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Description
BACKGROUND OF THE INVENTION
1. FIELD OF THE INVENTION

[0001] The present invention relates to a nickel-base alloy for a turbine rotor of a steam turbine, and a turbine rotor
of a steam turbine using this nickel-base alloy.

2. DESCRIPTION OF THE RELATED ART

[0002] Inathermal power plant, technology to cut emissions of carbon dioxide is gaining attention in view of preserving
global environment, and there are increasing needs for increase in efficiency of power generation To increase the power
generating efficiency of a steam turbine, it is effective to raise steam temperature in the steam turbine. In thermal power
plants of late years, the steam temperature in the turbine is increased to 600°C or higher, and it is expected to be
increased to 650°C, and further to 700°C or higher in the future.

[0003] Around a turbine rotor supporting rotor blades which rotate by receiving high-temperature steam, the high-
temperature steam circulates and increases its temperature, and high stress occurs by the rotation. Accordingly, the
turbine rotor of the steam turbine is required to endure high temperature and high stress, and as a material forming the
turbine rotor, there is demanded an alloy having high strength, ductility, and toughness in a region ranging from room
temperature to high temperature.

[0004] Particularly when the steam temperature is over 700°C, conventional iron-base materials have insufficient high
temperature strength, and therefore use of nickel (Ni)-base alloys is considered (see, for example, JP-A 7-150277
(KOKAL)). Due to its excellent high temperature strength and corrosion resistance, the Ni-base alloys have been widely
used mainly as materials for jet engines and gas turbines. Typical examples include Inconel 617 alloy (manufactured
by Special Metals Corporation) and Inconel 706 alloy (manufactured by Special Metals Corporation).

[0005] As a mechanism to enhance the high temperature strength of a Ni-base alloy, there is known one in which a
precipitation phase called a gamma prime phase (Ni3(Al, Ti)) or a gamma double prime phase (NizNb) is precipitated
or both the phases are precipitated in the matrix of the Ni-base alloy by adding Al and Ti, to thereby ensure the high
temperature strength. The Inconel 706 alloy is one such example.

[0006] Further, there are also known Ni-base alloys in which Co, Mo are added to strengthen (solid solution strength-
ening) a matrix of the Ni base to ensure high temperature strength, such as Inconel 617 alloy.

[0007] As described above, as a turbine rotor material for a steam turbine whose temperature exceeds 700°C, there
is considered use of Ni-base alloys having higher high temperature strength than that of iron-base materials, and there
is demanded improvement in composition to satisfy high temperature strength, forgeability, and the like, while maintaining
hot workability of the Ni-base alloys.

[0008] An object of the present invention is to provide a Ni-base alloy for a turbine rotor of a steam turbine that is
excellent in both high temperature strength and forgeability while maintaining the hot workability, and provide a turbine
rotor of a steam turbine using the same.

SUMMARY OF THE INVENTION

[0009] An aspect of a nickel-base alloy for a turbine rotor of a steam turbine according to the present invention contains,
in mass%,C: 0.01% to 0.15%, Cr: 18% to 28%, Co: 10% to 15%, Mo: 8% to 12%, Al: 0.5% to less than 1.5%, Ti: 0.7%
to 3.0%, and B: 0.001% to 0.006%, the balance being nickel (Ni) and unavoidable impurities.

[0010] An aspect of a turbine rotor of a steam turbine according to the present invention is a turbine rotor provided to
penetrate through a steam turbine to which high-temperature steam is introduced, in which at least a predetermined
portion is constituted of the above-described nickel-base alloy for a turbine rotor of a steam turbine.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 is a constitution picture of a Ni-base alloy according to an embodiment of the present invention.
[0012] FIG. 2 is a graph showing results of a Greeble test.

[0013] FIG. 3 is a constitution picture of a Ni-base alloy.

[0014] FIG. 4 is a constitution picture of an Inconel 617 alloy.
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DETAILED DESCRIPTION OF THE INVENTION

[0015] Hereinafter, an embodiment of a nickel (Ni)-base alloy for a turbine rotor of a steam turbine according to the
present invention and a turbine rotor of a steam turbine formed from this alloy will be described.

