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FIG. 6
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FIG. 7
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NI-BASED SINGLE CRYSTAL SUPERALLOY
AND TURBINE BLADE

TECHNICAL FIELD

[0001] The present ivention relates to a Ni-based single
crystal superalloy and a turbine blade.

[0002] This application claims priority of Japanese Patent
Application No. 2009-185757 filed Aug. 10, 2009, which 1s

incorporated herein by reference.

BACKGROUND ART

[0003] Turbine blades (stator blades and rotor blades) used
in aircrait engines, industrial gas turbines and other systems
are often operated 1n high-temperature environments for a
prolonged time and thus are made of a Ni-based single crystal
superalloy that has an excellent heat resistance. The Ni-based
single crystal superalloy 1s produced 1n the following manner.
Al 1s first added to base Ni to cause Ni1,Al to precipitate for
precipitation strengthening. High melting point metals, such
as Cr, W and Ta, are then added to form an alloy which 1is
formed as a single crystal.

[0004] There 1s known, as such a Ni-based single crystal
superalloy, for example, a second generation alloy or the like
(for example, CMSX-4 manufactured by Cannon-Muskegon
Corporation, PWA1484 manufactured by United Technolo-
gies Corporation) m which high-temperature strength,

mainly creep strength (also including high-temperature
fatigue strength) 1s enhanced by inclusion of a first generation
alloy containing no Re (for example, CMSX-2 manufactured
by Cannon-Muskegon Corporation, PWA1480 manufactured
by Umnited Technologies Corporation) and 3 wt % of Re.
CMSX and PWA are trademarks of alloys.

[0005] [Patent Document 1]

[0006] U.S. Pat. No. 4,582,548

[0007] [Patent Document 2]

[0008] U.S. Pat. No. 4,643,782

[0009] [Patent Document 3]

[0010] Japanese Unexamined Patent Application, First

Publication No. Sho 53-146223

DISCLOSURE OF INVENTION

Problem that the Invention 1s to Solve

[0011] The second generation Ni-based single crystal
superalloy 1s a Ni-based single crystal superalloy 1n which

high-temperature strength, mainly creep strength 1s
enhanced, as compared to the first generation Ni-based single
crystal superalloy, by 1nclusion of Re. Namely, 1t 1s known
that high-temperature strength, mainly creep strength of the
Ni-based single crystal superalloy can be enhanced by inclu-
sion of Re.

[0012] However, since Re 1s rare metal, 1t 1s difficult to
stably ensure supply of a large amount of Re. The price of Re
has recently risen and use of a large amount of Re causes arise
in prices of products.

[0013] Therefore, 1t 1s desired to develop a Ni-based single
crystal superalloy having high-temperature strength, mainly
creep strength, which 1s at least higher than that of the first
generation Ni-based single crystal superalloy, and desirably
high-temperature strength, mainly creep strength, which 1s
equal to or higher than that of the second generation Ni-based
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single crystal superalloy, while decreasing the amount of Re
as compared to the second generation Ni-based single crystal

superalloy.

[0014] Inlight of the problems described above, the present
invention has been made and an object thereof 1s to provide a
Ni-based single crystal superalloy which has a low amount of
Re and 1s also excellent in high-temperature strength, mainly
creep strength.

Means for Solving the Problem

[0015] The present invention employs, as means for solv-
ing the problems described above, the following constitu-
tions.

[0016] A first invention 1s a Ni-based single crystal super-
alloy which has the following composition by weight: 0.1 wt
% or more and 9.9 wt % or less of Co, 5.1 wt % or more and
10.0 wt % or less of Cr, 1.0 wt % or more and 4.0 wt % or less
of Mo, 8.1 wt% ormoreand 11.0 wt % or less of W, 4.0 wt %
or more and 9.0 wt % or less of Ta, 5.2 wt % or more and 7.0
wt % or less of Al, 0.1 wt % or more and 2.0 wt % or less of
11, 0.05 wt % or more and 0.3 wt % or less of Hf, 1.0 wt % or
less of Nb and less than 3.0 wt % of Re with the remainder
including N1 and unavoidable impurities.

[0017] A second invention 1s a Ni-based single crystal
superalloy according to the above first invention, wherein the
amount of Re 1s 2.0 wt % or less by weight.

[0018] A third invention i1s a Ni-based single crystal super-
alloy according to the above first invention, wherein the
amount of Re 1s 1.4 wt % or less by weight.

