Office de la Proprieté Canadian
Intellectuelle Intellectual Property
du Canada Office

Un organisme An agency of
d'Industrie Canada Industry Canada

CA 2763355 C 2015/10/27

(11)(21) 2 763 355

(12 BREVET CANADIEN
CANADIAN PATENT

13) C

(86) Date de déepot PCT/PCT Filing Date: 2010/05/28

(87) Date publication PCT/PCT Publication Date: 2010/12/02
(45) Date de délivrance/lssue Date: 2015/10/27

(85) Entree phase nationale/National Entry: 2011/11/23

(86) N° demande PCT/PCT Application No.: US 2010/036679
(87) N° publication PCT/PCT Publication No.: 2010/138886

(30) Priontes/Priorities: 2009/05/29 (US61/182,619);
2009/0/7/06 (GB0911684.9)

51) Cl.Int./Int.Cl. C22C 74/00 (2006.01),
B64C 25/70(2006.01), c22C 1/02(2006.01),

C22F 1/18 (2006.01)

(72) Inventeur/Inventor:
FANNING, JOHN, US

(73) Proprietaire/Owner:

TITANIUM METALS CORPORATION, US
(74) Agent: OSLER, HOSKIN & HARCOURT LLP

(54) Titre : ALLIAGE DE TITANE QUASI BETA POUR DES APPLICATIONS DE RESISTANCE ELEVEE, ET SES

PROCEDES DE FABRICATION

(54) Title: NEAR-BETA TITANIUM ALLOY FOR HIGH STRENGTH APPLICATIONS AND METHODS FOR

MANUFACTURING THE SAME

Ultimate Tensile Strength vs Ductility Trends
Comparative Study of Lab-Manufactured
Ti-10-2-3 and Ti-5553 and Ti18

All material substransus solution treated, air cooled, then aged.

e L

22

K [ [
& Ti-9.8V-1.95Fe-2.9A1-0.10 [Ti-10-2-3]
2 3 0 T e e N N N e e ‘.\.\\J\\\\“}‘.\‘ ‘4-.\."‘\\\"*."*} B i I e R B Ay
'y . | r

T & T' -

s I - - o - - r- e - I - -
m \ | I n | | | | | |
x 220 ; . g N ey

., [ =

+ » Ti1-5.3Al-4.8M0-4.8V-2.3Cr-0.73Fe-0.130 [Ti118]
e ' . - - - | - -
: . ' n n n | | | | | |
o : !
m "-.‘q‘- ! e e e e e e e e e e e e e e e e e e e e e e e T e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e et e e e e e e e
S 200
Q 1 90 U ey %:x\\ﬁ&&: ey '\\'\. :- e e e e e e T e e e T T T T e e e e e T e e e e e e T e T e T e e T e T T e e T e e e e e e T T e e e e
| ]
7 Sy i 2
- Bt
- N Y R°=0.983
d) 1 80 R S e e L LG o 1 L e — - I e e R e S R e s Lt S e e e e R e
m 1 70 LR ARE &N AR RS AR R . AR RS R LRE RN ARE R LR SR N AR R LR N LR Ilki.\.\.\\‘-‘&\\\"ik{-\\m{\tll\ AR R LR RN (R EE LE B (R R LL AR (R R
© NN
BN
\ |
E Sy
1 1 60 SR kE] Ty SR AR RE] e A ] R s AR k] SR A k] ERE R k] S s h ) ey SaR AR LY \W\\\\\\\\“\‘-‘M@\\?\{‘“ﬁ“\\ 2 A YR n k]
[ ] B \ _— m
SN
S AN
\\\R\\
1 50 WY Y "WYY WYY "Ry "WYY Rl n) bl ahannbl "WYY Y WY TRy WYY R an ph) WYY ‘t‘t‘\'\'\'\'\'\‘t‘t\&&\\"t‘t{‘l Y Y R TR Y e "WYY
R \
N . ‘\"-".‘
\-\\x\*;.;-
N Ry
Elongation, %
(57) Abréegée/Abstract:

A high strength near-beta titanium alloy Iincluding, in weight %, 5.3 to 5.7 % aluminum, 4.8 to 5.2 % vanadium, 0.7 to 0.9 % iron,
4.6 to 5.3 % molybdenum, 2.0 to 2.5 % chromium, and 0.12 to 0.16 % oxygen with balance titanium and inci-dental impurities Is
provided. An aviation system component comprising the high strength near-beta titanium alloy, and a method for the manufacture

of a titanium alloy for use In high strength, deep hardenabillity, and excellent ductility applications are also provided.

C an adg http:vopic.ge.ca - Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca

OPIC - CIPO 191

'*:;'{.‘:":'
R S S \
-_h.;’:.? IO - LA L
WY 7
. N

o
- I.‘
.............
....'.‘:1‘\... - vt ,\. \
.

.....

