
Printed by Jouve, 75001 PARIS (FR)

(19)
E

P
2 

25
1 

44
5

A
1

(Cont. next page)

��&��

��������
(11) EP 2 251 445 A1

(12) EUROPEAN PATENT APPLICATION
published in accordance with Art. 153(4) EPC

(43) Date of publication: 
17.11.2010 Bulletin 2010/46

(21) Application number: 09720943.1

(22) Date of filing: 30.01.2009

(51) Int Cl.:
C22C 14/00 (2006.01) B21J 5/00 (2006.01)

B21K 3/04 (2006.01) C22F 1/18 (2006.01)

F01D 5/28 (2006.01) F02C 7/00 (2006.01)

C22F 1/00 (2006.01)

(86) International application number: 
PCT/JP2009/051539

(87) International publication number: 
WO 2009/113335 (17.09.2009 Gazette 2009/38)

(84) Designated Contracting States: 
AT BE BG CH CY CZ DE DK EE ES FI FR GB GR 
HR HU IE IS IT LI LT LU LV MC MK MT NL NO PL 
PT RO SE SI SK TR
Designated Extension States: 
AL BA RS

(30) Priority: 12.03.2008 JP 2008062690

(71) Applicants:  
• Mitsubishi Heavy Industries, Ltd.

Tokyo 108-8215 (JP)
• Tokyo Institute of Technology

Tokyo 152-8550 (JP)

(72) Inventors:  
• SHINDO, Kentaro

Nagasaki-shi
Nagasaki 851-0392 (JP)

• TETSUI, Toshimitsu
Nagasaki-shi
Nagasaki 851-0392 (JP)

• TAKEYAMA, Masao
Tokyo 152-8550 (JP)

(74) Representative: HOFFMANN EITLE
Patent- und Rechtsanwälte 
Arabellastrasse 4
81925 München (DE)

(54) TIAL-BASED ALLOY, PROCESS FOR PRODUCTION OF THE SAME, AND ROTOR BLADE 
COMPRISING THE SAME

(57) A hot-forged TiAl-based alloy having excellent oxidation resistance and high strength at high temperatures, and
a process for producing such an alloy. A TiAl-based alloy comprising Al: (40+a) atomic % and Nb: b atomic %, with the
remainder being Ti and unavoidable impurities, wherein a and b satisfy formulas (1) and (2) below. 

Also, a TiAl-based alloy comprising Al: (40+a) atomic % and Nb: b atomic %, and further comprising one or more
elements selected from the group consisting of V: c atomic %, Cr: d atomic % and Mo: e atomic %, with the remainder
being Ti and unavoidable impurities, wherein a to e satisfy formulas (3) to (9) shown below. 
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Description

Technical Field

[0001] The present invention relates to a TiAl-based alloy, a process for producing the alloy, and a rotor blade that
uses the alloy.

Background Art

[0002] TiAl-based alloys, which are lightweight (with a specific gravity of approximately 4) and exhibit excellent heat
resistance, are attracting considerable attention as potential materials for the rotor blades used within gas turbines and
Turbo-chargers. Particularly in the case of very large rotor blades, the lighter the weight of the members that constitute
the rotor blade, the smaller the centrifugal stress becomes, which enables an increase in the maximum rate of revolution,
an increase in the surface area of the rotor blade, and a reduction in the load stress applied to the disc portion.
[0003] TiAl-based alloys are alloys that are composed mainly of intermetallic compounds such as TiAl and Ti3Al, which
exhibit excellent high-temperature strength, and these alloys therefore have excellent heat resistance. However, TiAl-
based alloys have poor casting properties, and because the production of large components by casting is extremely
difficult, molding processes that use forging are being researched. Forging processes include isothermal forging using
superplastic working, and hot forging. Isothermal forging is a process in which a cast alloy ingot is worked at low speed
while being heated at a high temperature. Hot forging is a process in which a cast alloy ingot is heated to a high
temperature, and is then worked at high speed while it cools. In the case of hot forging, in order to improve the forgeability
of the TiAl-based alloy, a β-phase-stabilizing element such as Cr, V or Mn or the like is added as a third element to
generate an elemental composition that precipitates a β-phase that exhibits excellent deformability at high temperature.
[0004] Patent citation 1 discloses the superplastic working (isothermal forging) of a TiAl-based alloy comprising 43 to
47 atomic % of Al and containing added Cr as a third element. A TiAl-based alloy of this composition is subjected to
deformation at a low strain speed that promotes dynamic recrystallization using a plastic working apparatus fitted with
a heat retention device, thereby yielding a TiAl-based alloy having a microstructure in which a β-phase has been pre-
cipitated at the γ-phase crystal grain boundaries.
[0005] Patent citation 2 discloses a TiAl-based alloy comprising 40 to 48 atomic % of Al and containing one or more
elements selected from among Cr and V as an added third element, and also discloses a TiAl-based alloy comprising
38 to 48 atomic % of Al and containing added Mn as a third element. TiAl-based alloys of the above compositions are
subjected to high-speed plastic working (hot forging) to form lamellar grain structures in which an α2-phase and a γ-
phase are stacked in an alternating manner, thereby improving the high-temperature strength of the TiAl-based alloy.