[0019] A fourth mvention 1s a Ni-based single crystal
superalloy according to the above first invention, wherein the
amount of Re 1s 0.8 wt % or less by weight.

[0020] A fifth invention 1s a Ni-based single crystal super-
alloy according to the any one of the above first to fourth
inventions, which contains 6.0 wt % of Co, 7.0wt % of Cr, 1.5
wt % of Mo, 10.0 wt % of W, 5.5 wt % of Ta, 6.0 wt % of Al,
0.1 wt % of T1 and 0.10 wt % of Hf by weight, and contains
neither Nb nor Re or contains them as unavoidable impurities.
[0021] A sixth invention 1s a Ni-based single crystal super-
alloy according to the any one of the above first to fourth
inventions, which contains 8.0 wt % of Co, 7.0 wt % of Cr, 1.8
wit % of Mo, 8.2 wt % of W, 6.0 wt % of Ta, 5.2 wt % of Al,
1.6 wt% of 11, 0.10 wt % of Hf and 0.8 wt % of Re by weight,
and contains no Nb or contains 1t as an unavoidable impurity.
[0022] A seventh invention 1s a Ni-based single crystal
superalloy according to the any one of the above first to third
inventions, which contains 8.0 wt % of Co, 6.5wt % of Cr, 1.4
wit % of Mo, 8.1 wt % of W, 6.0 wt % of Ta, 5.8 wt % of Al,
1.0 wt % of T1, 0.10 wt % of Hf and 1.4 wt % of Re, and
contains no Nb or contains 1t as an unavoidable impurity.
[0023] An eighth mnvention 1s a turbine blade which incor-
porates the Ni-based single crystal superalloy according to
any one of the above first to seventh inventions.

Eftects of the Invention

[0024] According to the present mnvention, the amount of
Re contained 1n the Ni-based single crystal superalloy 1s less
than 3.0 wt %. Therelfore, the Ni-based single crystal super-
alloy of the present invention has a smaller amount of Re as
compared to the second generation Ni-based single crystal
superalloy.

[0025] Describing in more detail hereinafter, the Ni-based
single crystal superalloy of the present invention has high-
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temperature strength, mainly creep strength which 1s higher
than that of the first generation Ni-based single crystal super-
alloy.

[0026] Theretfore, the Ni-based single crystal superalloy of
the present invention has a smaller amount of Re as compared
to the second generation Ni-based single crystal superalloy,
and 1s also excellent in high-temperature strength, mainly
creep strength as compared to the first generation Ni-based
single crystal superalloy.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] FIG. 1 1s a graph obtained by a test for making a
comparison 1n a creep life between a Ni-based single crystal
superalloy according to one present embodiment of the
present mnvention and the first and second generation Ni-
based single crystal superalloys.

[0028] FIG. 2 1s a graph obtained by a simulation for mak-
ing a comparison in a creep life between a Ni-based single
crystal superalloy according to one present embodiment of
the present mmvention and the first and second generation
Ni-based single crystal superalloys.

[0029] FIG. 3 1s a graph showing validation results of a
simulation.
[0030] FIG. 4 1s a table showing the composition of a Ni-

based single crystal superalloy used in a simulation.

[0031] FIG. 5 1s a graph obtained by a test for making a
comparison 1n a creep life between a Ni-based single crystal
superalloy according to the present embodiment and the first
and second generation Ni-based single crystal superalloys.
[0032] FIG. 6 1s a graph obtained by a test for making a
comparison 1n a creep life between a Ni-based single crystal
superalloy according to the present embodiment and the sec-
ond generation Ni-based single crystal superalloy.

[0033] FIG.71saperspective view of a turbine blade which
incorporates the Ni-based single crystal superalloy of one
present embodiment of the present invention.

DESCRIPTION OF THE PR
EMBODIMENTS

FERRED

L1

[0034] Oneembodiment of a Ni-based single crystal super-
alloy and a turbine blade according to the present invention
will be described with reference to the accompanying draw-
ings shown below. In the drawings shown below, the scale of
cach member has been appropnately altered 1n order to make
cach member a recognizable size.

