 26 inch diameter cylindrical electrode. The PAM electrode may then be
prepared and subsequently vacuum arc remelied (VAR) to a 30 inch diameter final
melt ingot having a typical weight of approximaitely 20,000 Ib. The final melt ingot of
the alioy is then converted by wrought processing means o the desired product,
which can be, for example, wire, bar, billel, shest, plate, and products having other
shapes. The products can be produced in the final form in which the alloy is utilized,
or can be produced in an intermediate form that is further processed 1o a final
component by one or more technigues that may include, for example, forging, rolling,

drawing, exiruding, heat treatment, machining, and welding.

[0038] According to certain non-limiting embodiments, the wrought
conversion of titanium and titanium alloy ingots typically involves an initial hot forging
cycle utilizing an open die forging press. This part of the process is designed 10 take
the as-cast internal grain structure of the ingot and reduce it to a more refined size,
which may suitably exhibit desired alioy properties. The ingot may be heated o an

elevated temperature, for example above the B-transus of the alloy, and held for a
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period of ime. The temperature and time are established to permit the alloy to fully
reach the desired temperature and may be exiended for longer times {0 homogenize
the chemistry of the alloy. The alloy may then be forged to a smaller size by a
combination of upset and/or draw operations. The material may be sequentially
forged and reheated, with reheat cycles including, for exampie, one or a combination
of heating steps at temperatures above and/or below the B-transus. Subsequent
forging cycles may be performed on an open die forging press, rolary forge, rolling
mill, and/or other similar equipment used to deform metal alloys to a desired size and
shape at elevated temperature. Those skilled in the art will be familiar with a variety
of sequences of forging steps and temperature cycles {0 oblain a desired alloy size,
shape, and internal grain structure. For example, one such method for processing is
provided in U.S. Patent No. 7,611,592, which is incorporated by reference herein in

its entirety.

[0037] A non-limiting embodiment of a method of making a titanium alioy
according to the present disclosure comprises final forging in either the o-p or g
phase field, and subsequently heat treating by annealing, solution treating and
annealing, solution treating and aging (STA), direct aging, or a combination of
thermai cycles {0 obtain the desired balance of mechanical properties. In certain
possible non-limiting embodiments, titanium alloys according to the present
disclosure exhibit improved workability at a given temperature, as compared to other
conventional high strength alioys. This feature permits the alloy o be processed by
hot working in both the o-£ and the B phase fields with less cracking or other

detrimantal effects, thereby improving vield and reducing product costs.

[6038] As used herein, a “solution trealing and aging” or “STA” process
refers 10 a heat freating process applied to titanium alloys that includes solution
treating a titanium alloy at a solution treating temperature below the B-transus
temperature of the titanium alley. In a non-limiting embodiment, the solution treating
temperature is in a temperature range from about 760°C to 840°C. in other
embodiments, the solution treating temperature may shift with the B-transus. For
example, the sclution treating temperature may be in a temperature range from B-
fransus minus 10°C to B-transus minus 100°C, or B-transus minus 15°C fo B-transus

minus 70°C. In a non-limiting embodiment, a solulion treatment time ranges from

10
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about 30 minutes to about 4 hours. [tis recognized that in certain non-limiting
embodiments, the solution treatment time may be shorter than 30 minutes or longer
than 4 hours and is generally dependent on the size and cross-section of the
titanium alloy. In certain embodimentis according to the present disclosure, the
titanium alloy is water guenched o ambient temperature upon completion of the
solution treatment. In cerfain other embodiments according 1o the present
disclosure, the titanium alloy is cooled to ambient temperature al g rale depending

on a cross-sectional thickness of the titanium alloy.

