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TITLE
PRODUCTION OF HIGH STRENGTH TITANIUM

INVENTOR

David J. Bryan

BACKGROUND OF THE TECHNOLOGY
FIELD OF THE TECHNOLOGY

[0001] The present disclosure is directed to methods for producing titanium
alloys having high strength and high toughness. The methods according to the present
disclosure do not require the multi-step heat treatments used in certain existing titanium

alloy production methods.

DESCRIPTION OF THE BACKGROUND OF THE TECHNOLOGY

[0002] Titanium alloys typically exhibit a high strength-to-weight ratio, are
corrosion resistant, and are resistant to creep at moderately high temperatures. For
these reasons, titanium alloys are used in aerospace and aeronautic applications
including, for example, critical structural parts such as landing gear members and
engine frames. Titanium alloys also are used in jet engines for parts such as rotors,

compressor blades, hydraulic system parts, and nacelles.

[0003] Pure titanium undergoes an allotropic phase transformation at about
882°C. Below this temperature, titanium adopts a hexagonally close-packed crystal
structure, referred to as the a phase. Above this temperature, titanium has a body
centered cubic structure, referred to as the B phase. The temperature at which the
transformation from the a phase to the 8 phase takes place is referred to as the beta
transus temperature (Tg). The beta transus temperature is affected by interstitial and
substitutional elements and, therefore, is dependent upon impurities and, more

importantly, alloying elements.
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[0004] In titanium alloys, alloying elements are generally classified as a
stabilizing elements or 8 stabilizing elements. Addition of a stabilizing elements (“a
stabilizers”) to titanium increases the beta transus temperature. Aluminum, for
example, is a substitutional element for titanium and is an a stabilizer. Interstitial
alloying elements for titanium that are a stabilizers include, for example, oxygen,

nitrogen, and carbon.

[0005] Addition of B stabilizing elements to titanium lowers the beta transus
temperature. B stabilizing elements can be either B isomorphous elements or B
eutectoid elements, depending on the resulting phase diagrams. Examples of B
isomorphous alloying elements for titanium are vanadium, molybdenum, and niobium.
By alloying with sufficient concentrations of these 8 isomorphous alloying elements, it is
possible to lower the beta transus temperature to room temperature or lower.

Examples of B eutectoid alloying elements are chromium and iron. Additionally, other
elements, such as, for example, silicon, zirconium, and hafnium, are neutral in the
sense that these elements have little effect on the beta transus temperature of titanium

and titanium alloys.

[0006] FIG. 1A depicts a schematic phase diagram showing the effect of
adding an a stabilizer to titanium. As the concentration of a stabilizer increases, the
beta transus temperature also increases, which is seen by the positive slope of the beta
transus temperature line 10. The beta phase field 12 lies above the beta transus
temperature line 10 and is an area of the phase diagram where only 8 phase is present
in the titanium alloy. In FIG. 1A, an alpha-beta phase field 14 lies below the beta
transus temperature line 10 and represents an area on the phase diagram where both a
phase and B phase (a+) are present in the titanium alloy. Below the alpha-beta phase

field 14 is the alpha phase field 16, where only a phase is present in the titanium alloy.

[0007] FIG. 1B depicts a schematic phase diagram showing the effect of
adding an isomorphous B stabilizer to titanium. Higher concentrations of B stabilizers
reduce the beta transus temperature, as is indicated by the negative slope of the beta
transus temperature line 10. Above the beta transus temperature line 10 is the beta

phase field 12. An alpha-beta phase field 14 and an alpha phase field 16 also are
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present in the schematic phase diagram of titanium with isomorphous B stabilizer in
FIG. 1B.

[0008] FIG. 1C depicts a schematic phase diagram showing the effect of
adding a eutectoid [ stabilizer to titanium. The phase diagram exhibits a beta phase
field 12, a beta transus temperature line 10, an alpha-beta phase field 14, and an alpha
phase field 16. In addition, there are two additional two-phase fields in the phase
diagram of FIG. 1C, which contain either a phase or B phase together with the reaction

product of titanium and the eutectoid B stabilizing alloying addition (Z).

[0009] Titanium alloys are generally classified according to their chemical
composition and their microstructure at room temperature. Commercially pure (CP)
titanium and titanium alloys that contain only a stabilizers such as aluminum are
considered alpha alloys. These are predominantly single phase alloys consisting
essentially of a phase. However, CP titanium and other alpha alloys, after being
annealed below the beta transus temperature, generally contain about 2-5 percent by
volume of 8 phase, which is typically stabilized by iron impurities in the alpha titanium
alloy. The small volume of B phase is useful in the alloy for controlling the recrystallized

a phase grain size.

[0010] Near-alpha titanium alloys have a small amount of § phase, usually less
than 10 percent by volume, which results in increased room temperature tensile
strength and increased creep resistance at use temperatures above 400°C, compared
with the alpha alloys. An exemplary near-alpha titanium alloy may contain about 1

weight percent molybdenum.

[0011] Alpha/beta (a+B) titanium alloys, such as Ti-6Al-4V (Ti 6-4) alloy and
Ti-6Al-25n-4Zr-2Mo (Ti 6-2-4-2) alloy, contain both alpha and beta phase and are
widely used in the aerospace and aeronautics industries. The microstructure and
properties of alpha/beta alloys can be varied through heat treatments and

thermomechanical processing.

[0012] Stable beta titanium alloys, metastable beta titanium alloys, and near

beta titanium alloys, collectively classified as "beta alloys", contain substantially more 8
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stabilizing elements than alpha/beta alloys. Near-beta titanium alloys, such as, for
example, Ti-10V-2Fe-3Al alloy, contain amounts of B stabilizing elements sufficient to
maintain an all-B phase structure when water quenched, but not when air quenched.
Metastable beta titanium alloys, such as, for example, Ti-15Mo alloy, contain higher
levels of B stabilizers and retain an all-B phase structure upon air cooling, but can be
aged to precipitate a phase for strengthening. Stable beta titanium alloys, such as, for
example, Ti-30Mo alloy, retain an all-B phase microstructure upon cooling, but cannot

be aged to precipitate a phase.

[0013] It is known that alpha/beta alloys are sensitive to cooling rates when
cooled from above the beta transus temperature. Precipitation of a phase at grain
boundaries during cooling reduces the toughness of these alloys. Currently, the
production of titanium alloys having high strength and high toughness requires the use
of a combination of high temperature deformations followed by a complicated multi-step
heat treatment that includes carefully controlled heating rates and direct aging. For
example, U.S. Patent Application Publication No. 2004/0250932 A1 discloses forming a
titanium alloy containing at least 5% molybdenum into a utile shape at a first
temperature above the beta transus temperature, or heat treating a titanium alloy at a
first temperature above the beta transus temperature followed by controlled cooling at a
rate of no more than 5°F (2.8°C) per minute to a second temperature below the beta
transus temperature. The titanium alloy also may be heat treated at a third

temperature.

[0014] A temperature-versus-time schematic plot of a typical prior art method
for producing tough, high strength titanium alloys is shown in FIG. 2. The method
generally includes an elevated temperature deformation step conducted below the beta
transus temperature, and a heat treatment step including heating above the beta
transus temperature followed by controlled cooling. The prior art thermomechanical
processing steps used to produce titanium alloys having both high strength and high
toughness are expensive, and currently only a limited number of manufacturers have
the capability to conduct these steps. Accordingly, it would be advantageous to provide

an improved process for increasing strength and/or toughness of titanium alloys.