[0035] The Ni-based single crystal superalloy of the
present embodiment has the following composition by
weilght: 0.1 wt % or more and 9.9 wt % or less of Co, 5.1 wt
% or more and 10.0 wt % or less of Cr, 1.0 wt % or more and
4.0wt % orlessof Mo, 8.1 wt% ormoreand 11.0 wt % or less
of W, 4.0 wt % or more and 9.0 wt % or less of Ta, 5.2 wt %
or more and 7.0 wt % or less of Al, 0.1 wt % or more and 2.0
wt % or less of T1, 0.05 wt % or more and 0.3 wt % or less of
Hf, 1.0 wt % or less of Nb and less than 3.0 wt % of Re with
the remainder including N1 and unavoidable impurities.
[0036] Also, the amount of Re1n the Ni-based single crystal
superalloy of the present embodiment 1s more preferably 2.0
wt % or less, 1.4 wt % or less, or 0.8 wt % or less by weight.

[0037] ““Unavoidable impurities” are impurities which are
included without being intentionally introduced in the pro-
duction process until a Ni-based single crystal superalloy of
the present embodiment 1s obtained and are present in trace
amounts (for example, 0.1 wt % or less), and also which do
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not necessarily exert an influence on characteristics of the
Ni-based single crystal superalloy.

[0038] Examples of the unavoidable impurities include B,
C,S1,Y, La, Ce, V, Zr, Nb, Ru, Re and the like.

[0039] The composition ranges of the components of the
Ni-based single crystal superalloy are controlled based on
their characteristics described below.

[0040] Co 1s an element that increases the solid solubility
limit to the matrix containing Al, Ta and other elements 1n
high-temperature environments and causes the fine y' phase to
disperse and precipitate in heat treatment so as to enhance the
high-temperature strength. If more than 9.9 wt % of Co exists,
the composition ratio with other elements, including Al, Ta,
Mo, W, Hf and Cr, becomes unbalanced. As aresult, a harmtul
phase precipitates to decrease the high-temperature strength.
Due to the necessity of enhancing the high-temperature
strength, 0.1 wt % or more of Co preferably exists. The
amount ol Co 1s therefore preferably 0.1 wt % or more and 9.9
wt % or less.

[0041] Cr 1s an element that has excellent oxidation resis-
tance and improves, altogether with Hf and Al, high-tempera-
ture corrosion resistance of the Ni-based single crystal super-
alloy. IT the amount of Cr1s less than 5.1 wt %, 1t 1s difficult to
provide a desired high-temperature corrosion resistance. It
the amount of Cr exceeds 10.0 wt %, precipitation of the v'
phase 1s inhibited and harmiul phases, such as o phase and
phase, may precipitate to decrease the high-temperature
strength. The amount of Cr 1s therefore preferably 5.1 wt % or
more and 10.0 wt % or less.

[0042] Mo 1s an element that enhances the high-tempera-
ture strength by solid-dissolving in the vy phase which
becomes the matrix, in the copresence of W or Ta, and also
improves high-temperature strength due to precipitation
hardening. If the amount of Mo 1s less than 1.0 wt %, 1t 1s
difficult to provide desired high-temperature strength. If the
amount of Mo exceeds 4.0 wt %, the high-temperature
strength decreases and the high-temperature corrosion resis-
tance deteriorates. The amount of Mo 1s therefore preferably
1.0 wt % or more and 4.0 wt % or less.

[0043] W is an element that enhances the high-temperature
strength due to the actions of solution hardening and precipi-
tation hardening in the copresence of Mo or Ta. In order to
enhance the high-temperature strength, 8.1 wt % or more of
W preferably exists. If the amount of W exceeds 11.0 wt %,
the high-temperature corrosion resistance deteriorates. The
amount of W 1s therefore preferably 8.1 wt % or more and
11.0 wt % or less.

[0044] Ta1s an element that enhances the high-temperature
strength due to the actions of solution hardening and precipi-
tation hardening in the copresence of Mo or W. Ta also
enhances the high-temperature strength by the precipitation
hardening relative to the y' phase. If the amount of Ta 1s less
than 4.0 wt %, 1t 1s difficult to provide desired high-tempera-
ture strength. If the amount of Ta exceeds 9.0 wt %, a harmiul
phase, such as a phase and g phase, may precipitate to
decrease the high-temperature strength. The amount of Ta 1s
therefore preferably 4.0 wt % or more and 9.0 wt % or less.