[0016] Ni-base alloys such as Inconel 706 alloy and Inconel 617 alloy are quite useful as turbine rotor materials.
However, for further increase in efficiency of steam turbine power generating equipment, the Ni-base alloys are required
to have satisfactory high temperature strength (mechanical strength at high temperature) and forgeability while main-
taining hot workability (drawing or the like).

[0017] For example, Inconel 617 alloy is an alloy with high temperature strength improved by solid solution strength-
ening of matrix of a Ni base by adding cobalt (Co) and molybdenum (Mo). However, for further improving the high
temperature strength, the solid solution strengthening alone is not always sufficient. Accordingly, the Ni-base alloy for
a turbine rotor of this embodiment.is further strengthened using precipitation strengthening besides the solid solution
strengthening.

[0018] Details of this further strengthening will be described below. The Ni-base alloy for a turbine rotor of a stream
turbine of this embodiment is based on the composition of Inconel 617 as a representative Ni-base alloy, and is improved
in strength characteristics at high temperature and forgeability by performing addition and adjustment.

[0019] Ticontent in the conventional Inconel 617 alloy is approximately 0.6% by mass, and the precipitation strength-
ening cannot be expected with this degree of content. Accordingly, the Ti content is increased to 0.7% to 3.0% by mass,
so as to increase the amount of ¥ phase (gamma prime phase (Niz(Al, Ti))) to be precipitated. A constitution picture of
a Ni-base alloy is shown in FIG. 3, in which Al concentration is increased to 1.6% by mass or higher and Ti concentration
is increased to 0.7% by mass or higher so as to further improve the high temperature strength. In FIG. 3, precipitation
of a damaging phase called a ¢ phase is recognized as shown by an arrow. In addition, the composition of the Ni-base
alloy showninFIG. 3is Ni-1.8Al-1.3Ti-23Cr-12C0-9Mo-0.1Ta-0.3Nb (the number attached to the head of each constituent
denotes the content (% by mass) of this constituent, and the balance being Ni). Thus, in the present invention, to prevent
the precipitation of the embrittlement phase, the Al concentration is adjusted in the range of 0.5% to less than 1.5% by
mass and tantalum (Ti) and niobium (Nb) are added as necessary, so as to allow stable precipitation of the ¥ phase and
improve stability of the y phase itself. Consequently, further strengthening of this Ni-base alloy is achieved.

[0020] The Ni-base alloy for a turbine rotor of a steam turbine of this embodiment can be implemented as follows.

(Alloy 1) A Ni-base alloy for a turbine rotor of a steam turbine, the alloy containing, in mass%, C: 0.01% to 0.15%,
Cr: 18% to 28%, Co: 10% to 15%, Mo: 8% to 12%, Al: 0.5% to less than 1.5%, Ti: 0.7% to 3.0%, and B: 0.001% to
0.006%, the balance being Ni and unavoidable impurities.

(Alloy 2) A Ni-base alloy for a turbine rotor of a steam turbine, the alloy containing, in mass%, C: 0.01% to 0.15%,
Cr: 18% to 28%, Co: 10% to 15%, Mo: 8% to 12%, Al: 0.5% to less than 1.5%, Ti: 0.7% to 3.0%, B: 0.001% to
0.006%, and Ta: 0.1% to 0.7%, the balance being Ni and unavoidable impurities.

(Alloy 3) A Ni-base alloy for a turbine rotor of a steam turbine, the alloy containing, in mass%, C: 0.01% to 0.15%,
Cr: 18% to 28%, Co: 10% to 15%, Mo: 8% to 12%, Al: 0.5% to less than 1.5%, Ti: 0.7% to 3.0%, B: 0.001% to
0.006%, and Nb: 0.1% to 0.4%, the balance being Ni and unavoidable impurities.

(Alloy 4) A Ni-base alloy for a turbine rotor of a steam turbine, the alloy containing, in mass%, C: 0.01% to 0.15%,
Cr: 18% to 28%, Co: 10% to 15%, Mo: 8% to 12%, Al: 0.5% to less than 1.5%, Ti: 0.7% to 3.0%, B: 0.001% to
0.006%, Ta: 0.1% to 0.7%, and Nb: 0.1% to 0.4%, the balance being Ni and unavoidable impurities.