Yrmg CIPO

' DS o AN ) -
R
i A '\-f': ;




w0 20107138886 A 1 |[HIL 11 HHD OOV RSO O A O R

CA 02763355 2011-11-23

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization

International Bureau

(43) International Publication Date
2 December 2010 (02.12.2010)

(10) International Publication Number

WO 2010/1383886 Al

(51)

(21)

(22)

(25)

(26)
(30)

(71)

(72)
(75)

(74)

International Patent Classification:
C22C 14/00 (2006.01) C22C 1/02 (2006.01)
B64C 25/10 (2006.01) C22F 1/18 (2006.01)

International Application Number:
PCT/US2010/036679

International Filing Date:
28 May 2010 (28.05.2010)

Filing Language: English
Publication Language: English
Priority Data:

61/182,619 29 May 2009 (29.05.2009) US
0911684.9 6 July 2009 (06.07.2009) GB

Applicant (for all designated States except US). TITA-
NIUM METALS CORPORATION [US/US]; 3 Lincoln
Centre, 5430 LBJ Freeway, Suite 1700, Dallas, Texas
75240 (US).

Inventor; and

Inventor/Applicant (for US only). FANNING, John
[US/US]; 724 Morrocco Drive, Henderson, Nevada
89002 (UNS).

Agents: WAYDA, Andrea, L. et al.; Locke Lord Bissell
& Liddell LLP, 3 World Financial Center, New York,
New York 10281 (US).

(84)

(81) Designated States (unless otherwise indicated, for every

kind of national protection available): AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME., MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW..

Designated States (unless otherwise indicated, for every
kind of regional protection available). ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
/M, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

(34) Title: NEAR-BETA TITANIUM ALLOY FOR HIGH STRENGTH APPLICATIONS AND METHODS FOR MANUFAC-
TURING THE SAME

Ultimate Tensile Strength vs Ductility Trends
Comparative Study of Lab-Manufactured
Ti-10-2-3 and Ti-5553 and Ti18
All material substransus solution treated, air cooled, then aged.

I

SR 2 AN ALUAUI AU AU ALI AU AUALUAUI AU AUALIAUI AU A,

JAUI.\U.'s\'JAUIAU.'s\UAUIAU}.\UA&'IAU}AUA&UA\'} AAAAAAAAAAAAAAAAAAAAAAAAAAA

Ultimate Tensile Strength, ksi

< Ti-9.8V-1.95Fe-2.9A1-0.10 [Ti-10-2-3]
~+  Ti-5.6Al-4.9M0-5.1V-3.1Cr-0.57Fe-0.110 [Ti-555-3]
X Ti-5.3Al-4.8Mo-4.8V-2.3Cr-0.73Fe-0.130 [Ti18]

I

Elongation, %
Fig. 4

14 16 18 20 22
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for the manufacture of a titanium alloy for use m high strength, deep hardenability, and excellent ductility applications are also
provided.



CA 02763355 2014-05-01

1

TITLE OF THE INVENTION

Near-Beta Titamium Alloy for High Strength Applications and

Methods for Manufacturing the Same

BACKGROUND OF THE INVENTION

L TECHNICAL FIELD

10002} This disclosure generally relates to a high strength titanium alloy and techniques for
manufacture of the same. The alloy 1s advantageously used for applications wherein high

strength, deep hardenability, and excellent ductility are a required combination of properties.

L. BACKGROUND OF THE RELATED ART

10003] Conventionally, various titanium and steel alloys have been used for the production of
aviation components. The use of titanium alloys is favourable since it results in lighter

components than those made from steel alloys.

10004} An example of such a titanium alloy is disclosed in U.S. Patent No. 7,332,043 (“the
‘043 patent”) to Tetyukhin, et al. which describes use of a Ti-555-3 alloy composed of 5%
aluminum, 5% molybdenum, 5% vanadium, 3% chrominum, and 0.4% iron in aeronautical

engineering applications. However, the Ti1-555-3 alloy does not consistently provide the
desired high strength, deep hardenability, and excellent ductility required for critical

applications in the
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aviation industry (e.g., landing gear). Moreover, the 043 patent fails to disclose the use of
oxygen 1n 1ts T1-555-3 alloy, an important element 1n the composition of titanium alloys. The
oxygen percentage 1s often purposefully adjusted to have a significant impact on strength

characteristics.

[0005] Another example 1s provided 1n U.S. Patent Application Publication
No. 2008/0011395 (hereinafter “the ‘395 application™) which describes a titanium alloy which
includes aluminum, molybdenum, vanadium, chromium, and iron. However, the weight
percentage ranges for the elements of the alloy provided in the publication are overly broad. For
example, the alloys Ti-5A1-4.5V-2Mo-1Cr-0.6Fe (VT23) and Ti-5A1-5Mo-5V-1Cr-1Fe (VT22)
readily tall within the specified weight percentage ranges. These alloys have been 1n the public
domain dating back to before 1976. Additionally, the preferred ranges of weight percentages
provided in the 395 application result in poor strength-ductility combinations. Therefore, the
reference does not achieve the desired high strength, deep hardenability, and excellent ductility

required for critical applications in the aviation industry such as landing gear.