[0045] Al combines with Ni to form a 60 to 70% (volume

percentage) of an intermetallic compound represented by
Ni1,Al, which 1s the finey' phase to be uniformly dispersed and
precipitated 1nto the matrix. That 1s, Al 1s an element that
enhances the high-temperature strength altogether with Ni.
Furthermore, Al 1s excellent 1n oxidation resistance, and
improves, altogether with Cr and Hi, the high-temperature
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corrosion resistance of the Ni-based single crystal superalloy.
If the amount of Al 1s less than 3.2 wt %, the precipitation
amount of the v' phase 1s msuificient and 1t 1s thus difficult to
provide desired high-temperature strength and high-tempera-
ture corrosion resistance. If the amount of Al exceeds 7.0 wt
%, a large amount of a coarse eutectic y phase called a eutectic
y' phase 1s formed, which makes i1t impossible to carry out a
solution heat treatment and thus 1t becomes difficult to pro-
vide desired high-temperature strength. The amount of Al 1s
therefore preferably 5.2 wt % or more and 7.0 wt % or less.

[0046] Tiis an element that enhances the high-temperature
strength due to the actions of solution hardening and precipi-
tation hardening in the copresence of Mo or W. Ti1 also
enhances the high-temperature strength by the precipitation
hardening with relative to the y'-phase. If the amount of Ti
exceeds 2.0 wt %, a harmiful phase may precipitate to
decrease the high-temperature strength. In order to enhance
the high-temperature strength, 0.1 wt % or more of 11 pret-
erably exists. The amount of Ti 1s therefore preferably 0.1 wt
% or more and 2.0 wt % or less.

[0047] Hi 1s an element that segregates at the grain bound-
ary and distributed unevenly 1n grain boundary to strengthen
the same so as to enhance the high-temperature strength.
Furthermore, Hi 1s excellent in oxidation resistance, and
improves, altogether with Cr and Al, high-temperature cor-
rosion resistance of the Ni-based single crystal superalloy. In
order to enhance the high-temperature strength, 0.05 wt % or
more of Hi preferably exists. If the amount of Hf exceeds 0.3
wt %, local melting occurs to decrease the high-temperature
strength. The amount of Hf 1s therefore preferably 0.05 wt %
or more and 0.3 wt % or less.

[0048] Nb isanelement that enhances the high-temperature
strength. However, 11 the amount of Nb exceeds 1.0 wt %, a
harmiul phase precipitates to decrease the high-temperature
strength. The amount of Nb 1s therefore preferably 1.0 wt %
or less.

[0049] Reisanelement that enhances the high-temperature
strength due to solid-solution strengthening by solid-dissolv-
ing in the v phase which 1s the matrix. Re also enhances the
corrosion resistance. However, 1if the amount ot Re 15 3.0 wt %
or more, 1t becomes necessary to use Re 1n the same amount
as that of a conventional second generation Ni-based single
crystal superalloy. However, since 1t may be difficult to stably
ensure supply of Re and also Re 1s expensive, the price of a
Ni-based single crystal superalloy drastically rises when the
amount of Re 1s large. In the present embodiment, even if the
amount of Re 1s inhibited or Re 1s not included, 1t 1s possible
to maintain enhanced high-temperature strength, mainly high
creep strength 1n high-temperature environments by setting a
composition ratio of other elements at an optimum range.

[0050] In the Ni-based single crystal superalloy of the
present embodiment, the amount of Re 1s less than 3 wt %.
Furthermore, 1n the Ni-based single crystal superalloy of the
present embodiment, the amount of Re 1s preferably 2.0 wt %
or less, more preferably 1.4 wt % or less, and still more
preferably 0.8 wt % or less.

[0051] Subsequently, the results of tests carried out so as to
make a comparison in a creep life between a Ni-based single
crystal superalloy of the present embodiment and the first and
second generation Ni-based single crystal superalloys with
reference to FIG. 1 will be described.

[0052] FIG.11sagraphfor making a comparison in a creep
life between a Ni-based single crystal superalloy according to
one present embodiment of the present invention obtained by
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a test and the first and second generation Ni-based single
crystal superalloys. In FIG. 1, the abscissa denotes the
amount of Re (wt %), while the ordinate denotes the creep

life.