(Alloy 5) A Ni-base alloy for a turbine rotor of a steam turbine, the alloy containing, in mass%, C: 0.01% to 0.15%,
Cr: 18% to 28%, Co: 10% to 15%, Mo: 8% to 12%, Al: 0.5% to less than 1.5%, Ti: 0.7% to 3.0%, B: 0.001% to
0.006%, and Ta+2Nb (mole ratio of Ta and Nb being 1:2): 0.1% to 0.7%, the balance being Ni and unavoidable
impurities.

Note that in the following description, "%" representing a constituent of an alloy means "% by mass" unless otherwise
specified.

[0021] Here, in the Ni-base alloys for a turbine rotor of a steam turbine, namely, the above-described (alloy 1) to (alloy
5), it is preferred that among the unavoidable impurities at least the Si content is reduced to 0.1% or less and the Mn
content to 0.1% or less. Next, reasons for the limitations of constituent ranges in the respective compositions of the
above-described Ni-base alloys for a turbine rotor of a steam turbine of this embodiment will be described.

(1) C (carbon)
[0022] C is useful as a constitutional element of M,3Cq type carbide as a strengthened phase, and one of factors of

maintaining creep strength of an alloy is to cause the M,3Cg type carbide to precipitate while the turbine is operating,
particularly under a high-temperature environment at 650°C or higher. Further, it also has an effect to secure fluidity of
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molten metal during casting. When the content of C is less than 0.01% a sufficient precipitation amount of the carbide
cannot be secured. Thus, the high temperature strength decreases, and the fluidity of molten metal during casting
decreases significantly. On the other hand, when the content of C is over 0.15%, a constituent segregation trend increases
when producing a large ingot, generation of MgC type carbide as an embrittlement phase is facilitated, and further the
high temperature strength improves, but forgeability decreases. Thus, the content of C is limited in the range of 0.01%
t0 0.15%.

(2) Cr (chromium)

[0023] Cris an essential element to enhance oxidation resistance, corrosion resistance and high temperature strength
of the Ni-base alloys. Moreover, it is essential as a constitutional element of the M,3Cg type carbide, and creep strength
of the alloy is maintained by allowing the M,3Cq type carbide to precipitate while the turbine is operating, particularly
under a high-tempeiature environment at 650°C or higher. Further, Cr can increase oxidation resistance under a high-
temperature steam environment. When the content of Cr is less than 18%, the oxidation resistance decreases. On the
other hand, when the content of Cris over 28%, atrend to be coarse is enhanced by significantly facilitating the precipitation
of the M,3Cg type carbide. Thus, the content of Cr is limited in the range of 18% to 28%.

(3) Co (cobalt)

[0024] Co has an effect to strengthen a parent phase in the Ni-base alloys by solid-solving into the parent phase.
When the content of Co is less than 10%, the high temperature strength decreases. On the other hand, when the content
of Cois over 15%, a weakening intermetallic compound phase is generated, and moreover forgeability decreases. Thus,
the content of Co is limited in the range of 10% to 15%.

(4) Mo (molybdenum)

[0025] Mo has an effect to enhance the strength of the matrix by solute effect. Further, Mo partially replaces the M,3Cg
type carbide, and thereby stability of the carbide can be improved. When the content of Mo is less than 8%, the above-
described effect is not exhibited, and when the content of Mo is over 12%, the component segregation trend when
producing a large ingot increases and generation of MgC type carbide as an embrittlement phase is facilitated. Thus,
the content of Mo is limited in the range of 8% to 12%.

(5) Al (aluminum)

[0026] Algenerates ay phase together with Ni and thereby can improve strength of the Ni-base alloys by precipitation.
When the content of Al is less than 0.5%, the high temperature strength decreases. On the other hand, when the content
of Alis 1.5% or more, it may facilitate precipitation of an embrittlement phase which is referred to as a ¢ phase, along
with decrease in forgeability. Thus, the content of Al is limited in the range of 0.5% to less than 1.5%.