[0006] There therefore is a need for an alloy with improved strength, deep hardenability,
and excellent ductility characteristics to meet the needs of critical applications in the aviation
industry. The crucial properties for such a product are high tensile strengths (e.g., tensile yield
strength (““TYS”) and ultimate tensile strength (“UTS”)), modulus of elasticity, elongation, and
reduction 1n area (“"RA”). Moreover, there 1s a need for advanced techniques for manufacturing

and processing such an alloy to further improve its performance.
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SUMMARY OF THE INVENTION

[0007] In accordance with the above-described problems, needs, and goals, a high
strength near-beta titanium alloy 1s disclosed. In one embodiment, the titanium alloy includes, 1n
weight %, 5.3 to 5.7 % aluminum, 4.8 to 5.2 % vanadium, 0.7 to 0.9 % 1ron, 4.6 to 5.3 %
molybdenum, 2.0 to 2.5 % chromium, and 0.12 to 0.16 % oxygen with balance titanium and

incidental impurities.

[0008] In another embodiment, the titanium alloy has a ratio of beta isomorphous (Biso)

to beta eutectoid (Prur) stabilizers of 1.2 to 1.73, or more specifically 1.22 to 1.73, wherein the

ratio of beta isomorphous to beta eutectoid stabilizers 1s defined as:

v
Mo +—

Pro _ 1.5

B... Cr N Fe
0.65 0.35

In the equations provided 1n this specification, Mo, V, Cr, and Fe respectively represent the
welght percentage of molybdenum, vanadium, chromium, and iron in the titanium alloy. In one
embodiment, the beta 1somorphous value ranges from 7.80 to 8.77 and, in a particular
embodiment, 1s about 8.33. In another embodiment, the beta eutectoid value ranges from 5.08 to
6.42 and, 1n a particular embodiment, 1s about 5.82. In a particular embodiment, the ratio of beta
1isomorphous to beta eutectoid stabilizers 1s about 1.4, or more specifically 1.43.

[0009] In yet another embodiment, the titanium alloy has a molybdenum equivalence

(Mogg) of 12.8 to 15.2, wherein the molybdenum equivalence 1s defined as:

Mo, :M0+L+ cr + re .
! 1.5 0.65 0.35
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In a particular embodiment, the molybdenum equivalence 1s about 14.2. In still another
embodiment, the titanium alloy has an aluminum equivalence (Al.y) of 8.5 to 10.0 wherein the

aluminum equivalence 1s defined as:

Al,, =Al+270 .

In this equation Al and O represent the weight percentage of aluminum and oxygen, respectively,

in the titanium alloy. In a particular embodiment, the aluminum equivalence 1s about 9.3. In
another embodiment, the titanium alloy has a beta transtormation temperature (Tg) of about 1557

to about 1627 °F (about 847 to about 886 °C), wherein the beta transformation temperature in °F

1s defined as:

Tg=1594 + 39.3A[ + 3300 + 1145C + 1020N - 21.8V - 32.5Fe — 17.3Mo — 7051 — 27.3Cr.

In this equation, C, N, and Si1 represent the weight % of carbon, nitrogen, and silicon,
respectively, in the titanium alloy. In a particular embodiment, the beta transition temperature 1s
about 1590 °F (about 865 °C). In a particular embodiment, the weight % of the aluminum is
about 5.5 %, the weight % of the vanadium 1s about 5.0 %, the weight % of the iron is about
0.8 %, the weight % of the molybdenum 1s about 5.0 %, the weight % of the chromium 1s about
2.3 %, and/or the weight % of the oxygen 1s about 0.14 %.

[0010] According to one embodiment, the alloy can achieve excellent tensile properties.
As an example, the alloy 1s capable of achieving a tensile yield strength (TYS) of at least
170 kilopounds per square inch (ksi), an ultimate tensile strength (UTS) of at least 180 ksi, a
modulus of elasticity of at least 16.0 megapounds per square inch (Msi), an elongation of at least

10 %, and/or a reduction of area (RA) of at least 25 %.

[0011] According to yet another embodiment the alloy can achieve excellent fatigue

resistance. For example, the alloy 1s capable of achieving a fatigue life of at least 200,000 cycles
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when a smooth axial fatigue specimen 1s tested 1n accordance with ASTM E606 standards at a

strain alternating between + 0.6 % and — 0.6 %.

[0012] According to an embodiment, the alloy composition, utilizing an iron level of 0.7
to 0.9 wt. %, achieves the desired high strength, deep hardenability, and excellent ductility
properties required for critical aviation component applications such as landing gear. This result
1s particularly unexpected in view of the teachings of the prior art, wherein the advantages of
using lower amounts of iron are touted. For example, the ‘043 patent discloses that the use of
iron concentrations below 0.5 wt. % 1s necessary to achieve a higher level of strength for large

sized parts.

[0013] In accordance with another embodiment of the invention, an aviation system
component including the high strength near-beta titanium alloy described herein 1s provided. In

a particular embodiment, the aviation system component comprises landing gear.