Patent Citation 1: US Patent Publication No. 5,370,839
Patent Citation 2: Japanese Unexamined Patent Application, Publication No. 2001-316743

Disclosure of Invention

[0006] The superplastic working disclosed in patent citation 1 involves performing plastic working at a low strain speed
while maintaining a high temperature, and therefore suffers from poor productivity and has minimal industrial applicability.
[0007] On the other hand, the hot forging disclosed in patent citation 2 enables forge working to be performed using
general-purpose equipment in substantially the same manner as typical steel materials, and therefore offers a high
degree of productivity and excellent practical applicability.
However, although the TiAl-based alloy disclosed in patent citation 2 provides improved high-temperature strength by
using hot forging to precipitate lamellar grains, the creep strength is lower than that of cast TiAl-based alloys, and the
oxidation resistance also tends to be unsatisfactory. Accordingly, the usable temperature range for this TiAl-based alloy
is 650°C or lower.
[0008] The present invention has an object of providing a hot-forged TiAl-based alloy having excellent oxidation
resistance and high strength at high temperatures, and a process for producing such an alloy.
[0009] In order to achieve the above object, the present invention provides a TiAl-based alloy comprising Al: (40+a)
atomic % and Nb: b atomic %, with the remainder being Ti and unavoidable impurities, wherein a and b satisfy formulas
(1) and (2) below. 
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[0010] Further, the present invention also provides a TiAl-based alloy comprising Al: (40+a) atomic % and Nb: b atomic
%, and further comprising one or more elements selected from the group consisting of V: c atomic %, Cr: d atomic %
and Mo: e atomic %, with the remainder being Ti and unavoidable impurities, wherein a to e satisfy formulas (3) to (9)
shown below. 

[0011] As the Al content is increased, the high-temperature strength improve. However, if the A1 content is very high,
then the β-phase that exhibits excellent deformability at high temperatures either does not precipitate or only precipitates
at a higher precipitation temperature range, resulting in a deterioration in the forgeability of the alloy. The TiAl-based
alloy of the present invention exhibits a temperature range that yields a two-phase structure composed of an α-phase
and a β-phase that can be achieved within the range of temperatures obtainable using general-purpose equipment, and
hot forging of the alloy can be conducted within this temperature range. The TiAl-based alloy of the present invention
comprises an amount of Nb specified above as a β-phase-stabilizing element, and by reducing the Al content to a value
of not less than 40 atomic % and not more than 42 atomic %, which is lower than that used within conventional TiAl-
based alloys, an alloy is obtained that exhibits a high degree of high-temperature strength while retaining favorable
forgeability. Further, by adding Nb to the alloy, the oxidation resistance can be improved beyond that of conventional
hot-forged TiAl-based alloys.
[0012] V, Cr and Mo, in a similar manner to Nb, are elements that facilitate the formation of a β-phase, and therefore
have a significant effect in improving the forgeability of the TiAl-based alloy. By including one or more elements selected
from among V, Cr and Mo in an amount specified above in addition to Nb, a TiAl-based alloy that exhibits excellent
forgeability is obtained. Moreover, V also contributes to an improvement in the tensile strength at high temperatures. Cr
lowers the deformation resistance of the TiAl-based alloy. Mo contributes to an improvement in the creep strength. By
including one or more elements selected from among V, Cr and Mo, the alloy performance can be further enhanced.
[0013] In the present invention, the TiAl-based alloy preferably has a metal structure comprising aligned lamellar grains
in which an α2-phase and a γ-phase are stacked in an alternating manner. A TiAl-based alloy having a metal structure
comprising aligned lamellar grains exhibits a high degree of high-temperature strength.
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[0014] The present invention also provides a process for producing a TiAl-based alloy, the process comprising:

holding a TiAl-based alloy material, comprising Al:

(40+a) atomic % and Nb: b atomic %, with the remainder being Ti and unavoidable impurities, wherein a and
b satisfy formulas (1) and (2) below, 

at a holding temperature within an equilibrium temperature range for an (a+β) phase, and
subjecting the TiAl-based alloy material held at the holding temperature to high-speed plastic working while
cooling to a predetermined final working temperature.

[0015] Further, the present invention also provides a process for producing a TiAl-based alloy, the process comprising:

holding a TiAl-based alloy material, comprising A1:

(40+a) atomic % and Nb: b atomic %, and further comprising one or more elements selected from the group
consisting of V: c atomic %, Cr: d atomic % and Mo: e atomic %, with the remainder being Ti and unavoidable
impurities, wherein a to e satisfy formulas (3) to (9) shown below, 

at a holding temperature within an equilibrium temperature range for an (α+β) phase, and
subjecting the TiAl-based alloy material held at the holding temperature to high-speed plastic working while
cooling to a predetermined final working temperature.
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[0016] The TiAl-based alloy having the composition described above exhibits an (α+β) phase equilibrium range at
high temperature, and because the alloy also contains one or more elements selected from among V, Cr and Mo, as
well as Nb, the β-phase precipitates in a stable manner. The TiAl-based alloy material is held at a temperature within
the equilibrium temperature range for the (α+β) phase, which ensures that the β-phase that exhibits superior high-
temperature deformability exists in a stable state, while the alloy is subjected to high-speed plastic deformation, and
therefore the workability of the alloy is favorable. Further, by completing the high-speed plastic working in the period
during which the temperature cools from the holding temperature within the equilibrium temperature range for the (α+β)
phase to a final working temperature, a multitude of strains are introduced into the alloy. These strains act as origins
that induce dynamic recrystallization, which eventually leads to the formation of a metal structure in which fine lamellar
grains are aligned. Producing a metal structure in which these lamellar grains exist means the TiAl-based alloy exhibits
a high degree of high-temperature strength.
[0017] In the present invention, provided the aforementioned holding temperature is not less than 1150°C and not
more than 1350°C, an (α+β) phase can be precipitated stably within the metal structure.
[0018] In the present invention, provided the final working temperature is not less than 1150°C, a high level of deform-
ability that enables high-speed plastic working can be maintained. If the final working temperature is less than 1150°C,
then the deformability tends to deteriorate, and there is a possibility that cracks may appear in the TiAl-based alloy material.
[0019] In the present invention, a forging process can be used for the aforementioned high-speed plastic working.
[0020] A rotor blade that uses the above TiAl-based alloy exhibits excellent high-temperature strength and oxidation
resistance, and is capable of withstanding use at temperatures of 650°C or higher.
[0021] The present invention is able to provide a TiAl-based alloy that exhibits high levels of high-temperature strength
and oxidation resistance, as well as excellent forgeability.
A rotor blade that uses the TiAl-based alloy of the present invention exhibits excellent high-temperature strength and
oxidation resistance, and can therefore be used in operating environments of 650°C or higher. Further, because the
TiAl-based alloy of the present invention exhibits favorable forgeability, it is able to be molded within a comparatively
short time period.

Best Mode for Carrying Out the Invention

[0022]  A TiAl-based alloy according to a first embodiment of the present invention comprises Al: (40+a) atomic %
and Nb: b atomic %, with the remainder being Ti and unavoidable impurities, wherein a and b satisfy formulas (1) and
(2) below. 