[0039] The sclution treated alloy is subsequently aged by heating the alloy
for a period of time 10 an aging temperature, also referred o herein as an “age
hardening temperature”, that is in the o+ two-phase field, below the B transus
temperature of the titanium alloy and less than the solution treating temperature of
the titanium alloy. As used herein, terms such as "heated 10" or "heating 107, etc.,
with reference to a temperature, @ temperature range, or a minimum temperature,
mean that the alloy is heated until at least the desired portion of the alloy has a
temperature at ieast equal {o the referenced or minimum temperature, or within the
referenced temperature range throughout the portion’s extent. In a non-limiting
embodiment, the aging temperature is in a temperature range from about 482°C fo
about 593°C. In certain non-limiting embodiments, the aging time may range from
about 30 minutes to about 16 hours. [t is recognized that in certain non-limiting
embodiments, the aging time may be shorter than 30 minutes or longer than 16
hours, and is generally dependent on the size and cross-section of the titanium alioy
product form. General techniques used in solution treating and aging (&TA)
processing of titanium alloys are known to practitioners of ordinary skill in the art

and, therefore, are not further discussed herein.

[0040] Figure 2 is a graph presenting the useful combinations of ultimate
tensile strength (UTS) and ductility exhibited by the aforementioned alloys when
processed using the STA process. tis seen in Figure 2 that a lower boundary of the
plot including useful combinations of UTS and ductility can be approximated by the
fine x + 7.5y = 260.5, where "X is UTS in units of ksi and “y” is ductility in %
elongation. Data included in Example 1 presented herein below demonstrate that

embodiments of tilanium alloys according to the present disclosure result in

11
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combinations of UTS and ductility that exceed those obtained with cerfain prior art
alloys. While it is recognized that the mechanical properties of titanium alloys are
generally influenced by the size of the specimen being lested, in non-Hmiting
embodiments according to the present disclosure, a titanium alloy exhibits a UTS of

at least 170 ksi and ductility according 1o the following Eguation {1):
(7.5 = Elongation in %) + (UTS in ksi) 2 260.5 (1}

[0041] In certain non-limiting embodiments of the present titanium alloy, the
titanium alloy exhibits a UTS of atleast 170 ksi and at least 8% elongation at room
temperature. In other non-limiting embodiments according to the present disclosure,
a titanium alloy comprises an aluminum equivalent value of 6.0 to 8.0, or in certain
embodiments within the range of 7.0 t0 8.0, a molybdenum equivalent value of 5.0 to
10.0, or in certain embodiments within the range of 6.0 1o 7.0, and exhibits a UTS of
at least 170 ksi and at least 6% elongation at room temperature. In yet other non-
limiting embodiments, a titanium alloy according to the present disclosure comprises
an aluminum equivalent value of 6.0 10 9.0, or in certain embodiments within the
range of 7.0 to 8.0, a molybdenum equivalent value of 5.0 10 10.0, or in certain
embodiments within the range of 8.0 10 7.0, and exhibits a UTS of at least 180 ksi

and at least 6% elongation at room temperature.

[0042] The examples that follow are intended {o further describe non-
limiting embodiments according o the present disclosure, without restricting the
scope of the present invention. Persons having ordinary skill in the art will
appreciate that variations of the following examples are possible within the scope of

the invention, which is defined solely by the claims.
EXAMPLE 1

[0043] Table 1 list elemental compositions, Aleg, and Moeg of certain non-
fimiting embodiments of a titanium alloy according to the present disclosure
("Experimental Titanium Alloy No. 17 and "Experimental Titanium Alloy Ne. 27}, and

embodiments of cerlain conventional titanium alloys.
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Table 1
Al v Fe Sn Cr Zr Mo O C N Al-
Allo
¥ {rt%) | (wit%) | (wit%d | {wit%) | (wi%) | (wi%h | (wited | fwitth) | {wi%h) | {(wi%) | Eg
Ti 5553 5 5 0.4 - 3 - 5 0.15 - - 8.5
{UNS
unassigned}
Ti 10-2-3 3 10 2 - ~ ~ - 0.2 - - 5.0

{UNS 56410)

Experimental | 3.5 9 D2 5 <05 3 25 .25 { D.DC6 | 0004 | 7.7
Titanium
Alloy No. 1
Experimental 3 11 0.2 7 <0.5 2 1.5 0.2 0006|0004 73
Titanium
Alloy No. 2