[0014] In accordance with another embodiment of the invention, a method for
manufacturing a titanium alloy for wuse 1n applications requiring high strength, deep
hardenability, and excellent ductility 1s provided. The method includes initially providing a high
strength near-beta titanium alloy including, in weight %, 5.3 to 5.7 % aluminum, 4.8 to 5.2 %
vanadium, 0.7 to 0.9 % 1ron, 4.6 to 5.3 % molybdenum, 2.0 to 2.5 % chromium, and 0.12 to 0.16
% oxygen with balance titanium and incidental impurities, performing a solution heat treatment
of the titanium alloy at temperatures below the beta transformation temperature (e.g., a

subtransus temperature), and performing precipitation hardening of the titanium alloy.

[0015] In some embodiments, the manufacturing method also includes vacuum arc
remelting of the alloy and/or forging and rolling of the titanium alloy below the beta

transformation temperature. In a particular embodiment, the disclosed method of manufacturing
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a high strength, deep hardenability, and excellent ductility alloy 1s utilized to manufacture an

aviation system component, and even more specific to manufacture landing gear.

[0016] The accompanying drawings, which are incorporated into and constitute part of
this disclosure, illustrate specific embodiments of the disclosed subject matter and serve to

explain the principles of the disclosed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] Fig. 1 1s a flowchart illustrating a method in accordance with an exemplary

embodiment of the presently disclosed invention.

[0018] Fig. 2 1s a photomicrograph of an exemplary titanium alloy manufactured

according to an embodiment of the present invention.

[0019] Fig. 3 1s a graph comparing the ultimate tensile strength and elongation for
exemplary titanium alloys manufactured according to embodiments of the present invention with

those for conventional titanium alloys.

[0020] Fig. 4 1s another plot comparing the ultimate tensile strength and elongation for
exemplary titanium alloys manufactured according to embodiments of the present invention with

values obtained for conventional titanium alloys.

[0021] Throughout the drawings, the same reference numerals and characters, unless
otherwise stated, are used to denote like features, elements, components or portions of the
illustrated embodiments. Moreover, while the disclosed subject matter will now be described 1n

detail with reference to the Figures, it 1s done so 1n connection with the illustrative embodiments.
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DETAILED DESCRIPTION OF THE INVENTION

[0022] A high strength titanium alloy with deep hardenability and excellent ductility is
disclosed. Such an alloy 1s 1deal for use in the aviation industry or with other suitable

applications where high strength, deep hardenability, and excellent ductility are required.

[0023] Techniques for the manufacture of the above-mentioned titanium alloy that are
suitable for use 1n producing aviation components or any other suitable applications are also
disclosed. The titanium alloy according to various embodiments disclosed herein 1s particularly
well suited for the manufacture of landing gear, but other suitable applications such as fasteners

and other aviation components are contemplated.

[0024] In one embodiment, a titanium alloy 1s provided. The exemplary alloy includes,
in weight %, 5.3 to 5.7 % aluminum, 4.8 to 5.2 % vanadium, 0.7 to 0.9 % 1ron, 4.6 to 5.3 %
molybdenum, 2.0 to 2.5 % chromium, and 0.12 to 0.16 % oxygen with balance titanium and

incidental impurities.

[0025] Aluminum as an alloying element in titanium 1s an alpha stabilizer, which
increases the temperature at which the alpha phase i1s stable. In one embodiment, aluminum 1s
present 1n the alloy in a weight percentage of 5.3 to 5.7 %. In a particular embodiment,
aluminum 1s present in about 3.5 wt. %. If the aluminum content exceeds the upper limits
disclosed 1n this specification, there can be an excess of alpha stabilization and an increased
susceptibility to embrittlement due to Ti3Al formation. On the other hand, having aluminum
below the limits disclosed in this specification can adversely affect the kinetics of alpha

precipitation during aging.

[0026] Vanadium as an alloying element in titanium 1s an 1somorphous beta stabilizer

which lowers the beta transformation temperature. In one embodiment, vanadium 1s present in
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the alloy in a weight percentage of 4.8 to 5.2 %. In a particular embodiment, vanadium 1s
present 1n about 5.0 wt. %. If the vanadium content exceeds the upper limits disclosed 1n this
specification, there can be excessive beta stabilization and the optimum hardenability will not be
achieved. On the other hand, having vanadium below the limits disclosed in this specification

can provide insufficient beta stabilization.

[0027] Iron as an alloying element 1n titanium 1s an eutectoid beta stabilizer which lowers
the beta transtormation temperature, and iron 1s a strengthening element in titanium at ambient
temperatures. In one embodiment, 1ron 1s present in the alloy in a weight percentage of 0.7 to
0.9 %. In a particular embodiment, iron 1s present in about 0.8 wt. % As mentioned above,
utilizing an 1ron level of 0.7 to 0.9 wt. % can achieve the desired high strength, deep
hardenability, and excellent ductility properties required, for example, in critical aviation
component applications such as landing gear. If, however, the 1ron content exceeds the upper
limits disclosed 1n this specification, there can be excessive solute segregation during ingot
solidification, which will adversely affect mechanical properties. On the other hand, the use of
iron levels below the limits disclosed in this specification can produce an alloy which fails to
achieve the desired high strength, deep hardenability, and excellent ductility properties. This 1s
demonstrated, for example, by the properties of the Ti-555-3 alloy described in the ‘043 parent

and 1s also demonstrated by the testing performed 1n the Examples described below.