[0023] The TiAl-based alloy of the composition described above comprises Al in a fraction of not less than 40 atomic
% and not more than 42 atomic %. If the Al content is less than 40 atomic %, then the high-temperature strength
deteriorates. If the Al content exceeds 42 atomic %, then the forgeability deteriorates.
[0024] Because it also comprises Nb, the TiAl-based alloy of this first embodiment exhibits excellent oxidation resist-
ance. Nb also has an effect of causing stable precipitation of a β-phase within a high-temperature range. Because the
β-phase has a high degree of deformability at high temperature, stable precipitation of the β-phase results in improved
forgeability. Further, precipitation of the β-phase facilitates the formation of a lamellar structure (for example, a fine
lamellar structure with an average grain size of 1 to 50 Pm) during the cooling step. Accordingly, the high-temperature
strength of the alloy following forging, and particularly the creep strength, can be improved. If the Nb content becomes
overly high, then in contrast, precipitation of a lamellar structure actually becomes less likely, and the high-temperature
strength deteriorates. By ensuring that the Nb content satisfies the fraction described above, a TiAl-based alloy having
excellent high-temperature strength and favorable forgeability can be obtained.
[0025] A TiAl-based alloy according to a second embodiment of the present invention comprises Al: (40+a) atomic %
and Nb: b atomic %, and further comprises one or more elements selected from the group consisting of V: c atomic %,
Cr: d atomic % and Mo: e atomic %, with the remainder being Ti and unavoidable impurities, wherein a to e satisfy
formulas (3) to (9) shown below. 
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[0026] V, Cr and Mo, in a similar manner to Nb, are elements that facilitate the formation of a β-phase. If the β-phase
precipitating effect of Nb is defined such that a Nb equivalent is the effect provided by a Nb amount of b (atomic %),
then the Nb equivalents of each of these other elements are as follows. 

In other words, the β-phase precipitating effect of V is the same as that of Nb. Further, the β-phase precipitating effects
of Cr and Mo are, respectively, 1.8 times and 3.8 times that of Nb, meaning a β-phase can be precipitated stably through
addition of a smaller amount of the element than Nb.
[0027] Besides this β-phase stable precipitation effect, V also has an effect of improving the tensile strength at high
temperatures. Cr has an effect of lowering the deformation resistance of the TiAl-based alloy, thereby further improving
the forgeability. Mo has an effect of further improving the creep strength.
[0028] In consideration of the forgeability and the high-temperature strength, the amounts of Nb, V, Cr and Mo are
preferably set within the fraction ranges described above.
[0029]  A process for producing the TiAl-based alloys according to the first and second embodiments described above
using hot forging is described below.
First, a TiAl-based alloy material (such as an ingot) having a composition that satisfies one of the compositions described
above is prepared by melting.
[0030] The TiAl-based alloy material is then heated in a heavy oil furnace or the like, and held for a long time at a
holding temperature within the equilibrium temperature range for an (α+β) phase. This step causes the precipitation of
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an α-phase and a β-phase within the metal structure. In the case of a TiAl-based alloy having a composition described
above, the holding temperature is within a range from 1150 to 1350°C.
[0031] The TiAl-based alloy material that has been held at the holding temperature is then removed from the furnace
and subjected to high-speed plastic working, using a general-purpose hydraulic press or the like, while the temperature
of the alloy material is still within the (α+β) phase equilibrium temperature range. By performing high-speed plastic
working during the cooling step, strains are introduced into the α-phase. Dynamic recrystallization occurs with these
strains acting as origins, resulting in the formation of fine lamellar grains in which an α2-phase and a γ-phase are stacked
in an alternating manner. The γ-phase precipitates from the β-phase during the cooling step, forming an equiaxed
microstructure. In the case of a TiAl-based alloy of the composition described above, provided the final working temper-
ature is not less than 1150°C, the plastic working can be performed in a state where the alloy contains a precipitated β-
phase that exhibits superior deformability. If the final working temperature is less than 1150°C, then the deformability
deteriorates, and cracking of the alloy material may occur. Furthermore, if the cooling rate is too fast, then a massive
transformation may occur, preventing formation of a lamellar structure, whereas if the cooling rate is too slow, then the
lamellar spacing tends to broaden, resulting in reduced material strength. The cooling rate is preferably set within a
range from approximately 50 to 700°C/minute.
[0032] A rotor blade produced using a TiAl-based alloy of one of the above embodiments exhibits excellent high-
temperature strength and superior oxidation resistance at high temperatures. The rotor blade is produced using the
procedure outlined below.
First, a TiAl-based alloy material (such as an ingot) having a composition according to the first or second embodiment
described above is prepared by melting. The TiAl-based alloy material is then subjected to hot open die forging, thereby
improving the forgeability during the die forging performed in a later step. Subsequently, the alloy material is cut into a
rod shape, forming a rough preform for die forging of the rotor blade. In those cases where cost is a very important
factor, production of the rough preform may be conducted by preparing a rod-shaped TiAl-based alloy material by melting.
In order to facilitate formation of the final blade shape, the rod shape is preferably worked into a dog bone-shaped rod.
[0033] In the die forging step, the rod-shaped TiAl-based alloy material is heated in a heavy oil furnace or the like,
and held at a holding temperature within the equilibrium temperature range for an (α+β) phase. Immediately following
removal of the alloy material from the furnace, the forging preform is molded by die forging using a general-purpose
hammer press. In order to prevent thermal deformation from occurring during the cooling step conducted following die
forging, the cooling is conducted gradually, either inside an insulating material, or within a low-temperature oven at a
temperature of approximately 600°C. Finally, the forged product is molded into the shape of the rotor blade by cutting
work or the like.
[0034] A TiAl-based alloy according to one of the embodiments of the present invention exhibits excellent forgeability,
and therefore large members such as rotor blades can be formed in a short period of time via a relatively simple process.