-4-



WO 2011/090733 PCT/US2010/062284

SUMMARY

[0015] According to one aspect of the present disclosure, a non-limiting
embodiment of a method for increasing the strength and toughness of a titanium alloy
includes plastically deforming a titanium alloy at a temperature in the alpha-beta phase
field of the titanium alloy to an equivalent plastic deformation of at least a 25% reduction
in area. After plastically deforming the titanium alloy at a temperature in the alpha-beta
phase field, the titanium alloy is not heated to a temperature at or above a beta transus
temperature of the titanium alloy. Further according to the non-limiting embodiment,
after plastically deforming the titanium alloy, the titanium alloy is heat treated at a heat
treatment temperature less than or equal to the beta transus temperature minus 20°F
for a heat treatment time sufficient to produce a heat treated alloy having a fracture
toughness (Kic) that is related to the yield strength (YS) according to the equation
Kic 2173 - (0.9)YS. In another non-limiting embodiment, the titanium alloy may be heat
treated after plastic deformation at a temperature in the alpha-beta phase field of the
titanium alloy to an equivalent plastic deformation of at least a 25% reduction in area at
a heat treatment temperature less than or equal to the beta transus temperature minus
20°F for a heat treatment time sufficient to produce a heat treated alloy having a fracture
toughness (K) that is related to the yield strength (YS) according to the equation
Kic2217.6 - (0.9)YS.

[0016] According to another aspect of the present disclosure, a non-limiting
method for thermomechanically treating a titanium alloy includes working a titanium
alloy in a working temperature range of 200°F (111°C) above the beta transus
temperature of the titanium alloy to 400°F (222°C) below the beta transus temperature.
In a non-limiting embodiment, at the conclusion of the working step an equivalent plastic
deformation of at least 25% reduction in area may occur in an alpha-beta phase field of
the titanium alloy, and the titanium alloy is not heated above the beta transus
temperature after the equivalent plastic deformation of at least 25% reduction in area in
the alpha beta phase field of the titanium alloy. According to one non-limiting
embodiment, after working the titanium alloy, the alloy may be heat treated in a heat
treatment temperature range between 1500°F (816°C) and 900°F (482°C) for a heat

-5-
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treatment time of between 0.5 and 24 hours. The titanium alloy may be heat treated in
a heat treatment temperature range between 1500°F (816°C) and 900°F (482°C) for a
heat treatment time sufficient to produce a heat treated alloy having a fracture
toughness (K\) that is related to the yield strength (YS) of the heat treated alloy
according to the equation Kic =2 173 - (0.9)YS or, in another non-limiting embodiment,
according to the equation K2 217.6 - (0.9)YS.

[0017] According to yet another aspect of the present disclosure, a non-limiting
embodiment of a method for processing titanium alloys comprises working a titanium
alloy in an alpha-beta phase field of the titanium alloy to provide an equivalent plastic
deformation of at least a 25% reduction in area of the titanium alloy. In one non-limiting
embodiment of the method, the titanium alloy is capable of retaining beta-phase at room
temperature. In a non-limiting embodiment, after working the titanium alloy, the titanium
alloy may be heat treated at a heat treatment temperature no greater than the beta
transus temperature minus 20°F for a heat treatment time sufficient to provide the
titanium alloy with an average ultimate tensile strength of at least 150 ksi and a K|,
fracture toughness of at least 70 ksi-in'2. In a non-limiting embodiment, the heat

treatment time is in the range of 0.5 hours to 24 hours.

[0018] Yet a further aspect of the present disclosure is directed to a titanium
alloy that has been processed according to a method encompassed by the present
disclosure. One non-limiting embodiment is directed to a Ti-5AI-5V-5Mo-3Cr alloy that
has been processed by a method according to the present disclosure including steps of
plastically deforming and heat treating the titanium alloy, and wherein the heat treated
alloy has a fracture toughness (K) that is related to the yield strength (YS) of the heat
treated alloy according to the equation K,;2 217.6 - (0.9)YS. As is known in the art,
Ti-5Al-5V-5Mo-3Cr alloy, which also is known as Ti-5553 alloy or Ti 5-5-5-3 alloy,
includes nominally 5 weight percent aluminum, 5 weight percent vanadium, 5 weight
percent molybdenum, 3 weight percent chromium, and balance titanium and incidental
impurities. In one non-limiting embodiment, the titanium alloy is plastically deformed at
a temperature in the alpha-beta phase field of the titanium alloy to an equivalent plastic

deformation of at least a 25% reduction in area. After plastically deforming the titanium
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alloy at a temperature in the alpha-beta phase field, the titanium alloy is not heated to a
temperature at or above a beta transus temperature of the titanium alloy. Also, in one
non-limiting embodiment, the titanium alloy is heat treated at a heat treatment
temperature less than or equal to the beta transus temperature minus 20°F (11 .1°C) for
a heat treatment time sufficient to produce a heat treated alloy having a fracture
toughness (Kc) that is related to the yield strength (YS) of the heat treated alloy
according to the equation Ki;2217.6 - (0.9)YS.

[0019] Yet another aspect according to the present disclosure is directed to an
article adapted for use in at least one of an aeronautic application and an aerospace
application and comprising a Ti-5AI-5V-5Mo-3Cr alloy that has been processed by a
method including plastically deforming and heat treating the titanium alloy in a manner
sufficient so that a fracture toughness (K|) of the heat treated alloy is related to a yield
strength (YS) of the heat treated alloy according to the equation K,;= 217.6 - (0.9)YS.
In a non-limiting embodiment, the titanium alloy may be plastically deformed at a
temperature in the alpha-beta phase field of the titanium alloy to an equivalent plastic
deformation of at least a 25% reduction in area. After plastically deforming the titanium
alloy at a temperature in the alpha-beta phase field, the titanium alloy is not heated to a
temperature at or above a beta transus temperature of the titanium alloy. In a non-
limiting embodiment, the titanium alloy may be heat treated at a heat treatment
temperature less than or equal to (i.e., no greater than) the beta transus temperature
minus 20°F (11.1°C) for a heat treatment time sufficient to produce a heat treated alloy
having a fracture toughness (Kic) that is related to the yield strength (YS) of the heat
treated alloy according to the equation K2 217.6 - (0.9)YS.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] The features and advantages of methods described herein may be

better understood by reference to the accompanying drawings in which:

[0021] FIG. 1A is an example of a phase diagram for titanium alloyed with an

alpha stabilizing element;
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[0022] FIG. 1B is an example of a phase diagram for titanium alloyed with an

isomorphous beta stabilizing element;

[0023] FIG. 1C is an example of a phase diagram for titanium alloyed with a

eutectoid beta stabilizing element;

[0024] FIG. 2 is a schematic representation of a prior art thermomechanical

processing scheme for producing tough, high-strength titanium alloys;

[0025] FIG. 3 is a time-temperature diagram of a non-limiting embodiment of a
method according to the present disclosure comprising substantially all alpha-beta

phase plastic deformation;

[0026] FIG. 4 is a time-temperature diagram of another non-limiting
embodiment of a method according to the present disclosure comprising “through beta

transus” plastic deformation;

[0027] FIG. 5 is a graph of K. fracture toughness versus yield strength for

various titanium alloys heat treated according to prior art processes;

[0028] FIG. 6 is a graph of K fracture toughness versus yield strength for
titanium alloys that were plastically deformed and heat treated according to non-limiting
embodiments of a method according to the present disclosure and comparing those

embodiments with alloys heat treated according to prior art processes;

[0029] FIG. 7A is a micrograph of a Ti 5-5-5-3 alloy in the longitudinal direction
after rolling and heat treating at 1250°F (677°C) for 4 hours; and

[0030] FIG. 7B is a micrograph of a Ti 5-5-5-3 alloy in the transverse direction
after rolling and heat treating at 1250°F (677°C) for 4 hours.