[0028] Molybdenum as an alloying element 1n titanium 1s an 1somorphous beta stabilizer
which lowers the beta transtormation temperature. In one embodiment, molybdenum 1s present
in the alloy in a weight percentage of 4.6 to 5.3 %. In a particular embodiment molybdenum 1s
present in about 5.0 wt. %. If the molybdenum content exceeds the upper limits disclosed 1n this

specification, there can be excessive beta stabilization and the optimum hardenability will not be
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achieved. On the other hand, having molybdenum below the limits disclosed in this specification

can provide insufficient beta stabilization.

[0029] Chromium 1s an eutectoid beta stabilizer which lowers the beta transtformation
temperature 1n titanium. In one embodiment, chromium 1s present in the alloy in a weight
percentage of 2.0 to 2.5 %. In a particular embodiment, chromium 1s present in about 2.3 wt. %.
If the chromium content exceeds the upper limits disclosed in this specification, there can be
reduced ductility due to the presence of eutectoid compounds. On the other hand, having

chromium below the limits disclosed 1n this specification can result in reduced hardenability.

[0030] Oxygen as an alloying element in titanium is an alpha stabilizer, and oxygen is an
effective strengthening element 1n titanium alloys at ambient temperatures. In one embodiment,
oxygen 1s present in the alloy in a weight percentage of 0.12 to 0.16 %. In a particular
embodiment, oxygen 1s present in about 0.14 wt. %. If the content of oxygen 1s too low, the
strength can be too low, the beta transformation temperature can be too low, and the cost of the
alloy can increase because scrap metal will not be suitable for use 1n the melting of the alloy. On
the other hand, 1f the content 1s too great, durability and damage tolerance properties may be

deteriorated.

[0031] In accordance with some embodiments of the present invention, the titanium alloy
can also include impurities or other elements such as N, C, Nb, Sn, Zr, N1, Co, Cu, Si1, and the
like 1n order to achieve any desired properties of the resulting alloy. In a particular embodiment,
these elements are present in weight percentages of less than 0.1 % each, and the total content of

these elements 1s less than 0.5 wt. %.

[0032] In accordance with another embodiment of the invention, the titanium alloy has a

ratio of beta isomorphous (Biso) to beta eutectoid (Pgyr) stabilizers of 1.2 to 1.73, or more
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specifically 1.22 to 1.73, wherein the ratio of beta 1somorphous to beta eutectoid stabilizers is

defined in Equation (1):

M0+l

_ 1.5
B - Cr  Fe ()

0.65 0.35

In the equations provided 1n this specification, Mo, V, Cr, and Fe respectively represent the
welght percent of molybdenum, vanadium, chromium, and iron in the alloy. In one embodiment,
the beta 1somorphous value ranges from 7.80 to 8.77 and, in a particular embodiment, 1s about
8.33. In another embodiment, the beta eutectoid value ranges from 5.08 to 6.42 and, in a
particular embodiment, 1s about 5.82. In a specific embodiment, the ratio of beta isomorphous to
beta eutectoid stabilizers 1s about 1.4, or more specifically 1.43.

[0033] Utilizing alloys which have a ratio of beta i1somorphous to beta eutectoid
stabilizers of 1.2 to 1.73 1s critical to achieving the desired high strength, deep hardenability, and
excellent ductility properties. If the ratio exceeds the upper limits disclosed 1n this specification,
hardenability will be reduced. On the other hand, having a ratio below the limits disclosed in
this specification will not achieve the desired high strength, deep hardenability, and excellent
ductility properties. This 1s demonstrated, for example, by properties of the alloys described 1n

the ‘3935 application.

[0034] In accordance with another embodiment of the invention, the titanium alloy has a
molybdenum equivalence (Mog,) of 12.8 to 15.2, wherein the molybdenum equivalence 1is

defined in Equation (2) as:

Mo, = Mo+ 4 | cr | Fe.
! 1.5 0.65 0.35

(2)



CA 02763355 2011-11-23

WO 2010/138886 PCT/US2010/036679
11

In a particular embodiment, the molybdenum equivalence 1s about 14.2. In still another
embodiment, the alloy has an aluminum equivalence (Al,) of 8.5 to 10.0, wherein the aluminum

equivalence 1s defined 1in Equation (3) as:

Al,, = Al+270. (3)

In this equation, Al and O represent the weight percent of aluminum and oxygen, respectively, in

the alloy. In a particular embodiment, the aluminum equivalence i1s about 9.3. In yet another
embodiment, the titanium alloy has a beta transtformation temperature (Tg) of about 1557 to
about 1627 °F (about 847 to about 886 °C), wherein the beta transformation temperature in °F 1s
defined in Equation (4) as:

I =1594 + 39.3A1 + 3300 + 1145C + 1020N - 21.8V - 32.5Fe — 17.3Mo — 7051 — 27.3Cr.(4)

In this equation, C, N, and Si1 represent the weight % of carbon, nitrogen, and silicon,
respectively, in the titanium alloy. In a particular embodiment, the beta transition temperature 1s
about 1590 °F (about 865 °C).