[0053] Blackdots A to C shown 1n FIG. 1 denote the results
in which the creep life was measured by a test under the
condition of a tensile load of 137 Mpa 1n an environment of a
temperature of 1,100° C., using N1-based single crystal super-
alloys A, B, B2 and C as the Ni-based single crystal superal-
loy of the present embodiment. Herein, a Ni-based single
crystal superalloy A contains: 6.0 wt % o1 Ce, 7.0 wt % of Co,
1.5 wt % of Mo, 10.0 wt % of W, 5.5 wt % of Ta, 6.0 wt % of
Al 0.1 wt% of 'T1and 0.10 wt % of Hi by weight, and contains
neither Nb nor Re or contain them as unavoidable impurities.
A Ni-based single crystal superalloy B contains: 8.0 wt % of
Co, 7.0 wt % of Cr, 1.8 wt % of Mo, 8.2 wt % of W, 6.0 wt %
ofTa, 5.2 wt% of Al, 1.6 wt % of T1, 0.10 wt % of Hf and 0.8
wt % of Re by weight, and contains no Nb or contains 1t as an

unavoidable impurity. A Ni-based single crystal superalloy
B2 contains: 8.0 wt % of Co, 7.0 wt % of Cr, 1.8 wt % of Mo,

82wt% of W, 6.2wt%ofTa, 5.4 wt% of Al, 1.2 wt % of 11,
0.1 wt % of Hf and 0.8 wt % of Re by weight, and contains no
Nb or contains 1t as an unavoidable impurity. A Ni-based
single crystal superalloy C contains: 8.0 wt % of Co, 6.5 wt %

0f Cr, 1.4 wt % of Mo, 8.1 wt % of W, 6.0 wt % of Ta, 5.8 wt
% of Al, 1.0 wt % of T1, 0.10 wt % of Hf and 1.4 wt % of Re
by weight, and contains no Nb or contains 1t as an unavoidable
impurity.

[0054] The method of producing a Ni-based single crystal
superalloy of the present embodiment 1s as follows.

[0055] First, a molten Ni-based single crystal superalloy 1s
prepared using a vacuum melting furnace and an alloy 1ngot 1s
casted using this molten alloy.

[0056] Furthermore, the alloy 1ngot 1s subjected to a solu-
tion heat treatment and an aging treatment to obtain a Ni-
based single crystal superalloy. The solution heat treatment 1s

carried out by raising the ingot from a temperature within a
range of 1,503 to 1,563 K (1,230 to 1,290° C.) to a tempera-

ture within a range o1 1,573 t0 1,613 K (1,300 to0 1340° C.) by
a multi-stage step, followed by maintaining of such a tem-
perature for 1 to 10 hours or more. The aging treatment 1s
carried out by a primary aging treatment of maintaiming the
ingot at a temperature within a range of 1,273 to 1,423 K
(1,000° C. to 1,130° C.) for 3 to 5 hours. Then, a secondary
aging treatment of maintaining the ingot at a temperature
within a range 01 1,073 t0 1,223 K (800° C. 10 950° C.) for 15

to 25 hours 1s carried out.

[0057] CMSX-2, CMSX-4, ReneN4, ReneN5, PWA1480
and PWA1484 shown by white dots in FIG. 1 denote the
results of a test of each Ni-based single crystal superalloy
carried out under the same conditions as in the Ni-based
single crystal superalloy of the present embodiment. CMSX,
Rene and PWA are trademarks of alloys.

[0058] As 1s apparent from FIG. 1, the Ni-based single

crystal superalloy A of the present embodiment clearly have
longer creep life and higher creep strength as compared to
CMSX-2, ReneN4 and PWA1480 which similarly do not
contain Re as a useful component (first generation Ni-based
single crystal superalloy).

[0059] As used herein, “do not contain Re as a useful com-
ponent” includes, in addition to the case where no Re 1s
included at all, the case where Re 1s included as an unavoid-
able impurity.
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[0060] From the creep life of CMSX-2, PWAI1480,
ReneN4, ReneN5, CMSX-4 and PWA1484, 1t 1s assumes
that, when the amount of Re in these conventional Ni-based
single crystal superalloys varies within arange o1 3.0 wt % or
less, the life of the Ni-based single crystal superalloy is
included 1n the region R1 shown in FIG. 1. As 1s apparent
from FI1G. 1, the Ni-based single crystal superalloys B and B2
ol the present embodiment clearly have longer creep life as
compared to the creep life to be assumed 1n the case where a
conventional Ni-based single crystal superalloy contains 0.8
wt % of Re, and also has higher creep strength.

[0061] It 1s possible to confirm that the Ni-based single
crystal superalloy C of the present embodiment clearly has
longer creep life as compared to the creep life to be assumed
in the case where a conventional Ni-based single crystal
superalloy contains 1.4 wt % of Re, and also has higher creep
strength.