[0031] The reader will appreciate the foregoing details, as well as others, upon
considering the following detailed description of certain non-limiting embodiments of

methods according to the present disclosure.
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DETAILED DESCRIPTION OF CERTAIN NON-LIMITING EMBODIMENTS

[0032] In the present description of non-limiting embodiments, other than in the
operating examples or where otherwise indicated, all numbers expressing quantities or
characteristics are to be understood as being modified in all instances by the term
“about”. Accordingly, unless indicated to the contrary, any numerical parameters set
forth in the following description are approximations that may vary depending on the
desired properties one seeks to obtain in the methods for producing high strength, high
toughness titanium alloys according to the present disclosure. At the very least, and not
as an attempt to limit the application of the doctrine of equivalents to 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.

[0033] Any patent, publication, or other disclosure material that is said to be
incorporated, in whole or in par, by reference herein is incorporated herein only to the
extent that the incorporated material does not conflict with existing definitions,
statements, or other disclosure material set forth in this disclosure. As such, and to the
extent necessary, the disclosure as set forth herein supersedes any conflicting 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 incorporated to the
extent that no conflict arises between that incorporated material and the existing

disclosure material.

[0034] Certain non-limiting embodiments according to the present disclosure
are directed to thermomechanical methods for producing tough and high strength
titanium alloys and that do not require the use of complicated, multi-step heat
treatments. Surprisingly, and in contrast to the complex thermomechanical processes
presently and historically used with titanium alloys, certain non-limiting embodiments of
thermomechanical methods disclosed herein include only a high temperature
deformation step followed by a one-step heat treatment to impart to titanium alloys
combinations of tensile strength, ductility, and fracture toughness required in certain

aerospace and aeronautical materials. It is anticipated that embodiments of
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thermomechanical processing within the present disclosure can be conducted at any
facility that is reasonably well equipped to perform titanium thermomechanical heat
treatment. The embodiments contrast with conventional heat treatment practices for
imparting high toughness and high strength to titanium alloys, practices commonly

requiring sophisticated equipment for closely controlling alloy cooling rates.

[0035] Referring to the schematic temperature versus time plot of FIG. 3, one
non-limiting method 20 according to the present disclosure for increasing the strength
and toughness of a titanium alloy comprises plastically deforming 22 a titanium alloy at
a temperature in the alpha-beta phase field of the titanium alloy to an equivalent plastic
deformation of at least a 25% reduction in area. (See FIGS. 1A-1C and the discussion
above regarding the alpha-beta phase field of a titanium alloy.) The equivalent 25%
plastic deformation in the alpha-beta phase field involves a final plastic deformation
temperature 24 in the alpha-beta phase field. The term "final plastic deformation
temperature” is defined herein as the temperature of the titanium alloy at the conclusion
of plastically deforming the titanium alloy and prior to aging the titanium alloy. As further
shown in FIG. 3, subsequent to the plastic deformation 22, the titanium alloy is not
heated above the beta transus temperature (Tg) of the titanium alloy during the method
20. In certain non-limiting embodiments, and as shown in FIG. 3, subsequent to the
plastic deformation at the final plastic deformation temperature 24, the titanium alloy is
heat treated 26 at a temperature below the beta transus temperature for a time
sufficient to impart high strength and high fracture toughness to the titanium alloy. In a
non-limiting embodiment, the heat treatment 26 may be conducted at a temperature at
least 20°F below the beta transus temperature. In another non-limiting embodiment, the
heat treatment 26 may be conducted at a temperature at least 50°F below the beta
transus temperature. In certain non-limiting embodiments, the temperature of the heat
treatment 26 may be below the final plastic deformation temperature 24. In other non-
limiting embodiments, not shown in FIG. 3, in order to further increase the fracture
toughness of the titanium alloy, the temperature of the heat treatment may be above the
final plastic deformation temperature, but less than the beta transus temperature. It will

be understood that although FIG. 3 shows a constant temperature for the plastic
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deformation 22 and the heat treatment 26, in other non-limiting embodiments of a
method according to the present disclosure the temperature of the plastic deformation
22 and/or the heat treatment 26 may vary. For example, a natural decrease in
temperature of the titanium alloy workpiece occurs during plastic deformation is within
the scope of embodiments disclosed herein. The schematic temperature - time plot of
FIG. 3 illustrates that certain embodiments of methods of heat treating titanium alloys to
impart high strength and high toughness disclosed herein contrast with conventional
heat treatment practices for imparting high strength and high toughness to titanium
alloys. For example, conventional heat treatment practices typically require multi-step
heat treatments and sophisticated equipment for closely controlling alloy cooling rates,
and are therefore expensive and cannot be practiced at all heat treatment facilities. The
process embodiments illustrated by FIG. 3, however, do not involve multi-step heat

treatment and may be conducted using conventional heat treating equipment.

[0036] Generally, the specific titanium alloy composition determines the
combination of heat-treatment time(s) and heat treatment temperature(s) that will impart
the desired mechanical properties using methods according to the present disclosure.
Further, the heat treatment times and temperatures can be adjusted to obtain a specific
desired balance of strength and fracture toughness for a particular alloy composition. In
certain non-limiting embodiments disclosed herein, for example, by adjusting the heat
treatment times and temperatures used to process a Ti-5AI-5V-5Mo-3Cr (Ti 5-5-5-3)
alloy by a method according to the present disclosure, ultimate tensile strengths of 140
ksi to 180 ksi combined with fracture toughness levels of 60 ksi-in"? K. to 100 ksi-in"’2
Kic were achieved. Upon considering the present disclosure, those having ordinary skill,
may, without undue effort, determine the particular combination(s) of heat treatment
time and temperature that will impart the optimal strength and toughness properties to a

particular titanium alloy for its intended application.

[0037]  The term “plastic deformation” is used herein to mean the inelastic
distortion of a material under applied stress or stresses that strains the material beyond

its elastic limit.
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[0038] The term "reduction in area" is used herein to mean the difference
between the cross-sectional area of a titanium alloy form prior to plastic deformation
and the cross-sectional area of the titanium alloy form after plastic deformation, wherein
the cross-section is taken at an equivalent location. The titanium alloy form used in
assessing reduction in area may be, but is not limited to, any of a billet, a bar, a plate, a

rod, a coil, a sheet, a rolled shape, and an extruded shape.

[0039] An example of a reduction in area calculation for plastically deforming a
5 inch diameter round titanium alloy billet by rolling the billet to a 2.5 inch round titanium
alloy bar follows. The cross-sectional area of a 5 inch diameter round billet is T (pi)
times the square of the radius, or approximately (3.1415) x (2.5 inch)?, or 19.625 in.
The cross-sectional area of a 2.5 inch round bar is approximately (3.1415) x (1.25)2, or
4.91 in®. The ratio of the cross-section area of the starting billet to the bar after rolling is
4.91/19.625, or 25%. The reduction in area is 100% - 25%, for a 75% reduction in

area.