10044] Plasma arc melt (PAM) heats of the Experimental Titanium Alley No.
1 and Experimental Titanium Alloy No. 2 listed in Table 1 were produced using
plasma arc furnaces o produce 8 inch diameter elecirodes, each weighing
approximately 400-800 Ib. The elecirodes were remeited in a vacuum arc remelt
(VAR) furnace {0 produce 10 inch diameter ingots. Each ingot was convertedto a 3
inch diameter billet using a hot working press. After a B forging step to 7 inch
diameter, an g+ presirain forging step io 5 inch diameter, and a § finish forging step
to 3 inch diameter, the ends of each billet were cropped to remove suck-in and end-
cracks, and the billets were cut into multiple pleces. The top of each billet and the
bottom of the bottom-most billet at 7 inch diameter were sampled for chemistry and
transus. Based on the intermediate billet chemistry resulls, 2 inch long samples
were cut from the billets and “pancake’-forged on the press. The pancake
specimens were heat treated using the following heat treatment profile,
corresponding to a solution ireated and aged condition: solution freating the titanium
alloy at a temperature of 1400°F (760°C) for 2 hours; air cooling the titanium alloy to
ambient temperature; aging the titanium alloy at about 482°C to about 593°C for 8

hours; and air cooling the titanium alloy.

10045] Test blanks for room and tensile tests and microstructure analysis

were cut from the STA processed pancake specimens. A final chemistry analysis
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was performed on the fracture toughness coupon after testing 1o ensure accurate
correlation between chemisiry and mechanical properiies. Examination of the final 3
inch diameter billet revealed a consistent surface 1o center fine alpha laths in a beta

mairix microstructure through the billet.

[0046] Referring to Figure 2, mechanical properties of Experimental
Titanium Alloy No. 1 listed in Table 1 (denocted "BEN71” in Figure 2) and
Experimental Titanium Alloy No. 2 listed in Table 1 (denoted “BEN72” in Figure 2)
were measured and compared to those of conventional Ti 5553 alloy (UNS
unassigned) and Ti 10-2-3 alloy (having a composition specified in UNS 56410).
Tensile tests were conducted according fo the American Society for Testing and
Materials (ASTM) standard E8/E8M-09 ("Standard Test Methods for Tension Testing
of Metallic Materials”, ASTM International, 2009). As shown by the experimental
resulls in Table 2, Experimental Tilanium Alloy No. 1 and Experimental Tilanium
Alloy No. 2 exhibited significantly greater combinations of ullimate tensile strength,
vield strength, and duclility (reported as % elongation) relative to conventional Ti
5553 and Ti 10-2-3 titanium alloys {which did not include an intentional addition of {in

and zirconiumy).

Table 2
Alloy Aging UTS (ks 0.2% Y3 (ksi} % Elong.
Temperature (°C)

Ti 5553 585 180 170 4
Ti10-2-3 500 182 172 &
Experimental 565 186 180 13
Titanium Alloy No. 1 482 208 165 7
Experimental 583 178 167 b
Titanium Alloy No. 2 487 226 218 6

[6047] The potential uses of alloys according o the present disclosurs are
numercus. As described and evidenced above, the titanium alloys described herein
are advantageously used in a variety of applications in which a combination of high

strength and ductility is important.  Articles of manufacture for which the titanium
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alloys according o the present disclosure would be particularly advantageous
inciude certain aerospace and aeronautical applications including, for example,
landing gear members, engine frames, and other critical structural parts. Those
having ordinary skill in the art will be capable of fabricaling the foregoing squipment,
parts, and other articles of manufacture from alloys according o the present
disclosure without the need to provide further description herein. The foregoing
examples of possible applications for alloys according to the present disclosure are
offered by way of example only, and are not exhaustive of all applications in which
the present alloy product forms may be applied. Those having ordinary skill, upon
reading the present disclosure, may readily identify additional applications for the

alloys as described herein.

[0048] Various non-exhaustive, non-limiting aspects of novel alloys
according o the present disclosure may be useful alone or in combination with one
or more other aspects described herein. Without limiting the foregoing description, in
a first non-limiting aspect of the present disclosure, a titanium alloy comprises, in
weight percentages based on total alloy weight: 2.0 {0 5.0 aluminum; 3.0 10 8.0 tin;
1.0 to 5.0 zirconium; 0 1o a total of 16.0 of one or more elemenis selected from the
group consisting of oxygen, vanadium, molybdenum, niobium, chromium, iron,

copper, nitrogen, and carbon; fitanium,; and impurities.