(6) Ti (titanium)

[0027] Tigenerates the ¥ phase together with Ni similarly to Al, and hence can strengthen the Ni-base alloys. When
the content of Ti is less than 0.7%, the high temperature strength is equal to that of the conventional material. On the
other hand, when the content of Ti is over 3%, hot workability decreases, possibly resulting in decrease of forgeability
and increase of notch sensitivity. Thus, the content of Ti is limited in the range of 0.7% to 3.0%.

(7) B (boron)

[0028] B is segregated in a grain boundary to improve high-temperature properties. This effect can be exhibited when
the content of B is 0.001% or more. However, when the content of B is over 0.006%, it may lead to grain boundary
embrittlement. Thus, the content of B is limited in the range of 0.001% to 0.006%.

(8) Ta (tantalum)

[0029] Ta has an effect to stabilize a precipitation strengthened phase by solid-solving in the ¥ phase. When the
content of Ta is less than 0.1%, the stabilization effect is not exhibited. On the other hand, when the content of Ta is
over 0.7%, the high temperature strength improves but forgeability decreases. Thus, the content of Ta is limited in the
range of 0.1% to 0.7%.
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(9) Nb (niobium)

[0030] Nb has an effect to enhance the high temperature strength and stabilize the ¥ phase by solid-solving similarly
to Ta. When the content of Nb is less than 0.1%, the above-described effect is not occred, and when the content of Nb
is over 0.4%, the high temperature strength improves but forgeability decreases. Thus, the content of Nb is limited in
the range of 0.1% to 0.4%. Further, by containing the above-described Ta and Nb such that the content of (Ta+2NDb) is
in the range of 0.1% to 0.7%, they are solid-solved in the ¥ phase to enhance the high temperature strength and stabilize
the vy’ phase precipitation. When the content of (Ta+2Nb) is less than 0.1%, no improvement is seen in the above-
described effect as compared to the conventional material. On the other hand, when the content of (Ta+2Nb) is over
0.7%, the high temperature strength improves but the forgeability decreases. Incidentally, in this case, Ta and Nb are
each contained by at least 0.01% or more.

(10) Si (silicon), Mn (manganese), Fe (iron), Cu (copper), and S (sulfur)

[0031] Si, Mn, Fe, Cu, and S are classified as unavoidable impurities in the Ni-base alloys for a turbine rotor of a steam
turbine of this embodiment. It is desired that the remaining contents of these unavoidable impurities are made close to
0(zero)% as much as possible. Further, among these unavoidable impurities, it is preferred that at least Si and Mn are
each suppressed to 0.1% or less. In the case of ordinary steel, Mn prevents brittleness by turning S (sulfur) contributing
to brittleness to MnS. However, the content of S in the Ni-base alloys is quite small, and it is not necessary to add Mn.
Accordingly, in the Ni-base alloys for a turbine rotor of a steam turbine of this embodiment, it is desired that the content
of Mn is 0.1% or less and the remaining content thereof is close to 0(zero)% as much as possible. Si is added to
complement corrosion resistance in the case of ordinary steel. However, in the Ni-base alloys, the content of Cr is large
and the corrosion resistance can be ensured sufficiently. Thus, in the Ni-base alloys for a turbine rotor of a steam turbine
of this embodiment, it is desired that the content of Si is 0.1% or less and the remaining content thereof is close to 0
(zero)% as much as possible.

[0032] FIG. 4 shoes microstructure of a conventional Inconel 617 alloy. FIG. 1 [composition: Ni-0.05C-1.15Al-1.8Ti-
23Cr-12C0-9Mo-0.1Ta-0.3Nb-0.003B] shoes microstructure of one of the Ni-base alloys for a turbine rotor of a steam
turbine of this embodiment. As shown in FIG. 1, in the Ni-base alloy for a turbine rotor of a steam turbine of this
embodiment, it is possible to allow stable precipitation of fine ¥ in the y matrix as shown by an arrow while suppressing
the precipitation of the ¢ phase, by the above-described alloy composition ranges.