[0062] As 1s apparent from FIG. 1, these Ni-based single
crystal superalloys B, B2 and C of the present embodiment
show longer creep life and higher creep strength as compared
to the first generation Ni-based single crystal superalloy.
[0063] As 1s apparent from FIG. 1, the Ni-based single
crystal superalloy A of the present embodiment has a creep
life, that 1s, a creep strength which 1s comparable with that of
CMSX-4 containing 3.0 wt % of Re (second generation Ni-
based single crystal superalloy).

[0064] As 1s apparent from FIG. 1, the Ni-based single
crystal superalloy B of the present embodiment has a creep
life, that 1s, a creep strength which 1s comparable with that of
PWA1484 contaiming 3.0 wt % of Re (second generation
Ni-based single crystal superalloy), and also has longer creep
life, that 1s, high creep strength as compared to CMSX-4 and
ReneN3S (second generation Ni-based single crystal superal-
loys).

[0065] As 1s apparent from FIG. 1, the Ni-based single
crystal superalloy C of the present embodiment has longer

creep life, that 1s, higher creep strength as compared to
CMSX-4, ReneN3S and PWA1484 contaiming 3.0 wt % of Re.

[0066] Regarding an actual value of the creep life in the
present test, the actual values of the creep life of the Ni-based
single crystal superalloys A of the present embodiment
(which do not contain Re as a useful component) are 72 hours
and 87 hours, the actual value of the creep life of the Ni-based
single crystal superalloy B of the present embodiment (Re:
0.8 wt %) 1s 149 hours, the actual value of the creep life of the
Ni-based single crystal superalloy B2 of the present embodi-
ment (Re: 0.8 wt %) 1s 101 hours, the actual value of the creep
life of the Ni-based single crystal superalloy C of the present
embodiment (Re: 1.4 wt %) 1s 170 hours, the actual value of
the creep life of PWA1480 1s 18 hours, the actual value of the
creep life of ReneN4 1s 31 hours, the actual value of the creep
life of CMSX-2 15 45 hours, the actual value of the creep life
ol PWA1484 1s 141 hours, the actual value of the creep life of

ReneN3S 1s 89 hours, and the actual value of the creep life of
CMSX-4 1s 74 hours, respectively.

[0067] Subsequently, the results of a sitmulation carried out
so as to make a comparison 1n a creep life between a Ni-based
single crystal superalloy of the present embodiment and the
first and second generation Ni-based single crystal superal-
loys with reference to FI1G. 2 will be described.

[0068] Thepresent simulation was carried outusing “JMat-
Pro V.5.0” developed by Sente Software Co. of Great Britain.
The present software enables calculation of values of physi-
cal, thermodynamic and mechanical properties of a metal
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alloy by a chemical component thereof and i1t has already been
proved that the creep life of the Ni-based single crystal super-
alloy corresponding to the technical field of the present inven-
tion can also be predicted with satisfactory accuracy as shown

in FI1G. 16 of the following literature (Literature: N. Saunders,
Z.. Guo, X. L1, A. P. Miodownik and J-Ph. Schille: MODEL-

LING THE MATERIAL PROPERTIES AND BEHAVIOUR
OF Ni-BASED SUPERALLOYS, Superalloys 2004, (TMS,
2004), pp. 849-858.)

[0069] The ventors of the present invention produced
some single crystal superalloys and carried out a creep rup-
ture test under the conditions at 1,100° C. under 137 MPa 1n
the same manner as in the above test, and then made a com-
parison with the calculated value of the rupture life using
“JMatPro V.5.0”. FIG. 3 shows the comparison results. As
shown 1n this figure, the calculated value of “JMatPro V.5.0”
shows a satisfactory correlation (multiple correlation coelli-
cient R*=0.96) with the actual value obtained by the test, and
it was confirmed that the results of the present simulation can
be treated similarly with the actual value obtained by the test.
[0070] As shown in FIG. 3, the calculated value of “JMat-
Pro V.5.0” agrees with the actual value obtained by the test
particularly in the high creep life side (about 100 hours or
more). In other words, “JMatPro V.5.0” enables calculation
with satisfactory accuracy particularly in the high creep life
side.

[0071] FIG. 2 1s a graph for making a comparison in a creep
life between a Ni-based single crystal superalloy according to
one present embodiment of the present invention obtained by
a simulation and the first and second generation Ni-based
single crystal superalloys. In FI1G. 2, the abscissa denotes the
amount ol Re (wt %), while the ordinate denotes the creep

life.