[0040] The term "equivalent plastic deformation" is used herein to mean the
inelastic distortion of a material under applied stresses that strain the material beyond
its elastic limit. Equivalent plastic deformation may involve stresses that would result in
the specified reduction in area obtained with uniaxial deformation, but occurs such that
the dimensions of the alloy form after deformation are not substantially different than the
dimensions of the alloy form prior to deformation. For example, and without limitation,
multi-axis forging may be used to subject an upset forged titanium alloy billet to
substantial plastic deformation, introducing dislocations into the alloy, but without
substantially changing the final dimensions of the billet. In a non-limiting embodiment
wherein the equivalent plastic deformation is at least 25%, the actual reduction in area
may by 5% or less. In a non-limiting embodiment wherein the equivalent plastic
deformation is at least 25%, the actual reduction in area may by 1% or less. Multi-axis
forging is a technique known to a person having ordinary skill in the art and, therefore, is

not further described herein.

[0041] In certain non-limiting embodiments according to the present disclosure,

a titanium alloy may be plastically deformed to an equivalent plastic deformation of
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greater than a 25% reduction in area and up to a 99% reduction in area. In certain non-
limiting embodiments in which the equivalent plastic deformation is greater than a 25%
reduction in area, at least an equivalent plastic deformation of a 25% reduction in area
in the alpha-beta phase field occurs at the end of the plastic deformation, and the
titanium alloy is not heated above the beta transus temperature (Tp) of the titanium alloy

after the plastic deformation.

[0042] In one non-limiting embodiment of a method according to the present
disclosure, and as generally depicted in FIG. 3, plastically deforming the titanium alloy
comprises plastically deforming the titanium alloy so that all of the equivalent plastic
deformation occurs in the alpha-beta phase field. Although FIG. 3 depicts a constant
plastic deformation temperature in the alpha-beta phase field, it also is within the scope
of embodiments herein that the equivalent plastic deformation of at least a 25% percent
reduction in area in the alpha-beta phase field occurs at varying temperatures. For
example, the titanium alloy may be worked in the alpha-beta phase field while the
temperature of the alloy gradually decreases. It is also within the scope of
embodiments herein to heat the titanium alloy during the equivalent plastic deformation
of at least a 25% percent reduction in area in the alpha-beta phase field so as to
maintain a constant or near constant temperature or limit reduction in the temperature of
the titanium alloy, as long as the titanium alloy is not heated to or above the beta
transus temperature of the titanium alloy. In a non-limiting embodiment, plastically
deforming the titanium alloy in the alpha-beta phase region comprises plastically
deforming the alloy in a plastic deformation temperature range of just below the beta
transus temperature, or about 18°F (10°C) below the beta transus temperature to 400°F
(222°C) below the beta transus temperature. In another non-limiting embodiment,
plastically deforming the titanium alloy in the alpha-beta phase region comprises
plastically deforming the alloy in a plastic deformation temperature range of 400°F
(222°C) below the beta transus temperature to 20°F (11.1°C) below the beta transus
temperature. In yet another non-limiting embodiment, plastically deforming the titanium

alloy in the alpha-beta phase region comprises plastically deforming the alloy in a
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plastic deformation temperature range of 50°F (27.8°C) below the beta transus

temperature to 400°F (222°C) below the beta transus temperature.

[0043] Referring to the schematic temperature versus time plot of FIG. 4,
another non-limiting method 30 according to the present disclosure includes a feature
referred to herein as "through beta transus" processing. In non-limiting embodiments
that include through beta transus processing, plastic deformation (also referred to
herein as "working") begins with the temperature of the titanium alloy at or above the
beta transus temperature (Tg) of the titanium alloy. Also, in through beta transus
processing, plastic deformation 32 includes plastically deforming the titanium alloy from
a temperature 34 that is at or above the beta transus temperature to a final plastic
deformation temperature 24 that is in the alpha-beta phase field of the titanium alloy.
Thus, the temperature of the titanium alloy passes “through” the beta transus
temperature during the plastic deformation 32. Also, in through beta transus
processing, plastic deformation equivalent to at least a 25% reduction in area occurs in
the alpha-beta phase field, and the titanium alloy is not heated to a temperature at or
above the beta transus temperature (Tg) of the titanium alloy after plastically deforming
the titanium alloy in the alpha-beta phase field. The schematic temperature - time plot
of FIG. 4 illustrates that non-limiting embodiments of methods of heat treating titanium
alloys to impart high strength and high toughness disclosed herein contrast with
conventional heat treatment practices for imparting high strength and high toughness to
titanium alloys. For example, conventional heat treatment practices typically require
multi-step heat treatments and sophisticated equipment for closely controlling alloy
cooling rates, and are therefore expensive and cannot be practiced at all heat treatment
facilities. The process embodiments illustrated by FIG. 4, however, do not involve multi-

step heat treatment and may be conducted using conventional heat treating equipment.

[0044] In certain non-limiting embodiments of a method according to the
present disclosure, plastically deforming the titanium alloy in a through beta transus
process comprises plastically deforming the titanium alloy in a temperature range of
200°F (111°C) above the beta transus temperature of the titanium alloy to 400°F

(222°C) below the beta transus temperature, passing through the beta transus
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temperature during the plastic deformation. The inventor has determined that this
temperature range is effective as long as (i) a plastic deformation equivalent to at least
a 25% reduction in area occurs in the alpha-beta phase field and (ii) the titanium alloy is
not heated to a temperature at or above the beta transus temperature after the plastic

deformation in the alpha-beta phase field.

[0045] In embodiments according to the present disclosure, the titanium alloy
can be plastically deformed by techniques including, but not limited to, forging, rotary
forging, drop forging, multi-axis forging, bar rolling, plate rolling, and extruding, or by
combinations of two or more of these techniques. Plastic deformation can be
accomplished by any suitable mill processing technique known now or hereinafter to a
person having ordinary skill in the art, as long as the processing technique used is
capable of plastically deforming the titanium alloy workpiece in the alpha-beta phase

region to at least an equivalent of a 25% reduction in area.

[0046] As indicated above, in certain non-limiting embodiments of a method
according to the present disclosure, the plastic deformation of the titanium alloy to at
least an equivalent of a 25% reduction in area occurring in the alpha-beta phase region
does not substantially change the final dimensions of the titanium alloy. This may be
achieved by a technique such as, for example, multi-axis forging. In other
embodiments, the plastic deformation comprises an actual reduction in area of a cross-
section of the titanium alloy upon completion of the plastic deformation. A person
skilled in the art realizes that the reduction in area of a titanium alloy resulting from
plastic deformation at least equivalent to a reduction in area of 25% could result, for
example, in actually changing the referenced cross-sectional area of the titanium alloy,
i.e., an actual reduction in area, anywhere from as little as 0% or 1%, and up to 25%.
Further, since the total plastic deformation may comprise plastic deformation equivalent
to a reduction in area of up to 99%, the actual dimensions of the workpiece after plastic
deformation equivalent to a reduction in area of up to 99% may produce an actual
change in the referenced cross-sectional area of the titanium alloy of anywhere from as
little as 0% or 1%, and up to 99%.
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[0047] A non-limiting embodiment of a method according to the present
disclosure comprises cooling the titanium alloy to room temperature after plastically
deforming the titanium alloy and before heat treating the titanium alloy. Cooling can be
achieved by furnace cooling, air cooling, water cooling, or any other suitable cooling

technique known now or hereafter to a person having ordinary skill in the art.