EXAMPLES

(Example 1)

[0035] TiAl-based alloy ingots comprising the components listed for example 1-1 to example 1-4 in Table 1 were
produced by casting. Each ingot was cut to predetermined dimensions and subjected to surface machining, yielding a
columnar TiAl-based alloy material having a diameter of 80 mm and a height of 60 mm.
[0036] Each TiAl-based alloy material was heated and held at 1300°C inside a heavy oil furnace. Following holding
at this temperature, the TiAl-based alloy material was removed from the heavy oil furnace, and subjected to upset forging
at a forging ratio of 3s, using a general-purpose 300-ton hydraulic press. The operation from removal of the TiAl-based
alloy material from the furnace until completion of the forging was completed within 10 seconds. Following forging, the
alloy material was cooled by atmospheric cooling on top of a steel trestle. A post-forging heat treatment was performed
by subjecting the forged material to stress removal annealing for 24 hours at 800°C using a muffle furnace.

(Comparative example)

[0037] TiAl-based alloy ingots comprising the components listed for comparative example 1-1 to example 1-9 in Table
1 were produced by casting. Each ingot was cut and subjected to surface machining, yielding a columnar TiAl-based
alloy material having a diameter of 80 mm and a height of 60 mm. Using the same procedure as that described for
example 1, each TiAl-based alloy material was subjected to forging and post-forging stress removal annealing.

(Examples 2 to 5)