[0072] Herein, black dots shown in FIG. 2 denote the
results in which the creep life was measured by a simulation
under the condition of a tensile load of 137 Mpa 1n the envi-
ronment of a temperature of 1,100° C., using Ni-based single
crystal superalloys a tor, each having the composition shown
in FIG. 4. The Ni-based single crystal superalloys “a to ¢”
have the same compositions as those of the Ni-based single
crystal superalloy A to C used in the above test.

[0073] CMSX-2, CMSX-4, ReneN4, ReneN5, PWA1480
and PWA1484 4 shown by white dots in FIG. 2 denote the
results of a stmulation of Ni-based single crystal superalloys
with the composition shown 1n FIG. 4 carried out under the
same conditions as in the Ni-based single crystal superalloy
of the present embodiment. CMSX-2, CMSX-4, ReneN4,
ReneN5S, PWA1480 and PWA1484 used 1n the present simu-
lation have the same compositions as those of the conven-
tional Ni-based single crystal superalloy used in the above
test.

[0074] As 1s apparent from FIG. 4, the Ni-based single
crystal superalloy of the present embodiment “a and q”
clearly have longer creep life and higher creep strength as
compared to CMSX-2, ReneN4 and PWA1480 which simi-
larly do not contain Re as a usetul component (first generation
Ni-based single crystal superalloy).

[0075] From the creep lite of CMSX-2, PWAI1480,
ReneN4, ReneN5S, CMSX-4 and PWA1484, 1t 1s assumes
that, when the amount of Re in these conventional Ni-based
single crystal superalloys varies within a range o1 3.0 wt % or
less, the life of the Ni-based single crystal superalloy is
included in the region R2 shown 1n FIG. 2. As 1s apparent
from FIG. 4, the Ni-based single crystal superalloys “b, b2,
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and d to 0” of the present embodiment clearly have longer
creep life as compared to the creep life (region R2) to be
assumed 1n the case where a conventional Ni-based single
crystal superalloy contains 0.8 wt % of Re, and also has
higher creep strength.

[0076] It 1s possible to confirm that the Ni-based single
crystal superalloy “c and p” of the present embodiment
clearly has longer creep life as compared to the creep life
(region R2) to be assumed 1n the case where a conventional
Ni-based single crystal superalloy contains 1.4 wt % of Re,
and also has higher creep strength. As 1s apparent from FIG.
4, the Ni-based single crystal superalloys “b, b2 and d to 0™ of
the present embodiment have longer creep life and higher
creep strength as compared to the first generation Ni-based
single crystal superalloy.

[0077] Furthermore, the Ni-based single crystal superalloy
“r” of the present embodiments 1s that for comparison and
contains 3.0 wt % of Re, which 1s equal to that in the conven-
tional second generation Ni-based single crystal superalloy,
and 1t 1s possible to confirm that the creep strength becomes
higher as compared to the conventional Ni-based single crys-
tal superalloy.

[0078] As 1s apparent from FIG. 2, the Ni-based single
crystal superalloys ““a to r” of the present embodiment have
the creep strength which 1s comparable with or higher than
that of the conventional Ni-based single crystal superalloy.
[0079] Specifically, 1t 1s possible to confirm that the Ni-
based single crystal superalloy of the present embodiment has
characteristics improved by 30% or more as compared to the
conventional Ni-based single crystal superalloy having the
same content of Re.

[0080] The amount of Re 1n the above-described Ni-based
single crystal superalloy of the present embodiment (exclud-
ing comparative Ni-based single crystal superalloy “r” used
in the simulation) 1s less than 3.0 wt %. Therefore, the Ni-
based single crystal superalloy of the present embodiment has
smaller amount of Re as compared to the second generation
Ni-based single crystal superalloy.

[0081] The Ni-based single crystal superalloy of the
present embodiment has higher creep strength as compared to
the first generation Ni-based single crystal superalloy.
[0082] Therefore, the Ni-based single crystal superalloy of
the present embodiment has smaller amount of Re as com-
pared to the second generation Ni-based single crystal super-
alloy, and 1s also excellent in creep strength as compared to
the first generation Ni-based single crystal superalloy.
[0083] Inthe conventional Ni-based single crystal superal-
loy, 1t 1s necessary to add Ru, as rare metal, so as to inhibit the
generation of a deteriorated layer due to the addition of Re.
However, 1n the Ni-based single crystal superalloy of the
present embodiment, 1t 1s not necessary to contain Ru and
thus 1t becomes possible to perform cost reduction.