[0035] The alloy achieves excellent tensile properties having, for example, a tensile yield
strength (TYS) of at least 170 ksi, an ultimate tensile strength (UTS) of at least 180 ksi, a
modulus of elasticity of at least 16.0 Msi, an elongation of at least 10 %, and/or a reduction of
area (RA) of at least 25 %. Specific examples of tensile properties achieved by exemplary alloys
disclosed in this specification are listed in the Examples explained below. The alloy also
achieves excellent fatigue resistance, being capable of achieving, for example, a fatigue life of at

least 200,000 cycles when a smooth axial fatigue specimen 1s tested i1n accordance with

ASTM E606 at a strain alternating between + 0.6 % and — 0.6 %.

[0036] In accordance with another embodiment, an aviation system component

comprising the high strength near-beta titanium alloy described herein above 1s provided. In a



CA 02763355 2011-11-23

WO 2010/138886 PCT/US2010/036679
12

particular embodiment, the titanium alloy presented herein 1s used for the manufacture of landing
gear. However, other suitable applications for the titanium alloy include, but are not limited to,

fasteners and other aviation components.

[0037] In accordance with another embodiment, a method for manufacturing a titanium
alloy for use 1n high strength, deep hardenability, and excellent ductility applications 1s provided.
The method includes providing a high strength near-beta titanium alloy consisting essentially of,
in weight %, 5.3 to 5.7 % aluminum, 4.8 to 5.2 % vanadium, 0.7 to 0.9 % 1ron, 4.6 to 5.3 %
molybdenum, 2.0 to 2.5 % chromium, and 0.12 to 0.16 % oxygen with balance titanium and
incidental impurities, performing a solution heat treatment of the titanium alloy at a subtransus
temperature (e.g., below the beta transformation temperature), and pertorming precipitation
hardening of the titanium alloy. The titanium alloy used can have any of the properties described

herein above.

[0033] In some embodiments, the manufacturing method also includes vacuum arc
remelting the alloy and/or forging and rolling the titanium alloy below the beta transformation
temperature. In a particular embodiment, the method of manufacturing a high strength, deep
hardenability, and excellent ductility alloy 1s used to manufacture an aviation system component,

and even more specifically, to manufacture landing gear.

[0039] Figure 1, which 1s presented for the purpose of illustration and not limitation, 1s a
flowchart showing an exemplary method for the manufacture of titanium alloys. In step 100 the
desired quantity of raw materials are prepared. The raw materials may include, for example,
virgin raw materials comprising titanium sponge and any of the alloying elements disclosed in
this specification. Alternatively, the raw materials may comprise recycled titanium alloys such

as machining chips or solid pieces of titanium alloys having the appropriate composition.
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Quantities of both virgin and recycled raw materials may be mixed in any combination known 1n

the art.

[0040] After the raw materials are prepared in step 100, they are melted in step 110 to
prepare an ingot. Melting may be accomplished by processes such as vacuum arc remelting,
electron beam melting, plasma arc melting, consumable electrode scull melting, or any
combinations thereof. In a particular embodiment, the final melt in step 110 1s conducted by
vacuum arc remelting. Next, the ingot 1s subjected to forging and rolling in step 120. The
forging and rolling 1s performed below the beta transformation temperature (beta transus). The
ingot 1s then solution heat treated in step 130, which, 1n a particular embodiment, 1s performed at
a subtransus temperature. Solution heat treatment i1n this embodiment was performed at a
temperature at least about 65 °F below the beta transition temperature. Finally, the ingot samples

are precipitation hardened in step 140.

[0041] In some embodiments the steps of forging and rolling (120), solution treating
(130) and precipitation hardening (140) are controlled in a manner to produce a microstructure
consisting of fine alpha particles. Additional details on the exemplary method for manufacturing

titanium alloys are described in the Examples which follow.

EXAMPLES:

[0042] Vacuum arc remelting (“VAR”™) was used to prepare an ingot in accordance with
embodiments disclosed in this specification as well as ingots of conventional titanium alloys,
T1-10-2-3 and Ti-555-3, for the purpose of comparison. Each ingot was approximately eight
inches in diameter and weighed about 60 pounds. The chemical compositions of the alloys in

welght percentage are provided in Table 1 below:
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Table 1 Chemical Composition (wt %) of Example Alloys

Alloy Alloy Type | Al \ Fe | Mo | Cr O N Ni | Moe,

. T1-10V-2Fe-
T1-10-2-3 N 2.97 1 10.09 | 1.799 | 0.01 | 0.013 | 0.144 | 0.009 | 0.009 | 11.9
T1-555-3 T-SALSV- 249 | 494 | 372 [ 488 | 2.95 | 0.142 | 0.005 | 0.008 | 13.8

SMo-3Cr
Exermolar T1-5.5A1-5V-
PP | 0.8Fe2.3Cr- | 53 | 477 | 0732|479 | 2.27 | 0.128 | 0.005 | 0.008 | 13.6
AHOY #1
0.140