[0033] Next, a preferred manufacturing method for the Ni-base alloys for a turbine rotor of a steam turbine of this
embodiment will be described. An alloy whose constituents are adjusted as described above is melted and casted in
the usual manner. Thereafter, this ingot is subjected to a stabilization treatment, ordinary hot forging, and a solution
treatment. In the solution treatment after the forging, it is desired that the temperature is not lower than the melting
temperature of the ¥ phase and not higher than the local melting starting temperature thereof. Although conditions of
the stabilization treatment and the solution treatment vary depending on the alloy composition and the size of a treated
object, the stabilization processing can be performed by heating for 3 to 72 hours in a temperature range of 1000°C to
1250°C, for example. On the other hand, the solution treatment can be performed by heating for 3 to 24 hours in a
temperature range of 1000°C to 1200°C and by quenching thereafter, for example. These treatments may be one that
is performed in multiple stages. Moreover, as necessary, early precipitation of the y phase can be achieved by performing
an aging treatment for 3 to 24 hours in a temperature range of 700°C to 800°C.

(Evaluation of high temperature properties and manufacturability)

[0034] The embodiment will be described with reference to tables, regarding alloy compositions, high temperature
properties, and manufacturability of the Ni-base alloys. By melting in a vacuum induction furnace followed by forging,
26 types materials, their chemical composition are shown in Table 1, were obtained. For evaluating ranges of added
amounts of respective elements shown in this embodiment, added amounts of 21 types of comparative examples are
adjusted to be out of the ranges. Remaining five types are examples. Incidentally, comparative example 1 has chemical
constituents equivalent to Inconel 617 alloy as a conventional material. Si, Mn, Fe, Cu, S in Table 1 are mixed in
unavoidably.

[0035]
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Mass (%)

Ni C Si Mn Cr Fe Al Mo Co Cu Ti B S Ta Nb
CE1 Bal. | 0.098 | 0.51 0.55 2314 | 151 | 1.27 | 9.12 12.32 | 0.25 | 0.35 | 0.004 0.0009 | O 0
CE2 Bal. | 0.008 | <0.01 | <0.01 | 22.44 | 1.53 | 1.24 | 9.15 12.23 | 0.23 | 1.36 | 0.0020 | 0.0011 | O 0
CE3 Bal. | 0.172 | <0.01 | <0.01 | 22.80 | 1.53 | 1.32 | 9.11 12.52 | 0.25 | 1.32 | 0.0032 | 0.0008 | O 0
CE4 Bal. | 0.096 | <0.01 | <0.01 | 17.85 | 1.44 | 1.24 | 9.20 12.17 | 0.23 | 1.33 | 0.0020 | 0.0013 | O 0
CE5 Bal. | 0.097 | <0.01 | <0.01 | 28.32 | 1.55 | 1.23 | 9.15 12.33 | 0.24 | 1.34 | 0.0038 | 0.0010 | O 0
CE6 Bal. | 0.094 | <0.01 | <0.01 | 22.67 | 1.47 | 1.25 | 9.19 8.9 0.24 | 1.33 | 0.0024 | 0.0005 | O 0
CE7 Bal. | 0.096 | <0.01 | <0.01 | 22.29 | 1.44 | 1.24 | 8.88 16.82 | 0.23 | 1.31 | 0.0031 | 0.0013 | O 0
CES8 Bal. | 0.095 | <0.01 | <0.01 | 22.9 148 | 1.2 7.86 12.3 0.25 | 1.32 | 0.0035 | 0.0010 | O 0
CE9 Bal. | 0.099 | <0.01 | <0.01 | 23.11 | 1.55 | 1.22 | 13.05 | 12.22 | 0.25 | 1.31 | 0.0038 | 0.0012 | O 0
CE10 | Bal. | 0.096 | <0.01 | <0.01 | 23.36 | 1.55 | 0.45 | 8.95 12.49 | 0.23 | 1.33 | 0.0031 | 0.0010 | O 0
CE11 | Bal. | 0.047 | <0.01 | <0.01 | 23.52 | 1.58 | 1.71 | 9.19 12.7 0.24 | 1.33 | 0.0029 | 0.0005 | O 0
CE12 | Bal. | 0.096 | <0.01 | <0.01 | 23.25 | 142 | 1.16 | 8.9 12.36 | 0.25 | 0.5 0.0031 | 0.0010 | O 0
CE13 | Bal. | 0.095 | <0.01 | <0.01 | 2242 | 1.49 | 1.27 | 9.08 12.39 | 0.23 | 3.25 | 0.0033 | 0.0009 | O 0
CE14 | Bal. | 0.097 | <0.01 | <0.01 | 22.85 | 1.51 | 1.33 | 9.00 12.35 | 0.25 | 1.31 | 0.0006 | 0.0011 | O 0
CE15 | Bal. | 0.095 | <0.01 | <0.01 | 22.68 | 1.55 | 1.28 | 9.13 12.28 | 0.25 | 1.32 | 0.0072 | 0.0010 | O 0
CE16 | Bal. | 0.099 | <0.01 | <0.01 | 23.20 | 1.55 | 1.31 | 9.05 1249 | 0.25 | 1.34 | 0.0038 | 0.0012 | 0.08 0
CE17 | Bal. | 0.087 | <0.01 | <0.01 | 2265 | 1.61 | 1.33 | 9.14 12.39 | 0.24 | 1.35 | 0.0041 | 0.0010 | 1.20 0
CE18 | Bal. | 0.091 | <0.01 | <0.01 | 22.58 | 1.46 | 1.26 | 9.20 12.28 | 0.24 | 1.33 | 0.0019 | 0.0010 | O 0.06
CE19 | Bal. | 0.088 | <0.01 | <0.01 | 22.69 | 1.53 | 1.21 | 9.15 12.30 | 0.24 | 1.32 | 0.0032 | 0.0010 | O 0.64
CE20 | Bal. | 0.090 | <0.01 | <0.01 | 22.75 | 1.44 | 1.29 | 9.01 1240 | 0.25 | 1.33 | 0.0031 | 0.0008 | Ta+2Nb=0.08
CE21 | Bal. | 0.092 | <0.01 | <0.01 | 23.10 | 1.47 | 1.33 | 9.00 12.39 | 0.25 | 1.34 | 0.0029 | 0.0008 | Ta+2Nb=1.0
E1 Bal. | 0.046 | <0.01 | <0.01 | 23.89 | 1.47 | 1.08 | 9.03 1251 | 025 | 1.8 0.0025 | 0.0008 | O 0
E2 Bal. | 0.052 | <0.01 | <0.01 | 23.46 | 146 | 1.19 | 8.97 1252 | 0.25 | 1.78 | 0.0028 | 0.0008 | 0.12 0
E3 Bal. | 0.047 | <0.01 | <0.01 | 23.59 | 146 | 1.18 | 8.95 1259 | 0.25 | 1.78 | 0.0031 | 0.0009 | O 0.5