[0048] In accordance with a second non-limiting aspect of the present
disclosure, which may be used in combination with the first aspect, the litanium alloy
comprises, in weight percentages based on total alioy weight, 6.0 10 12.0 of one or

more elements selected from the group consisting of vanadium and niobium.

[0050] in accordance with a third non-limiting aspect of the present
disclosure, which may be used in combination with each or any of the above-
mentioned aspecis, the titanium alloy comprises, in weight percentages based on

total alioy weighi, 0.1 to 5.0 molybdenum.

180511 In accordance with a fourth non-imiting aspect of the present
disclosure, which may be used in combination with each or any of the above-
mentioned aspects, the titanium alioy has an aluminum equivaient value of 6.0 to
8.0,
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[0052] In accordance with a fifth non-limiting aspect of the present
disclosure, which may be used in combination with each or any of the above-
mentioned aspects, the titanium alloy has a molybdenum squivalent value of 5.0 0
10.0.

[6083] In accordance with a sixth non-limiting aspect of the present
disclosure, which may be used in combination with each or any of the above-
mentioned aspects, the titanium alloy has an aluminum equivalent value of 6.010 8.0

and a moiybdenum equivaleni value of 5.0 to 10.0.

[0054] In accordance with a seventh non-limiting aspect of the present
disclosure, which may be used in combination with each or any of the above-
mentioned aspects, the titanium alloy comprises, in weight percentages based on
total alloy weight: 6.010 12.0, or in some embodiments 8.0 t0 10.0, of one or more
elements selected from the group consisiing of vanadium and niobium; 0.1 10 5.0
moiybdenum; 0.01 to 0.40 iron; 0.005 1o 0.3 oxygen; 0.001 to 0.07 carbon; and 0.001
to 0.03 nitrogen.

[B055] In accordance with an eighth non-iimiting aspect of the present
disclosure, which may be used in combination with each or any of the above-
mentioned aspects, a sum of aluminum, tin, and zirconium contents is, in weight

percentages based on the total alloy weight, 8 to 15,

[0056] In accordance with a ninth non-limiting aspect of the present
disclosure, which may be used in combination with each or any of the above-
mentioned aspects, a ratio of the aluminum equivalent value to the molybdenum

equivalent value is 0.8 io 1.3

[0057] In accordance with a tenth non-limiting aspect of the present
disclosure, a method of making a titanium alloy comprises: solution freating a
titanium alloy at 760°C to 840°C for 1 to 4 hours; air cooling the titanium alloy to
ambient temperature; aging the titanium alloy at 482°C to 583°C for 8 {0 16 hours;
and air cooling the titanium alloy, wherein the fitanium alloy has the composition

reciied in each or any of the above-mentioned aspecis.

10058] In accordance with an eleventh non-limiting aspect of the present

disclosure, which may be used in combination with each or any of the above-
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mentioned aspects, the titanium alloy exhibits an ultimate tensile strength (UTS) of at
least 170 ksi at room temperature, and wherein the uitimate tensile strength and an
glongation of the titanium alloy satisfy the equation: (7.5 x Elongation in %) + UTS 2
260.5.

[6083] In accordance with a twelfth non-limiting aspect of the present
disclosure, the present disclosure also provides z titanium alloy comprising, in weight
percentages based on {otal alloy weight: 8.6 10 11.4 of one or more elements
selected from the group consisting of vanadium and niobium, 46510 7.4 tin; 2010 3.8
aluminum; 1.0 o 3.0 molybdenum; 1.8 {o 3.4 zirconium; 0 to 0.5 chromium; 0tc 0.4

iron; O to 0.25 oxygen; 0 1o C.08 nitrogen; O to 0.05 carbon; titanium, and impurities.

[6080] In accordance with a thirteenth non-limiting aspect of the present
disclosure, which may be used in combination with each or any of the above-
mentioned aspecis, the titanium alloy comprises, in weight percentages based on
total alioy weighi, 8.6 {0 8.4 of one or more elements selected from the group

consisting of vanadium and niobium.

[0081] In accordance with a fourteenth non-limiting aspect of the present
disclosure, which may be used in combination with each or any of the above-
mentioned aspects, the tanium alloy comprises, in weight percentages based on
total alloy weight, 10.6 10 11.4 of one or more elements selected from the group

consisting of vanadium and niobium.