[0043] Final forging and rolling of the ingot samples was performed below the beta

transformation temperature (beta transus). The ingot samples were then solution heat treated at a

subtransus temperature. Finally the ingot samples were precipitation hardened. The results of

the tests are summarized in Table 2 below:

Table 2 Tensile Properties of Sample Ingots

Alloy Solution Age 0.2 % UTS | Modulus | Elong. | RA
Heat Treat TYS (ksi) (Msi) (%) (%)
(ksi)
T1-10-2-3 | 1435 °F, 1 hr, | 975 °F, 8 hrs, 157.2 168.2 15.3 7.7 20
T1-10-2-3 Air Cool Air Cool 157.5 168.8 15.2 7.7 18
T1-555-3 | 1500 °F, 1 hr, | 1150 °F, 8 hrs, | 176.7 190.3 16.1 12.8 36
T1-555-3 Air Cool Air Cool 177.7 191.2 16.2 13.0 33
Exemplary 14 4
Method #1 | 1500 °F, 1 hr, | 1125 °F, 8 hrs, 184.1 196.8 16.2 46
Exemplary Ai1r Cool Air Cool 14.4
Method 183.5 198.5 16.4 47
[0044] As demonstrated in Table 2, the two sample ingots manufactured according to

[

exemplary methods #1 and :

) exhibited properties superior to those of conventional alloys,

including higher strengths than the conventional ingots. An optical photomicrograph showing

the microstructure typical of exemplary Ti1 alloys prepared according to embodiments disclosed

in this specification 1s provided in Fig. 2. The photomicrograph shows a plurality of primary

alpha particles which are substantially equiaxed with sizes ranging from about 0.5 to about
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> micrometers (LUm) in diameter. The primary alpha particles appear primarily as white particles

dispersed within a precipitation hardened matrix (i.e., the dark background). The particular Ti
alloy shown 1n Fig. 2 was solution heat treated at a temperature of 1500 °F for 1 hour and then
air-cooled to room temperature. This was followed by precipitation hardening at 1050 °F for

3 hours and then cooling to room temperature under ambient conditions.

[0045] Figure 3 1s a plot comparing the ultimate tensile strength and elongation of

exemplary Ti alloys of the present invention with prior art T1 alloys. The data provided in Fig. 3

shows that exemplary titanium alloys manutfactured according to exemplary methods #1 and #2
have superior strength (e.g., TYS and UTS values) and ductility (e.g., elongation) over
conventional titanium alloys. This 1s due to the unique combination of elements present in the
welght percentages disclosed in this specification. The plot provided in Fig. 4 1s analogous to
that in Fig. 3, but with additional data being provided for the prior art Ti1 alloys (e.g., the T1-10-2-

3 and Ti1-555-3 alloys). In Fig. 4, data obtained for exemplary T1 alloys of the present invention

1s labeled as T118.

[0046] A sample 32-inch diameter (12 kilopounds) ingot was produced by triple vacuum
arc remelting (TVAR) 1n accordance with exemplary embodiments disclosed in this specification
and the compositional homogeneity was measured across the ingot length. The composition of
the 1ngot was measured at five locations along the length of the ingot, including the top, top-

middle, middle, bottom-middle, and bottom and the results are summarized in Table 3 below:
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Table 3 Compositional Homogeneity of Sample Ingot

saemet Top- Bottom-
(Mass %) or Top Middle Middle Middle Bottom Average
Property

>

.56
0.012
2.30
0.711
5.12
0.007
0.0035
0.146
0.032
0.010
5.03

.65
0.014
2.35
0.722
5.17
0.006
0.0035
0.148
0.031

5.95
0.012
2.33
0.731
5.07
0.006
0.0035
0.146
0.030

5.60
0.012 0.011 0.012
2.36 2.38 2.34

0.015 | 0014 | 0015
5.10 5.03 5.09

0.066 0.062 0.063 0.062 0.063

8.57 8.42 8.48
5.68 5.67 5.77

.50 5.57

®.
—

S| &

[ < 7
IHIHIIIIIIIIHIIIII
O

-
(N

7.

9.
—

n

Total Other [C,
N, Ni, S1, Sn}

T3 calc, (°F)
T3 calc, (°C)

0.061

1595
363

14.0
3.47
.56

Biso / Beur 1.52 1.51 1.48 1.47
Al
[0047] The results provided in Table 3 show that there i1s excellent compositional

uniformity across the entire ingot length, with deviations from average compositions being less

than or equal to about 2.8 % for all elements measured. The values for Piso/Prur, M0eq, Aleq, and
T, provided in Table 3 were calculated using Equations 1-4, respectively. Values for Biso and

Brur were calculated using the expressions provided in the numerator and denominator of

Equation 1, respectively.
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[0043] In the interest of clarity, in describing embodiments of the present invention, the

following terms are defined as provided below:

Tensile Yield Strength:

Ultimate Tensile Strength:

Modulus of Elasticity:

Elongation:

Reduction 1n Area:

Fatigue Life:

ASTM E606:

Alpha stabilizer:

Beta stabilizer:

Engineering tensile stress at which the material exhibits a
specified limiting deviation (0.2%) trom the proportionality
of stress and strain.