[0048] An aspect of this disclosure is such that after hot working the titanium
alloy according to embodiments disclosed herein, the titanium alloy is not heated to or
above the beta transus temperature. Therefore, the step of heat treating does not occur
at or above the beta transus temperature of the alloy. In certain non-limiting
embodiments, heat treating comprises heating the titanium alloy at a temperature (“heat
treatment temperature”) in the range of 900°F (482°C) to 1500°F (816°C) for a time
(*heat treatment time”) in the range of 0.5 hours to 24 hours. In other non-limiting
embodiments, in order to increase fracture toughness, the heat treatment temperature
may be above the final plastic deformation temperature, but less than the beta transus
temperature of the alloy. In another non-limiting embodiment, the heat treatment
temperature (Ty,) is less than or equal to the beta transus temperature minus 20°F
(11.1°C), i.e., Th = (Tg - 20°F). In another non-limiting embodiment, the heat treatment
temperature (Ty) is less than or equal to the beta transus temperature minus 50°F
(27.8°C), i.e., Tn = (Tg - 20°F). In still other non-limiting embodiments, a heat treatment
temperature may be in a range from at least 900°F (482°C) to the beta transus
temperature minus 20°F (11.1°C), or in a range from at least 900°F (482°C) to the beta
transus temperature minus 50°F (27.8°C). It is understood that heat treatment times
may be longer than 24 hours, for example, when the thickness of the part requires long

heating times.

[0049] Another non-limiting embodiment of a method according to the present
disclosure comprises direct aging after plastically deforming the titanium alloy, wherein
the titanium alloy is cooled or heated directly to the heat treatment temperature after
plastically deforming the titanium alloy in the alpha-beta phase field. It is believed that
in certain non-limiting embodiments of the present method in which the titanium alloy is

cooled directly to the heat treatment temperature after plastic deformation, the rate of
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cooling will not significantly negatively affect the strength and toughness properties
achieved by the heat treatment step. In non-limiting embodiments of the present
method in which the titanium alloy is heat treated at a heat treatment temperature above
the final plastic deformation temperature, but below the beta transus temperature, the
titanium alloy may be directly heated to the heat treatment temperature after plastically

deforming the titanium alloy in the alpha-beta phase field.

[0050] Certain non-limiting embodiments of a thermomechanical method
according to the present disclosure include applying the process to a titanium alloy that
is capable of retaining B phase at room temperature. As such, titanium alloys that may
be advantageously processed by various embodiments of methods according to the
present disclosure include beta titanium alloys, metastable beta titanium alloys, near-
beta titanium alloys, alpha-beta titanium alloys, and near-alpha titanium alloys. It is
contemplated that the methods disclosed herein may also increase the strength and
toughness of alpha titanium alloys because, as discussed above, even CP titanium

grades include small concentrations of B phase at room temperature.

[0051] In other non-limiting embodiments of methods according to the present
disclosure, the methods may be used to process titanium alloys that are capable of
retaining B phase at room temperature, and that are capable of retaining or precipitating
a phase after aging. These alloys include, but are not limited to, the general categories
of beta titanium alloys, alpha-beta titanium alloys, and alpha alloys comprising small

volume percentages of B phase.

[0052] Non-limiting examples of titanium alloys that may be processed using
embodiments of methods according to the present disclosure include: alpha/beta
titanium alloys, such as, for example, Ti-6Al-4V alloy (UNS Numbers R56400 and
R54601) and Ti-6Al-2Sn-4Zr-2Mo alloy (UNS Numbers R54620 and R54621); near-beta
titanium alloys, such as, for example, Ti-10V-2Fe-3Al alloy (UNS R54610)); and
metastable beta titanium alloys, such as, for example, Ti-15Mo alloy (UNS R58150) and
Ti-5AI-5V-5Mo-3Cr alloy (UNS unassigned).

-17-



WO 2011/090733 PCT/US2010/062284

[0053] After heat treating a titanium alloy according to certain non-limiting
embodiments disclosed herein, the titanium alloy may have an ultimate tensile strength
in the range of 138 ksi to 179 ksi. The ultimate tensile strength properties discussed
herein may be measured according to the specification of ASTM E8 — 04, “Standard
Test Methods for Tension Testing of Metallic Materials”. Also, after heat treating a
titanium alloy according to certain non-limiting embodiments of methods according to
the present disclosure, the titanium alloy may have an K|, fracture toughness in the
range of 59 ksi-in'? to 100 ksi-in"2. The K|, fracture toughness values discussed herein
may be measured according to the specification ASTM E399 - 08, “Standard Test
Method for Linear-Elastic Plane-Strain Fracture Toughness K Ic of Metallic Materials”.
In addition, after heat treating a titanium alloy according to certain non-limiting
embodiments within the scope of the present disclosure, the titanium alloy may have a
yield strength in the range of 134 ksi to 170 ksi. Furthermore, after heat treating a
titanium alloy according to certain non-limiting embodiments within the scope of the
present disclosure, the titanium alloy may have a percent elongation in the range of
4.4% to 20.5%.

[0054] In general, advantageous ranges of strength and fracture toughness for
titanium alloys that can be achieved by practicing embodiments of methods according to
the present disclosure include, but are not limited to, ultimate tensile strengths from 140
ksi to 180 ksi with fracture toughness ranging from about 40 ksi-in"2 K. to 100 ksi-in""2
Kie,, Or ultimate tensile strengths of 140 ksi to 160 ksi with fracture toughness ranging
from 60 ksi-in'? K to 80 ksi-in"? K. Still in other non-limiting embodiments,
advantageous ranges of strength and fracture toughness include ultimate tensile
strengths of 160 ksi to 180 ksi with fracture toughness ranging from 40 ksi-in'’2 K, to 60
ksi-in"? K.. Other advantageous ranges of strength and fracture toughness that can be
achieved by practicing certain embodiments of methods according to the present
disclosure include, but are not limited to: ultimate tensile strengths of 135 ksi to180 ksi
with fracture toughness ranging from 55 ksi-in'? K\, to 100 ksi-in'? K,.: ultimate tensile

strengths ranging from 160 ksi to 180 ksi with fracture toughness ranging from 60
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ksi-in"? Kic to 90 ksi-in"? K, ; and ultimate tensile strengths ranging from 135 ksi to 160

ksi with fracture toughness values ranging from 85 ksi-in""2 K to 95 ksi-in"2 K.

[0055] In a non-limiting embodiment of a method according to the present
disclosure, after heat treating the titanium alloy, the alloy has an average ultimate
tensile strength of at least 166 ksi, an average yield strength of at least 148 ksi, a
percent elongation of at least 6%, and a Ky fracture toughness of at least 65 ksi-in'’.
Other non-limiting embodiments of methods according to the present disclosure provide
a heat-treated titanium alloy having an ultimate tensile strength of at least 150 ksi and a
K fracture toughness of at least 70 ksi-in"?. Still other non-limiting embodiments of
methods according to the present disclosure provide a heat-treated titanium alloy
having an ultimate tensile strength of at least 135 ksi and a fracture toughness of at

least 55 ksi-in"2.