18062] In accordance with a fifteenth non-limiting aspect of the present
disclosure, which may be used in combination with each or any of the above-
mentioned aspects, the titanium alioy further comprises, in weight percentages

based on total alloy weight, 2.0 to 3.0 molybdenum.

[0063] In accordance with a sixteenth non-limiting aspect of the present
disclosure, which may be used in combination with each or any of the above-
mentioned aspects, the titanium alloy comprises, in weight percentages based on

total alloy weight, 1.0 to 2.0 molybdenum.

[0084] In accordance with a sevenieenth non-limiting aspect of the present

disclosure, which may be used in combination with each or any of the above-
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mentioned aspects, the titanium alioy has an aluminum equivalent value of 7.0 1o
8.0.

[0065] In accordance with an eighteenth non-limiting aspect of the present
disclosure, which may be used in combination with each or any of the above-
mentioned aspects, the titanium alloy has a molybdenum equivalent value 0of 6.0 {0
7.0.

[00668] In accordance with a nineteenth non-limiting aspect of the present
disclosure, which may be used in combination with each or any of the above-
mentioned aspacts, the titanium alloy has an aluminum equivalent value of 7.010 8.0

and a moiybdenum equivalent value of 8.0t0 7.0,

10067]  In accordance with a twentieth nen-limiting aspect of the present
disclosure, which may be used in combination with each or any of the above-
mentioned aspects, the titanium alioy comprises, in weight perceniages based on
total alloy weight: 8.6 1© 9.4 of one or more elements salectad from the group
consisting of vanadium and nichium; 4.8 o 5.4 tin, 3.0 10 3.9 aluminum; 2010 3.0

molybdenum; and 2.6 to 3.4 zirconium.

10068] In accordance with a twenty-first non-Eimiting aspect of the present
disclosure, which may be used in combination with each or any of the above-
mentioned aspects, the titanium alioy comprises, in weight perceniages based on
total alloy weight: 10.6 1o 11.4 of one or more elements selected from the group
consisting of vanadium and nichium; 6.8 o 7.4 tin, 2.0 10 3.4 aluminum; 1.010 2.0

molybdenum; and 1.8 to 2.4 zirconium.

10068] In accordance with a twenty-second non-limiling aspect of the
present disclosure, a method of making a titanium alloy comprises: solution treating
a titanium alloy at 760°C {0 840°C for 2 o 4 hours; air cooling the titanium alloy to
ambient temperature; aging the titanium alloy at 482°C to 583°C for 8 {0 16 hours;
and air cooling the ttanium alloy, wherein the fitanium alloy has the composition

recited in each or any of the above-mentioned aspecis.

[6070] In accordance with a twenty-third non-limiting aspect of the present
disclosure, which may be used in combination with each or any of the above-

mentioned aspects, the titanium alloy exhibits an ultimate tensile strength (UTS) of at
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least 170 ksi at room temperature, and wherein the ultimate tensile strength and an
elongation of the titanium alloy satisfy the equation: (7.5 x Elongationin %)+ UTS 2
260.5.

[6071] In accordance with a twenty-fourth non-limiting aspect of the present
disclosure, the present disclosure also provides a titanium alloy consisting
essentially of, in weight percentages based on tolal alley weight: 2010 5.0
aluminum; 3.0 o 8.0 tin; 1.0 to 5.0 zirconium; 0 to a total of 16.0 of one or more
elements selected from the group consisiing of oxygen, vanadium, molybdenum,

pichium, chromium, iron, copper, nitrogen, and carbon; titanium, and impurities.

[6072] In accordance with a tweniy-fifth non-limiting aspect of the present
disclosure, which may be used in combination with each or any of the above-
mentioned aspects, a sum of vanadium and niokium contents in the alloy is, in

weight percentages based on total alloy weight, 6.0 to 12, or 6.0 10 10.0.

[8073] In accordance with a twenty-sixth non-limiting aspect of the present
disclosure, which may be used in combination with each or any of the above-
mentioned aspects, a molybdenum content in the alloy is, in weight percentages

based on {otal alloy weight, 0.1 to 5.0.