LV ¥66 €€2 C d3
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(continued)
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Mass (%)
Ni C Si Mn Cr Fe Al Mo Co Cu Ti B S Ta Nb
E4 Bal. | 0.046 | <0.01 | <0.01 | 23.69 | 147 | 1.11 | 9.03 12.51 | 0.25 | 1.69 | 0.0037 | 0.0008 | 0.12 0.32
E5 Bal. | 0.046 | <0.01 | <0.01 | 23.44 | 1.44 | 11 8.99 12.6 0.24 | 1.68 | 0.0033 | 0.0009 | Ta+2Nb=0.67

CE = Comparative Example; E = Example

LV ¥66 €€2 C d3
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[0036] The 26 types of forged materials are each obtained by cutting off the portion of a surface as forged from the
surface of a columnar ingot having a diameter of approximately 125 mm and a length of approximately 210 mm. The
forged materials after removing the surface scale as forged each had a diameter of 120 mm and a length of 200 mm.
These forged materials were subjected to a stabilization treatment for six hours at 1180°C, and immediately thereafter
to hot forging. The hot forging was performed until the forging ratio becomes three. In this forging, the temperatures of
the forged materials were measured, so as to pause the forging work once for performing reheating at 1180°C when
the temperature of the forged materials decrease to 1000°C. When the forging ratio became three, that is, the whole
length of each forged article became 600 mm, the forging was finished and the materials were cooled down. The diameter
of each forged article at this point was approximately 70 mm. After cooled down, the surface of each forged article was
observed to check for the presence of any forging crack.