[0056] A non-limiting method according to the present disclosure for
thermomechanically treating a titanium alloy comprises working (i.e., plastically
deforming) a titanium alloy in a temperature range of 200°F (111°C) above a beta
transus temperature of the titanium alloy to 400°F (222°C) below the beta transus
temperature. During the final portion of the working step, an equivalent plastic
deformation of at least a 25% reduction in area occurs in an alpha-beta phase field of
the titanium alloy. After the working step, the titanium alloy is not heated above the beta
transus temperature. In non-limiting embodiments, after the working step the titanium
alloy may be heat treated at a heat treatment temperature ranging between 900°F
(482°C) and 1500°F (816°C) for a heat treatment time ranging between 0.5 and 24

hours.

[0057] In certain non-limiting embodiments according to the present disclosure,
working the titanium alloy provides an equivalent plastic deformation of greater than a
25% reduction in area and up to a 99% reduction in area, wherein an equivalent plastic
deformation of at least 25% occurs in the alpha-beta phase region of the titanium alloy
of the working step and the titanium alloy is not heated above the beta transus
temperature after the plastic deformation. A non-limiting embodiment comprises

working the titanium alloy in the alpha-beta phase field. In other non-limiting
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embodiments, working comprises working the titanium alloy at a temperature at or
above the beta transus temperature to a final working temperature in the alpha-beta
field, wherein the working comprises an equivalent plastic deformation of a 25%
reduction in area in the alpha-beta phase field of the titanium alloy and the titanium alloy

is not heated above the beta transus temperature after the plastic deformation.

[0058] In order to determine thermomechanical properties of titanium alloys
that are useful for certain aerospace and aeronautical applications, data from
mechanical testing of titanium alloys that were processed according to prior art
practices at ATI Allvac and data gathered from the technical literature were collected.
As used herein, an alloy has mechanical properties that are "useful" for a particular
application if toughness and strength of the alloy are at least as high as or are within a
range that is required for the application. Mechanical propetties for the following alloys
that are useful for certain aerospace and aeronautical application were collected:
Ti-10V-2Fe-3-Al (Ti 10-2-3; UNS R54610) , Ti-5AI-5V-5Mo-3Cr (Ti 5-5-5-3; UNS
unassigned), Ti-6Al-2Sn-4Zr-2Mo alloy (Ti 6-2-4-2; UNS Numbers R54620 and
R54621), Ti-6Al-4V (Ti 6-4; UNS Numbers R56400 and R54601), Ti-6Al-2Sn-4Zr-6Mo
(Ti 6-2-4-6; UNS R56260), Ti-6Al-2Sn-2Zr-2Cr-2Mo-0.25Si (Ti 6-22-22; AMS 4898), and
Ti-3Al-8V-6Cr-4Zr-4Mo (Ti 3-8-6-4-4; AMS 4939, 4957, 4958). The composition of each
of these alloys is reported in the literature and is well know. Typical chemical
composition ranges, in weight percent, of non-limiting exemplary titanium alloys that are
amenable to methods disclosed herein are presented in Table 1. It is understood that
the alloys presented in Table 1 are only non-limiting examples of alloys that may exhibit
increased strength and toughness when processed according to embodiments
disclosed herein, and that other titanium alloys, recognized by a skilled practitioner now

or hereafter, are also within the scope of the embodiments disclosed herein.
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Table 1
(weight %)
Ti10- | Ti-5-5-| Ti6-2- | Ti6e-4 | Ti6-2- Tie- | Ti3-8- Ti-
2-3 3 4-2 4-6 22-22 6-4-4 15M0O
Al 2.6-3.4 4.0- 5.5-6.5 5.5- 5.5-6.5 5.5- 3.0-4.0
6.3 6.75 6.5
\Y 9.0- 4.5- 3.5- 7.5-8.5
11.0 5.9 4.5
Mo 4.5- 1.80- 5.50- 1.5- 3.5-4.5 | 14.00-
5.9 2.20 6.50 2.5 16.00
Cr 2.0- 1.5- 5.5-6.5
3.6 2.5
Cr+ 4.0-
Mo 5.0
Zr 0.01- 3.60- 3.50- 1.5- 3.5-4.5
0.08 4.40 4.50 2.5
Sn 1.80- 1.75- 1.5-
2.20 2.25 2.5
Si 0.2-
0.3
C 0.05 0.01- 0.05 0.1 0.04 0.05 0.05 0.10
max 0.25 max max max max max max
N 0.05 0.05 0.05 0.04 0.04 0.05
max max max max max max
O 0.13 0.03- 0.15 0.20 0.15 0.14 0.14
max 0.25 max max max max
H 0.015 0.0125 | 0.015 | 0.0125 0.01 0.020 0.015
max max max max max max max
Fe 1.6-2.2 0.2- 0.25 0.40 0.15 0.3 0.1
0.8 max max max max max
Ti rem rem rem rem rem rem rem rem

[0059] The useful combinations of fracture toughness and yield strength
exhibited by the aforementioned alloys when processed using procedurally complex and
costly prior art thermomechanical processes are presented graphically in FIG. 5. Itis
seen in FIG. 5 that a lower boundary of the region of the plot including useful
combinations of fracture toughness and yield strength can be approximated by the line
y =-0.9x + 173, where "y" is K¢ fracture toughness in units of ksi-in"? and “x” is yield
strength (YS) in units of ksi. Data presented in Examples 1 and 3 (see also FIG. 6)
presented herein below demonstrate that embodiments of a method of processing
titanium alloys according to the present disclosure, including plastically deforming and

heat treating the alloys as described herein, result in combinations of K\ fracture
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toughness and yield strength that are comparable to those achieved using costly and
relatively procedurally complex prior art processing techniques. In other words, with

reference to FIG. 5, based on results achieved conducting certain embodiments of a

method according to the present disclosure, a titanium alloy exhibiting fracture

toughness and yield strength according to Equation (1) may be achieved.
Kic 2 -(0.9)YS + 173 (1)

[0060] It is further seen in FIG. 5 that an upper boundary of the region of the
plot including useful combinations of fracture toughness and yield strength can be
approximated by the line y = -0.9x + 217.6, where "y" is K fracture toughness in units
of ksi-in"? and “x” is yield strength (YS) in units of ksi. Therefore, based on results
achieved conducting embodiments of a method according to the present disclosure, the
present method may be used to produce a titanium alloy exhibiting fracture toughness
and yield strength within the bounded region in FIG. 5, which may be described
according to Equation (2).

217.6 - (0.9)YS 2 Kic = 173 - (0.9)YS 2)

[0061] According to a non-limiting aspect of this disclosure, embodiments of
the method according to the present disclosure, including plastic deformation and heat
treating steps, result in titanium alloys having yield strength and fracture toughness that
are at least comparable to the same alloys if processed using relatively costly and

procedurally complex prior art thermomechanical techniques.