[0074] In accordance with a twenty-seventh non-limiting aspect of the
present disclosure, which may be used in combination with each or any of the
above-mentioned aspects, an aluminum eguivalent value of the fitanium alioy is 6.0
to 9.0.

[B075] In accordance with a tweniy-eighth non-limiting aspect of the present
disclosure, which may be used in combination with each or any of the above-
mentioned aspects, a molybdenum equivalent value of the titanium alloy is 5.0 to
10.0.

18076] In accordance with a twenty-ninth non-limiting aspect of the present
disclosure, which may be used in combination with each or any of the above-
mentioned aspects, an aluminum equivalent value of the litanium alloy is 8.0 10 8.0

and a molybdenum equivalent value of the titanium alloy is 5.0 1o 10.0.

[0077] In accordance with a thirtieth non-limiting aspect of the present

disclosure, which may be used in combination with each or any of the above-
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mentioned aspects, in the titanium alloy: a sum of vanadium and niobium contents is
6.0 10 12.0, or 6.0 to 10.0; a moiybdenum content is 0.1 10 5.0; an iron conient is
0.01 10 0.30; an oxygen content is 0.005 t0 0.3, a carbon content is 0.001 ¢ 0.07;
and a nitrogen content is 0.001 10 0.03, all in weight percentages based on total

weight of the tifanium alloy.

10078] In accordance with a thirty-first non-limiting aspect of the present
disclosure, which may be used in combination with each or any of the above-
mentioned aspects, a sum of aluminum, tin, and zirconium contents is, in weight

percentages based on the total alloy weight, 8 to 15,

[0079] In accordance with a thirty-second non-limiting aspect of the present
disclosure, which may be used in combination with each or any of the above-
mentioned aspects, a ratio of the aluminum equivalent value 1o the molybdenum

equivalent value of the titanium alloy is 0.8 10 1.3,

[0080] In accordance with a thirty-third non-limiting aspect of the present
disclosure, a method of making a titanium alloy comprises: solution treating a
fitanium alloy at 760°C to 840°C for 2 to 4 hours; air cooling the titanium alloy to
ambient temperature; aging the titanium alloy at 482°C to 593°C for 8 to 18 hours;
and air cooling the titanium alloy, wherein the titanium alloy has the composition

recited in each or any of the above-mentioned aspects.

[0081] In accordance with a thirty-fourth non-limiting aspect of the present
disclosure, which may be used in combination with each or any of the above-
mentioned aspects, the titanium alloy exhibits an ullimate tensile strength (UTS) of at
least 170 ksi at room temperature, and wherein the uifimate tensile sirength and an
elongation of the titanium alloy satisfy the equation: (7.5 x Elongation in %) + UTS z
260.5.

[0082] In accordance with a thirty-fifth non-limiting aspect of the present
disclosure, a method of making a titanium alloy comprises: solution treating a
fitanium alloy at a temperature range from the alloy’s beta transus minus 10°C fo the
beta transus minus 100°C for 2 to 4 hours; air cocling or fan air cooling the fitanium
alloy {0 ambient temperature; aging the titanium alloy at 482°C to 583°C for 810 18
hours; and air cooling the titanium alloy, wherein the titanium alloy has the

composition recited in each or any of the above-mentioned aspects.
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[0083] [Htwill be understood that the present description illustrates those
aspects of the invention relevant o a clear understanding of the invention. Certain
aspects that would be apparent to those of ordinary skill in the art and that, therefore,
would not facilitate a better understanding of the invention have not been presented
in order o simplify the present description. Although only a limiied number of
embodiments of the present invention are necessarily described herein, one of
ordinary skill in the art will, upon considering the foregoing description, recognize
that many modifications and variations of the invention may be employed. All such
variations and modifications of the inveniion are intended ¢ be covered by the

foregoing description and the following claims.
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CLAIMS
We claim;

1. Atitanium alloy comprising, in weight percentages based on total alloy weight:
2.0 10 5.0 aluminum;
3.0t 8.0tm;
1.0 to 5.0 zirconium;
0 to a total of 16.0 of one or more elements selected from the group
consisting of oxygen, vanadium, molybdenum, niobium, chromium, iron, copper,

nitrogen, and carbon;

fitanium; and

impurities.
2. The titanium alloy of claim 1 comprising, in weight percentages based on olal
alloy weight:

6.0 to 12.0 of one or more elements selected from the group consisting of

vanadium and niobium.
3. The titanium alioy of claim 1 comprising, in weight percentages based on total
alloy weight:

0.1 to 5.0 molybdenum.