The maximum engineering tensile stress which a material 1s
capabable of sustaining, calculated from the maximum load
during a tension test carried out to rupture and the original
cross-sectional area of the specimen.

During a tension test, the ratio of stress to corresponding
strain below the proportional limit.

During a tension test, the increase in gage length (expressed
as a percentage of the original gage length) after fracture.
During a tension test, the decrease 1n cross-sectional area of
a tensile specimen (expressed as a percentage of the
original cross-sectional area) after fracture.

The number of cycles of a specified strain or stress that a
specimen sustains before initiation of a detectable crack.
The standard practice for strain-controlled fatigue testing.
An element which, when dissolved 1n titanium, causes the
beta transformation temperature to increase.

An element which, when dissolved 1n titantum, causes the

beta transtormation temperature to decrease.
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Beta transformation temperature: The lowest temperature at which a titanium alloy
completes the allotropic transformation from an o+B toa
crystal structure.

Eutectoid compound: An intermetallic compound of titanium and a transistion
metal that forms by decomposition of a titanium-rich
B phase.

[somorphous beta stabilizer: A  stabilizing element that has similar phase relations to

B titanium and does not form intermetallic compounds with

titanium.
Eutectoid beta stabilizer: A B stabilizing element capable of forming intermetallic
compounds with titanium.
[0049] Other embodiments of the invention will be apparent to those skilled in the art

from consideration of the specification and practice of the invention disclosed herein. Itis

intended that the specification and examples be considered as exemplary only.

[0050] It will be appreciated by persons skilled in the art that the present invention 1s not
limited to what has been particularly shown and described in this specification. Rather, the
scope of the present invention is defined by the claims which follow. It should further be
understood that the above description is only representative of illustrative examples of
embodiments. For the reader’s convenicnce, the above description has focused on a
representative sample of possible embodiments, a sample that teaches the principles of the

present invention. Other embodiments may result from a different combination of portions of

different embodiments.
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[0051] The description has not attempted to exhaustively enumerate all possible
variations. The alternate embodiments may not have been presented for a specific portion of the
invention, and may result from a different combination of described portions, or that other
undescribed alternate embodiments may be available for a portion, is not to be considered a

disclaimer of those alternate embodiments.

10052) All percentages are in percent by weight (wt. %) in both the specification and

claims.



CA 02763355 2015-01-16

20

The embodiments of the present invention for which an exclusive property or privilege is

claimed are defined as follows:

1. A titanium alloy consisting essentially of, in weight %, 5.3 to 5.7 aluminum, 4.8 to 5.2
vanadium, 0.7 to 0.9 iron, 4.6 to 5.3 molybdenum, 2.0 to 2.5 chromium, and 0.12 to 0.16
oxygen and optionally one or more additional elements selected from N, C, Nb, Sn, Zr, Ni,
Co, Cu and Si wherein each additional element is present in an amount of less than 0.1% and
the total content of additional elements is less than 0.5 weight %, and the balance titanium
wherein the titanium alloy has a ratio of beta isomorphous to beta eutectoid stabilizers

ranging from 1.2 to 1.73 and defined by

V
Mo +—
Piso 1S5
i P— N Fe
0.65 0.35

2. The titanium alloy of claim 1, wherein the ratio of beta isomorphous to beta eutectoid
stabilizers 1s about 1.4.
3. The titanium alloy of claim 1 or 2, wherein the weight % of the aluminum is about
5.5.
4, The titanium alloy of any one of claims 1 to 3, wherein the weight % of the vanadium
is about 5.0.
5. The titanium alloy of any one of claims 1 to 4, wherein the weight % of the 1ron 1s
about 0.8.
6. The titanium alloy of any one of claims 1 to 5, wherein the weight % of the
molybdenum 1s about 5.0.
7. The titanium alloy of any one of claims 1 to 6, wherein the weight % of the chromium
is about 2.3.
8. The titanium alloy of any one of claims 1 to 7, wherein the weight % of the oxygen 1S

about 0.14.
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9. An aviation system component which is a landing gear or a fastener and which

comprises an alloy according to any one of claims 1 to 8.

10. A method for the manufacture of a titanium alloy for use in high strength, deep

hardenability, and excellent ductility applications, comprising:
providing an alloy according to any one of claims 1 to 8;

performing a solution heat treatment of the titanium alloy at a subtransus temperature;

and

performing precipitation hardening of the titanium alloy.
11.  The method of claim 10, further comprising vacuum arc remelting the alloy.

12. The method of claim 10 or 11, further comprising forging and rolling the titanium

alloy below the beta transformation temperature.

13. A method for manufacturing an aviation system component which is a landing gear or

a fastener which method comprises the method of any one of claims 10 to 12.

14.  Use of an alloy according to any one of claims 1 to 8 in the manufacture ot an

aviation system component which is a landing gear or a fastener.
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Ultimate Tensile Strength, ksi
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Comparative Study of Lab-Manufactured
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All material substransus solution treated, air cooled, then aged.
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