[0062] In addition, as shown by the data presented in Example 1 and Tables 1
and 2 hereinbelow, processing the titanium alloy Ti-5AI-5V-5Mo-3Cr by a method
according to the present disclosure resulted in a titanium alloy exhibiting mechanical
properties exceeding those obtained by prior art thermomechanical processing. See
FIG. 6. In other words, with reference to the bounded region shown in FIGS. 5 and 6
including combinations of yield strength and fracture toughness achieved by prior art
thermomechanical processing, certain embodiments of a method according to the
present disclosure produce titanium alloys in which fracture toughness and yield

strength are related according to Equation (3).
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Kic2217.6 - (0.9)YS (3)

[0063] The examples that follow are intended to further describe non-limiting
embodiments, without restricting the scope of the present invention. Persons having
ordinary skill in the art will appreciate that variations of the Examples are possible within

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

[0064] A 5 inch round billet of Ti-5AI-5V-5Mo-3Cr (Ti 5-5-5-3) alloy, from ATI
Allvac, Monroe, North Carolina, was rolled to 2.5 inch bar at a starting temperature of
about 1450°F (787.8°C), in the alpha-beta phase field. The beta transus temperature of
the Ti 5-5-5-3 alloy was about 1530°F (832°C). The Ti 5-5-5-3 alloy had a mean ingot
chemistry of 5.02 weight percent aluminum, 4.87 weight percent vanadium, 0.41 weight
percent iron, 4.90 weight percent molybdenum, 2.85 weight percent chromium, 0.12
weight percent oxygen, 0.09 weight percent zirconium, 0.03 weight percent silicon,
remainder titanium and incidental impurities. The final working temperature was 1480°F
(804.4°C), also in the alpha-beta phase field and no less than 400°F (222°C) below the
beta transus temperature of the alloy. The reduction in diameter of the alloy
corresponded to a 75% reduction in area of the alloy in the alpha-beta phase field. After
rolling, the alloy was air cooled to room temperature. Samples of the cooled alloy were
heat treated at several heat treatment temperatures for various heat treatment times.
Mechanical properties of the heat treated alloy samples were measured in the
longitudinal (L) direction and the transverse direction (T). The heat treatment times and
heat treatment temperatures used for the various test samples, and the results of
tensile and fracture toughness (K) testing for the samples in the longitudinal direction

are presented in Table 2.
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Table 2 — Heat Treatment Conditions and Longitudinal Properties
No. | HeatTreat | Heat Treat Ultimate Yield Percent Kic
Temperature Time Tensile Strength | Elongation | (ksi-in?)
(°F/°C) (hours) Strength (ksi) (ksi)
1 1200/649 2 178.7 170.15 11.5 65.55
2 1200/649 4 180.45 170.35 11 59.4
3 1200/649 6 174.45 165.4 12.5 62.1
4 1250/677 4 168.2 157.45 14.5 79.4
5 1300/704 2 155.8 147 16 87.75
6 1300/704 6 153 143.7 17 87.75
7 1350/732 4 145.05 137.95 20 95.55
8 1400/760 2 140.25 134.8 20 99.25
9 1400/760 6 137.95 133.6 20.5 98.2

[0065] The heat treatment times, heat treatment temperatures, and tensile test

results measured in the transverse direction for the samples are presented in Table 3.

Table 3 — Heat Treatment Conditions and Transverse Properties

No. | Heat-Treat | Heat-Treat Ultimate Yield Percent Elongation
Temperature Time Tensile Strength
(°F/°C) (hours) Strength (ksi) (ksi)
1 1200/649 2 193.25 182.8 4.4
2 1200/649 4 188.65 179.25 4.5
3 1200/649 6 186.35 174.85 6.5
4 1250/677 4 174.6 163.3 4.5
5 1300/704 2 169.15 157.35 6.5
6 1300/704 6 162.65 151.85 7
7 1350/732 4 147.7 135.25 9
8 1400/760 2 143.65 131.6 12
9 1400/760 6 147 133.7 15
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[0066] Typical targets for properties of Ti 5-5-5-3 alloy used in aerospace
applications include an average ultimate tensile strength of at least 150 ksi and a
minimum fracture toughness K, value of at least 70 ksi-in"®. According to Example 1,
these target mechanical properties were achieved by the heat treatment time and

temperature combinations listed in Table 2 for Samples 4-6.
EXAMPLE 2

[0067] Specimens of Sample No. 4 from Example 1 were cross-sectioned at
approximately the mid-point of each specimen and Krolls etched for examination of the
microstructure resuiting from rolling and heat treating. FIG. 7A is an optical micrograph
(100x) in the longitudinal direction and FIG. 7B is an optical micrograph (100x) in the
transverse direction of a representative prepared specimen. The microstructure
produced after rolling and heat treating at 1250°F (677°C) for 4 hours is a fine a phase

dispersed in a B phase matrix.
EXAMPLE 3

[0068] A bar of Ti-15Mo alloy obtained from ATl Allvac was plastically
deformed to a 75% reduction at a starting temperature of 1400°F (760.0°C), which is in
the alpha-beta phase field. The beta transus temperature of the Ti-15Mo alloy was
about 1475°F (801.7°C). The final working temperature of the alloy was about 1200°F
(648.9°C), which is no less than 400°F (222°C) below the alloy’s beta transus
temperature. After working, the Ti-15Mo bar was aged at 900°F (482.2°C) for 16 hours.
After aging, the Ti-15Mo bar had ultimate tensile strengths ranging from 178-188 ksi,
yield strengths ranging from 170-175 ksi, and K. fracture toughness values of

approximately 30 ksi-in'".
EXAMPLE 4

[0069] A 5 inch round billet of Ti-5AI-5V-5Mo-3Cr (Ti 5-5-5-3) alloy is rolled
to 2.5 inch bar at a starting temperature of about 1650°F (889°C), in the beta phase
field. The beta transus temperature of the Ti 5-5-5-3 alloy is about 1530°F (832°C).
The final working temperature is 1330°F (721°C), which is in the alpha-beta phase field
and no less than 400°F (222°C) below the beta transus temperature of the alloy. The
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reduction in diameter of the alloy corresponds to a 75% reduction in area. The plastic
deformation temperature cools during plastic deformation and passes through the beta
transus temperature. At least a 25% reduction of area occurs in the alpha-beta phase
field as the alloy cools during plastic deformation. After the at least 25% reduction in
the alpha-beta phase field the alloy is not heated above the beta transus temperature.
After rolling, the alloy was air cooled to room temperature. The alloys are aged at
1300°F (704°C) for 2 hours.

[0070] The present disclosure has been written with reference to various
exemplary, illustrative, and non-limiting embodiments. However, it will be recognized by
persons having ordinary skill in the art that various substitutions, modifications, or
combinations of any of the disclosed embodiments (or portions thereof) may be made
without departing from the scope of the invention as defined solely by the claims. Thus,
it is contemplated and understood that the present disclosure embraces additional
embodiments not expressly set forth herein. Such embodiments may be obtained, for
example, by combining and/or modifying any of the disclosed steps, ingredients,
constituents, components, elements, features, aspects, and the like, of the
embodiments described herein. Thus, this disclosure is not limited by the description of
the various exemplary, illustrative, and non-limiting embodiments, but rather solely by
the claims. In this manner, Applicant reserves the right to amend the claims during

prosecution to add features as variously described herein.
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CLAIMS

We claim:

1. A method for increasing the strength and toughness of a titanium alloy, the
method comprising:

plastically deforming a titanium alloy at a temperature in an alpha-beta phase
field of the titanium alloy to an equivalent plastic deformation of at least a 25% reduction
in area, wherein after plastically deforming the titanium alloy at a temperature in the
alpha-beta phase field the titanium alloy is not heated to a temperature at or above a
beta transus temperature of the titanium alloy; and

heat treating the titanium alloy at a heat treatment temperature less than or equal
to the beta transus temperature minus 20°F for a heat treatment time sufficient to
produce a heat treated alloy wherein a fracture toughness (K.) of the heat treated alloy
is related to a yield strength (YS) of the heat treated alloy according to the equation:

Kic 2173 - (0.9)YS.

2. The method of claim 1, wherein the fracture toughness (K.) of the heat treated
alloy is related to the yield strength (YS) of the heat treated alloy according to the
equation:

217.6 - (0.9)YS 2K 2173 - (0.9)YS.