4.  The titanium alloy of claim 1, wherein the {itanium alloy comprises an aluminum

gquivalent value 0f 6.0 10 8.0.

5. The iitanium alioy of claim 1, wherein the titanium alloy comprises a

molybdenum equivalent value of 5.0 to 10.0.

6. The titanium alloy of claim 1, wherein the titanium alloy comprises an aluminum

equivalent value of 6.0 to 9.0 and a molyhdenum equivalent value of 5.0 o 10.0.

7. The titanium alioy of claim 8, wherein the titanium alloy comprises, in weight

percentages based on otal alloy weight:
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6.0 t0 12.0 of one or more elements selected from the group consisting of

vanadium and nicbium;

8.

0.1 to 5.0 molybdenum;
0.01 to 0.40 iron;

0.005 1o 0.3 oxygen;
G.001 10 0.07 carbon; and
0.001 to 0.03 nitrogen.

The titanium alioy of claim 7, wherein a sum of aluminum, tin, and zirconium

contents is, in weight percentages based on the tolal alloy weight, 8o 15.

9.

The iitanium alioy of claim 7, wherein a ratio of the aluminum eguivalent value

to the molybdenum equivalent value is 0.6 t0 1.3.

1C.

11.

A method of making a titanium alloy, the method comprising:
solution treating a titanium alloy at 760°C o 840°C for 1 to 4 hours;
air cooling the titanium alloy to ambient temperature,;

aging the titanium alioy at 482°C 10 593°C for 8 to 16 hours; and
air cooling the titanium alloy,

wherein the titanium alloy has the composition recited in claim 1.

The titanium alloy of claim 1, wherein the titanium alloy exhibits an ulimate

tensile strength (UTS) of at least 170 ksi at room temperature, and wherein the

uitimate tensile strength and an elongation of the fitanium alloy satisfy the equation:

(7.5 x Elongation in %) + UTS 2 260.5.

23



WO 2019/217006 PCT/US2019/024574

12.

A titanium alloy comprising, in weight percentages based on total alloy weight:

8.6 10 11.4 of one or more elements selected from the group consisting of

vanadium and niobium;

13.

48t0 7.4 tin;

2.0 t0 3.9 aluminum;
1.0 to 3.0 molybdenum;
1.6 10 3.4 zirconium;

0 to 0.5 chromium;

Qto 0.4 iron;

0 to 0.25 oxygen,

0 to 0.05 nitrogen;

0 to 0.05 carbon;
fitanium; and

impurities.

The iitanium alioy of claim 12 comprising, in weight percentages based on

total alloy weight:

8.8 to 8.4 of one or more elements selected from the group consisting of

vanadium and niobium.

14.

The titanium alloy of claim 12 comprising, in weight percentages based on

total alloy weight:

10.6 1o 11.4 of one or more elements selected from the group consisting of

vanadium and niobium.

15.

The titanium alloy of claim 12 comprising, in weight percentages based on

fotal alloy weight:

16.

2.0 to 3.0 molybdenum.

The titanium alloy of claim 12 comprising, in weight percentages based on

total alloy weight:

1.0 to 2.0 molybdenum.
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17.  The titanium alloy of claim 12, whersin the titanium alloy comprises an

aluminum equivalent value of 7.0 {0 8.0.

18.  The titanium alloy of claim 12, wherein the titanium alloy comprises a

molybdenum eguivalent value of 8.0 {0 7.0.

19. The titanium alloy of claim 12, whersin the titanium alioy comprises an
aluminum equivalent value of 7.0 to 8.0 and a moilybdenum equivalent value of 8.0 to
7.0.

20.  The titanium alloy of claim 19, wherein the titanium alloy comprises, in weight
percentages based on otal alloy weight:

8.6 to 8.4 of one or more elements selected from the group consisting of
vanadium and niobium;

4.6 0 5.4 1in;

3.0 10 3.9 aluminum;

2.0 to 3.0 molybdenum, and

2.8 to 3.4 zirconium.