[0037] Next, each forged article was subjected to a solution treatment in which it is heated for four hours at 1170°C
and thereafter quenched. To each forged article after the solution treatment, an aging treatment for ten hours at 750°C
was performed. A test piece was sampled appropriately from each forged article after the aging treatment, and was
subjected to various types of tests. Results of a tensile strength test (0.2% proof stress) from room temperature (23°C)
to high temperature (700°C and 800°C) and forging status are shown in Table 2 for comparative examples 1 to 21 and
examples 1 to 5 after the solution treatment and the aging treatment. In addition, the tensile test was performed complying
JIS Z 2241 (Method of tensile test for metallic materials). The 700°C and 800°C as temperature conditions in the tensile
test are set in view of temperature conditions of a steam turbine in normal operation and temperatures in which safety
factors are counted. In Table 2, the "forging ratio" shows values of "L4/L," where Ly and L, are lengths before and after
forging. The "number of reheating" is the number of times of reheating an object being forged until the "forging ratio"
becomes three in a forging treatment. The "forging crack" shows results of visual observation for the presence of any
"forging crack" after forging, in which "none" indicates one with no "forging crack" and "present" indicates one with a
forging crack. The "forgeability" shows results of evaluating forgeability, in which "O" indicates one determined to have
good forgeability, and "X" indicates one determined to have poor forgeability.

[0038]
[Table 2]
0.2% I(Dl\r/lo:;)Stress Forging Status (Forging Ratio = 3)
23°C | 700°C | 800°C | NumberofReheating | Forging Crack | Forgeability
CE1 328 254 240 10 none (¢}
CE2 284 152 140 10 none o]
CE3 363 329 306 15 present X
CE4 344 265 249 10 none o]
CE5 348 271 253 10 none (¢}
CE6 345 261 242 10 none (¢}
CE7 366 290 274 12 present X
CES8 340 269 258 10 none o]
CE9 350 291 271 12 present X
CE10 288 140 124 10 none o]
CE11 435 360 336 12 none X
CE12 365 287 271 10 none (o]
CE13 475 345 308 12 present X
CE14 341 260 247 10 none O
CE15 353 266 254 10 none o]
CE16 347 269 258 10 none O
CE17 359 299 281 10 present X
CE18 343 278 258 10 none (¢}
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(continued)

0.2% I;’l\r/lo:;)Stress Forging Status (Forging Ratio = 3)

23°C | 700°C | 800°C | NumberofReheating | Forging Crack | Forgeability
CE19 354 287 276 10 none (¢}
CE20 343 272 257 10 none (¢}
CE21 355 290 279 10 none o]
E1 422 377 365 10 none O
E2 565 496 488 10 none o]
E3 589 523 511 10 none (¢}
E4 612 559 546 10 none (¢}
E5 578 535 522 10 none (¢}
CE = Comparative Example; E = Example

[0039] Asshownin Table 2, the examples 1 to 5 have high 0.2% proof stresses at respective temperatures, and hence
are proved to have excellent forgeability. It is found that the examples have both improved high temperature strength
and forgeability due to precipitation/solid solution strengthening as compared to the comparative examples.

(Greeble test)

[0040] Table 3 shows results of a Greeble test to evaluate hot workability of the comparative example 1 (equivalent
to the conventional material Inconel 617) shown in Table 1 and the examples 1 to 5. The Greeble test was performed
at 900°C, 1000°C, 1100°C, 1200°C, and 1300°C at strain rate of 10% distortion/sec. Further, FIG. 2 is a graph showing
Greeble test results of each sample shown in Table 3. Here, the horizontal axis of FIG. 2 shows test temperature (°C).
Reduction of area (drawing) shown on the vertical axis means a ratio of a cross-sectional area of a test piece after the
test (after fractured) decreased from the cross-sectional area of the test piece before the test, to the cross-sectional
area of the test piece before the test. In short, when this value is large, it means that the test piece has excellent hot

workability.
[0041]
[Table 3]
Test Temperature °C Drawing (%)
CE1 | E1 E2 E3 E4 E5
900 64 62 63 62 65 62
1000 70 71 69 72 70 70
1100 77 78 76 75 75 76
1200 79 83 81 78 81 80
1300 59 62 58 59 58 61
CE= Comparative Example; E= Example

[0042] As shown in Table 3, the examples 1 to 5 are equivalent to the conventional material, and in which a drawing
value of 50% or more is secured at 900°C to 1300°C that is a temperature range of forging. Thus it is found that there
is no problem in manufacturing.