3. The method of claim 1 wherein the fracture toughness (Ki¢) of the heat treated
alloy is related to the yield strength (YS) of the heat treated alloy according to the
equation:

Kic2217.6 - (0.9)YS.

4. The method of claim 1, wherein plastically deforming the titanium alloy in the
alpha-beta phase field comprises plastically deforming the titanium alloy to an
equivalent plastic deformation in the range of greater than a 25% reduction in area to a

99% reduction in area.

-07-



WO 2011/090733 PCT/US2010/062284

5. The method of claim 1, wherein plastically deforming the titanium alloy in the
alpha-beta phase field comprises plastically deforming the titanium alloy in a
temperature range of 20°F (11.1°C) below the beta transus temperature to 400°F

(222°C) below the beta transus temperature.

6. The method of claim 1, further comprising plastically deforming the titanium alloy
at a temperature at or above the beta transus temperature and through the beta transus
temperature prior to plastically deforming the titanium alloy at a temperature in the

alpha-beta phase field.

7. The method of claim 6, wherein plastically deforming the titanium alloy at or
above the beta transus temperature comprises plastically deforming the titanium alloy in
a temperature range of 200°F (111°C) above the beta transus temperature to the beta

transus temperature.

8. The method of claim 1, further comprising cooling the titanium alloy to room
temperature after plastically deforming the titanium alloy and before heat treating the

titanium alloy.

9. The method of claim 1, further comprising cooling the titanium alloy to the heat
treatment temperature after plastically deforming the titanium alloy and before heat

treating the titanium alloy.

10.  The method of claim 1, wherein heat treating the titanium alloy comprises heating
the titanium alloy at a heat treatment temperature in the range of 900°F (482°C) to
1500°F (816°C) for a heat treatment time in the range of 0.5 hours to 24 hours
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1. The method of claim 1, wherein plastically deforming the titanium alloy comprises
at least one of forging, rotary forging, drop forging, multi-axis forging, bar rolling, plate

rolling, and extruding the titanium alloy.

12. The method of claim 1, wherein the equivalent plastic deformation comprises an

actual reduction in area of a cross-section of the titanium alloy.

13. The method of claim 1, wherein plastically deforming the titanium alloy results in

an actual reduction in area of a cross-section of the titanium alloy of 5% or less.

14. The method of claim 4, wherein the equivalent plastic deformation comprises an

actual reduction in area of a cross-section of the titanium alloy.

15.  The method of claim 1, wherein the titanium alloy is a titanium alloy that is

capable of retaining beta-phase at room temperature.

16.  The method of claim 15, wherein the titanium alloy is selected from a beta
titanium alloy, a metastable beta titanium alloy, an alpha-beta titanium alloy, and a near-

alpha titanium aIon;

17.  The method of claim 15, wherein the titanium alloy is Ti-5Al-5V-5Mo-3Cr alloy.

18.  The method of claim 15, wherein the titanium alloy is Ti-15Mo.

19.  The method of claim 1, wherein after heat treating the titanium alloy, the titanium

alloy exhibits an ultimate tensile strength in the range of 138 ksi to 179 ksi.
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20.  The method of claim 1, wherein after heat treating the titanium alloy, the titanium

alloy exhibits a K. fracture toughness in the range of 59 ksi-in? to 100 ksi-in"2.

21. The method of claim 1, wherein after heat treating the titanium alloy, the titanium

alloy exhibits a yield strength in the range of 134 ksi to 170 ksi.

22.  The method of claim 1, wherein after heat treating the titanium alloy, the titanium

alloy exhibits a percent elongation in the range of 4.4% to 20.5%.

23.  The method of claim 1, wherein after heat treating the titanium alloy, the titanium
alloy exhibits an average ultimate tensile strength of at least 166 ksi, an average yield
strength of at least 148 ksi, a percent elongation of at least 6%, and a K. fracture

toughness of at least 65 ksi-in"2.

24.  The method of claim 1, wherein after heat treating the titanium alloy, the titanium
alloy has an ultimate tensile strength of at least 150 ksi and a K. fracture toughness of

at least 70 ksi-in"2.

25. A method for thermomechanically treating a titanium alloy, the method
comprising:

working a titanium alloy in a working temperature range of 200°F (111°C) above
a beta transus temperature of the titanium alloy to 400°F (222°C) below the beta transus
temperature of the titanium alloy, wherein at least a 25% reduction in area of the
titanium alloy occurs in an alpha-beta phase field of the titanium alloy; and wherein the
titanium alloy is not heated above the beta-transus temperature after the at least 25%
reduction in area of the titanium alloy in the alpha-beta phase field of the titanium alloy;
and

heat treating the titanium alloy to a heat treating temperature in a heat treatment
temperature range between 900°F (482°C) and 1500°F (816°C) for a heat treatment
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time sufficient to produce a heat treated alloy having a fracture toughness (K;;) that is
related to the yield strength (YS) of the heat treated alloy according to the equation:
Kic 2173 - (0.9)YS.

26.  The method of claim 25, wherein the heat treatment time is in the range of 0.5 to
24 hours.

27.  The method of claim 25, wherein working the titanium alloy provides an
equivalent plastic deformation in the range of greater than a 25% reduction in area to a

99% reduction in area.

28.  The method of claim 25, wherein working the titanium alloy comprises working

the titanium alloy substantially entirely in the alpha-beta phase field.

29.  The method of claim 25, wherein working the titanium alloy comprises working
the titanium alloy from a temperature at or above the beta transus temperature, into the

alpha-beta field, and to a final working temperature in the alpha-beta field.

30.  The method of claim 25, further comprising, after working the titanium alloy and

before heat treating the titanium alloy, cooling the titanium alloy to room temperature.

31.  The method of claim 25, further comprising, after working the titanium alloy,
cooling the titanium alloy to the heat treating temperature within the heat treatment

temperature range.

32.  The method of claim 25, wherein the titanium alloy is a titanium alloy that is

capable of retaining beta-phase at room temperature.
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33.  The method of claim 25, wherein after heat treating the titanium alloy, the
titanium alloy has an average ultimate tensile strength of at least 166 ksi, an average
yield strength of at least 148 ksi, a K fracture toughness of at least 65 ksiin'?, and a

percent elongation of at least 6%.

34.  The method of claim 25, wherein the fracture toughness (Kic) of the heat treated
alloy is related to the yield strength (YS) of the heat treated alloy according to the
equation:

217.6 - (0.9)YS 2K, 2 173 - (0.9)YS.

35.  The method of claim 25, wherein the fracture toughness (Kic) of the heat treated
alloy is related to the yield strength (YS) of the heat treated alloy according to the
equation:

Kic 2.217.6 - (0.9)YS.

36. A method for processing titanium alloys, the method comprising:

working a titanium alloy in an alpha-beta phase field of the titanium alloy to
provide at least a 25% equivalent reduction in area of the titanium alloy, wherein the
titanium alloy is capable of retaining beta-phase at room temperature; and

heat treating the titanium alloy at a heat treatment temperature no greater than
the beta transus temperature minus 20°F for a heat treatment time sufficient to provide
the titanium alloy with an average ultimate tensile strength of at least 150 ksi and a Kic

fracture toughness of at least 70 ksiin'’?.

37. The method of claim 36, wherein the heat treatment time is in the range of 0.5

hours to 24 hours.
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