21.  The titanium alloy of claim 19, wherein the titanium alloy comprises, in weight
percentages based on total alloy weight:

10.6 10 11.4 of one or more elements selected from the group consisting of
vanadium and nicbium;

6.6 0 7.4 tin;

2.0 to 3.4 aluminum;

1.0 to 2.0 molybdenum; and

1.6 t0 2.4 zirconium,

22. A method of making a titanium alloy, the method comprising:
solution treating a titanium alloy at 760°C o 840°C for 2 to 4 hours;
air cooling the titanium alloy to ambient temperature;
aging the titanium alioy at 482°C 10 593°C for 8 to 16 hours; and

air cooling the titanium alloy,
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wherein the titanium alloy has the composition recited in claim 12.

23.  The titanium alloy of claim 12, wherein the titanium alloy exhibits an ultimate
tensile strength (UTS) of at least 170 ksi at room temperature, and wherein the

ultimate tensile strength and an elongation of the titanium alloy satisfy the eqguation:

(7.5 x Elongation in %) + UTS 2 260.5.

24, Alditanium alloy consisting essentiaily of, in weight percentages based on total
alloy weight:

2.0 to 5.0 aluminum;

3.0t08.0tin;

1.0 0 5.0 zirconium;

0 to a total of 16.0 of one or more elements selected from the group
consisting of oxygen, vanadium, molybdenum, niobium, chromium, iron, copper,
pitrogen, and carbon;

titanium; and

impurities.
25. The titanium alloy of claim 24, wherein a sum of vanadium and niobium
contents in the alloy is, in weight percentages based on total alloy weight, 8.0 10

12.0.

26.  The titanium alloy of claim 24, wherein a molybdenum content in the alloy s,

in weight percentages based on tolal alloy weight, 0.1 10 5.0,

27.  The titanium alioy of claim 24, wherein an aluminum eguivalent value of the

titanium alloy is 6.0 10 8.0

28.  The titanium alloy of claim 24, whersin a molybdenum equivalent value of the

titanium alloy is 5.0 10 10.0.
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29, The titanium alloy of claim 24, wherein an aluminum equivalent value of the
titanium alloy is 8.0 to 8.0 and a moiybdenum equivalent value of the titanium alloy is
50tc 10.0.

30.  The titanium alioy of claim 29, wherein in the tilanium alloy:
a sum of vanadium and niocbium contents s 8.0 10 12.5;
a molybdenum contentis 0.1 10 5.0;
an iron content is 0.01 to 0.30;
an oxygen content is 0.005t0 0.3,
a carbon content is 0.001 10 0.07; and
a nitrogen content is 0.001 to 0.03,

all in weight percentages based on total weight of the titanium alloy.

31, The titanium alloy of claim 30, wherein g sum of aluminum, tin, and zirconium

contents is, in weight percentages based on the total alloy weight, 8 to 15,

32, The titanium alloy of claim 30, wherein a ratio of the aluminum equivalent

value 1o the molybdenum equivalent value of the tilanium alloy s 0.6 to 1.3,

33, A method of making a titanium alloy, the method comprising:
solution treating a titanium alloy at 760°C to 840°C for 2 {o 4 hours;
air cooling the titanium alloy to ambient temperature;
aging the titanium alloy at 482°C 1o 593°C for 8 to 16 hours; and
air cooling the titanium alloy,

wherein the titanium alloy has the composition reciled in claim 24.
34. The titanium alioy of claim 24, wherein the iitanium alioy exhibiis an uitimate

tensile strength (UTS) of at least 170 ksi af room temperature, and wherein the

ultimate tensile strength and an slongation of the titanium alloy satisy the equation:

(7.5 = Elongation in %) + UTS 2 260.5.

35. A method of making a titanium alloy, the method comprising:
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solution treating a titanium alloy at a temperature range from beta transus
minus 10°C to beta transus minus 100°C for 2 to 4 hours;

air cooling or fan air cooling the tHanium alloy to ambient temperature;

aging the titanium alioy at 482°C 1o 593°C for 8 to 16 hours, and

air cooling the titanium alloy,

wherein the titanium alloy has the composition recited in claim 24.
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