[0038] TiAl-based alloy ingots comprising the components listed for example 2 to example 5 in Table 1 were produced
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by casting. Each ingot was cut and subjected to surface machining, yielding a columnar TiAl-based alloy material having
a diameter of 80 mm and a height of 60 mm. Using the same procedure as that described for example 1, the TiAl-based
alloy material of example 2 was subjected to forging and post-forging stress removal annealing.
[0039] Each TiAl-based alloy was evaluated for forgeability, and tested for creep strength and oxidation resistance.
The forgeability evaluation was conducted by visually checking the forged ingot for the presence of cracks. If no cracks
were observed, the forgeability was evaluated as good (o), whereas if cracks were visible, the forgeability was evaluated
as poor (x).
The creep strength test was performed by cutting a test specimen from the annealed ingot, and then testing the specimen
at a test temperature of 760°C and a load stress of 311 MPa. If the creep rupture time was 25 hours or longer, the high-
temperature strength was evaluated as good (o), whereas if the creep rupture time was less than 25 hours, the high-
temperature strength was evaluated as poor (x).
The oxidation resistance test was performed by cutting a cubic test specimen having a length along one side of 2.8 mm
from the annealed ingot, heating the test specimen for 50 hours at 870°C, and then comparing the oxidation weight
increase per unit of surface area. If the oxidation weight increase was not more than 0.01 g/mm2, the oxidation resistance
was evaluated as good (o), whereas if the oxidation weight increase exceeded 0.01 g/mm2, the oxidation resistance
was evaluated as poor (x).
[0040]
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[0041] The TiAl-based alloys of examples 1-1 to 1-4 each adopted a metal structure containing precipitated lamellar
grains, and exhibited a high degree of high-temperature strength. Further, compared with the TiAl-based alloys of
comparative examples 1 to 9 which did not contain Nb, the oxidation resistance improved dramatically.
[0042] When the Al content was less than 40 atomic %, the creep rupture time decreased (comparative example 1-1
and comparative example 1-3). When the Al content exceeded 42 atomic %, the creep rupture time lengthened and the
high-temperature strength was favorable, but cracking existed in the forged product (comparative example 1-5 and
comparative example 1-7).
In those cases where the Nb content satisfied the inequality formula b<3+a, cracking existed in the forged product
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(comparative example 1-2 and comparative example 1-6). When the Nb content satisfied the inequality formula b>7+a,
the creep rupture time decreased (comparative example 1-4 and comparative example 1-8).
[0043] The TiAl-based alloys of example 2 to example 5 each exhibited favorable levels of forgeability, high-temperature
strength and oxidation resistance.
[0044] The results of a deformation resistance measurement, a tensile test, a creep strength test and an oxidation
resistance test performed for the TiAl-based alloys of example 1-1 and examples 2 to 5 are shown in Table 2. The
deformation resistance measurement was performed by cutting a circular columnar test specimen having a diameter of
7 7 mm and a length of 12 mm from the annealed ingot, and then holding the test specimen at a temperature of 1250°C
using high-frequency heating, while conducting deformation at a deformation rate of 100 mm/second. The tensile test
was performed by cutting a test specimen having a total length of 60 mm, an evaluation section diameter of 4 mm and
an evaluation section length of 20 mm from the annealed ingot, and then performing the tensile test at 700°C in an open
atmosphere.
[0045]
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1-1. Example 4 which comprised Cr exhibited reduced deformation resistance. In other words, the deformability at high
temperatures improved. Example 5 which comprised Mo exhibited a significant increase in the creep strength.
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Claims

1. A TiAl-based alloy comprising
Al: (40+a) atomic % and
Nb: b atomic %,
with a remainder being Ti and unavoidable impurities,
wherein
a and b satisfy formulas (1) and (2) below: 

and 

2. A TiAl-based alloy comprising
Al: (40+a) atomic % and
Nb: b atomic. %, and further comprising
one or more elements selected from the group consisting of
V: c atomic %,
Cr: d atomic % and
Mo: e atomic %,
with a remainder being Ti and unavoidable impurities,
wherein
a to e satisfy formulas (3) to (9) shown below: 

and 
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3. The TiAl-based alloy according to claim 1 or 2, having a metal structure comprising aligned lamellar grains in which
an α2-phase and a γ-phase are stacked in an alternating manner.

4. A process for producing a TiAl-based alloy, the process comprising:

holding a TiAl-based alloy material, comprising
Al: (40+a) atomic % and
Nb: b atomic %,
with a remainder being Ti and unavoidable impurities, wherein a and b satisfy formulas (1) and (2) below: 

and 

at a holding temperature within an equilibrium temperature range for an (α+β) phase, and
subjecting the TiAl-based alloy material held at the holding temperature to high-speed plastic working while
cooling to a predetermined final working temperature.

5. A process for producing a TiAl-based alloy, the process comprising:

holding a TiAl-based alloy material, comprising
Al: (40+a) atomic % and
Nb: b atomic %, and further comprising
one or more elements selected from the group consisting of
V: c atomic %,
Cr: d atomic % and
Mo: e atomic %,
with a remainder being Ti and unavoidable impurities, wherein a to e satisfy formulas (3) to (9) shown below: 
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and 

at a holding temperature within an equilibrium temperature range for an (α+β) phase, and
subjecting the TiAl-based alloy material held at the holding temperature to high-speed plastic working while
cooling to a predetermined final working temperature.

6. The process for producing a TiAl-based alloy according to claim 4 or claim 5, wherein
the holding temperature is not less than 1150°C and not more than 1350°C.

7. A process for producing a TiAl-based alloy according to any one of claim 4 to claim 6, wherein
the final working temperature is not less than 1150°C.

8. A process for producing a TiAl-based alloy according to any one of claim 4 to claim 7, wherein
a forging process is used for the high-speed plastic working.

9. A rotor blade that uses the TiAl-based alloy according to any one of claim 1 to claim 3.
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