[0043] The Ni-base alloys for a turbine rotor of a steam turbine of this embodiment make it possible that, by composing
in the constituent ranges of the above-described compositions, both the high temperature strength and the forgeability
can be improved while maintaining the hot workability of conventional Ni-base alloys. Accordingly, the Ni-base alloys
for a turbine rotor of a steam turbine of this embodiment can attain high reliability under a high-temperature environment
as a turbine rotor material for a steam turbine to which high-temperature steam is introduced.
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[0044] Further, a turbine rotor provided to penetrate through a steam turbine to which high-temperature steam is
introduced can be formed from one of the Ni-base alloys for a turbine rotor of a steam turbine of this embodiment.
Specifically, the whole of the turbine rotor of a steam turbine may be formed from this Ni-base alloy, or particularly a
part of the turbine rotor of the turbine that is subjected to high temperature may be formed from this Ni-base alloy. Here,
the part of the turbine rotor of the steam turbine that is subjected to high temperature may be, specifically, the entire
area of a high-pressure steam turbine unit, or an area from a high-pressure steam turbine unit to a part of an intermediate-
pressure steam turbine unit, and the like. With this turbine rotor, the high temperature strength can be improved, and
high reliability is achieved even under a high-temperature environment.

[0045] It should be noted that the present invention is not limited to the above-described embodiment, and as a matter
of course, various modifications can be made thereon. Further, the embodiment of the present invention can be extended
or modified in the range of the technical idea of the invention, and such extended or modified embodiments are also
included in the technical scope of the invention.

Claims

1. A nickel-base alloy for a turbine rotor of a steam turbine, the nickel-base alloy containing, in mass%: carbon (C):
0.01% to 0.15%; chromium (Cr): 18% to 28%; cobalt (Co): 10% to 15%; molybdenum (Mo): 8% to 12%; aluminium
(Al): 0.5% to less than 1.5%; titanium (Ti): 0.7% to 3.0%; and boron (B): 0.001% to 0.006%, the balance being nickel

(Ni) and unavoidable impurities.

2. The nickel-base alloy for a turbine rotor of a steam turbine according to claim 1, further containing tantalum (Ta):
0.1% to 0.7% by mass.

3. The nickel-base alloy for a turbine rotor of a steam turbine according to claim 1, further containing niobium (Nb):
0.1% to 0.4% by mass.

4. The nickel-base alloy for a turbine rotor of a steam turbine according to claim 2, further containing niobium (Nb):
0.1% to 0.4% by mass.

5. The nickel-base alloy for a turbine rotor of a steam turbine according to claim 1, further containing tantalum +
2niobium (Ta+2Nb) (mole ratio of tantalum and niobium being 1:2): 0.1% to 0.7% by mass.

6. The nickel-base alloy for a turbine rotor of a steam turbine according to claim 1, wherein the unavoidable impurities
include silicon (Si): 0.1% or less and manganese (Mn): 0.1% or less by mass.

7. A turbine rotor provided to penetrate through a steam turbine to which high-temperature steam is introduced,
wherein at least a predetermined portion is constituted of the nickel-base alloy for a turbine rotor of a steam turbine
according to claim 1.

8. The use of an alloy as claimed in any one of claims 1 to 6, in the manufacture of a turbine rotor for a steam turbine.

9. A method of manufacturing a turbine rotor characterised by the step of selecting as the material of at least a portion
of the rotor a nickel-base alloy as claimed in any one of claims 1 to 6.

10. Method according to claim 9, including a forging step and a step of solution treatment after the forging step, with
the temperature of said solution treatment being not lower than the melting temperature of the ¥ phase of the alloy.

11. A steam turbine characterised in that at least a portion of a turbine rotor of the turbine is of a nickel-base alloy as
claimed in any one of claims 1 to 6.

12. A turbine as claimed in claim 10, with an operating temperature in excess of 700°C.

10
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