[0084] Subsequently, the results of a test carried out so as to
make a comparison 1n a fatigue strength and a creep life
between Ni-based single crystal superalloys of the present
embodiment (Ni-based single crystal superalloys A and B2
(described above)) and the first and second generation Ni-
based single crystal superalloys with reference to FIG. S and

FIG. 6 will be described.

[0085] FIG.51sagraph for making a comparison in a creep
life between Ni-based single crystal superalloys A and B
according to the present embodiment obtained by a test and
the first and second generation Ni-based single crystal super-
alloys. The abscissa denotes the Larson-Miller parameter,
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while the ordinate denotes the load (stress generated in the
alloy). The Larson-Miller parameter 1s a numerical value
showing a relation between the load and the rapture time, and
is represented by the equation: P=T(Log TIME+C)x10°
(wherein, T 1s an absolute temperature, TIME 1s a creep
rupture life, and C 1s a material constant (C=20) 1n this case).
[0086] As 1s apparent from FIG. §, the Ni-based single
crystal superalloys A and B2 of the present embodiment
clearly have longer creep life as compared to RenelN4 which
similarly contains Re as a useful component, and also the
creep life which 1s comparable with that of RenelN5 contain-
ing 3.0 wt % of Re.

[0087] FIG. 6 15 a graph for making a comparison 1n high-
temperature fatigue strength between Ni-based single crystal
superalloys A and B2 according to the present embodiment
obtained by a test and the second generation Ni-based single
crystal superalloy. The abscissa denotes a number of times
until the rapture (logarithm), while the ordinate denotes the
stress amplitude. In the fatigue test, the temperature condition

1s 1,093° C. and the stress ratio R=0 (A=1).

[0088] As 1s apparent from FIG. 6, the Ni-based single
crystal superalloy A of the present embodiment shows a
tatigue life, which corresponds with that of ReneN5 contain-
ing 3.0 wt % of Re, in high-temperature environments. The
Ni-based single crystal superalloy B2 of the present embodi-
ment, which contains 0.8 wt % of Re, shows excellent fatigue
life 1n high-temperature environments as compared to
ReneN3S containing 3.0 wt % of Re.

[0089] The Ni-based single crystal superalloy of the
present embodiment can be used as the material that forms a
turbine blade 1 shown 1n FIG. 7.

[0090] Theturbine blade 1 which incorporates the Ni-based
single crystal superalloy of the present embodiment has small
amount of Re and 1s also excellent 1n high-temperature
strength, mainly creep strength. Theretfore, a turbine blade 1,
which 1s mnexpensive and has high strength, can be obtained.
[0091] While the mvention has been described by way of
forgoing Examples, but 1s not limited to the Examples. Also
various combinations and selections of various disclosed
essential elements are for illustrative purpose only and can be
made without departing from the scope of the present inven-
tion.

INDUSTRIAL APPLICABILITY

[0092] According to the present imnvention, it 1s possible to
obtain a Ni-based single crystal superalloy which has a
smaller amount of Re as compared to a conventional Ni-based
single crystal superalloy, and 1s also excellent in high-tem-
perature strength, mainly creep strength.

DESCRIPTION OF THE REFERENCE SYMBOLS

[0093] 1: Turbine blade
[0094] A-C, a-r: Ni-based single crystal superalloys

1. A Ni-based single crystal superalloy which has the fol-
lowing composition by weight: 0.1 wt % or more and 9.9 wt
% orless of Co, 5.1 wt % or more and 10.0 wt % or less of Cr,
1.0 wt% or more and 4.0 wt % orless of Mo, 8.1 wt % or more
and 11.0 wt % or less of W, 4.0 wt % or more and 9.0 wt % or
lessof Ta, 5.2 wt % or more and 7.0 wt % orless of Al, 0.1 wt
% or more and 2.0 wt % or less of T1, 0.05 wt % or more and
0.3 wt % orless of Hf, 1.0 wt % orless of Nb and less than 3.0
wt % of Re with the remainder including N1 and unavoidable
impurities.



US 2012/0070303 Al

2. A Ni-based single crystal superalloy according to claim
1, wherein the amount of Re 1s 2.0 wt % or less by weight.

3. A Ni-based single crystal superalloy according to claim
1, wherein the amount of Re 1s 1.4 wt % or less by weight.

4. A Ni-based single crystal superalloy according to claim
1, wherein the amount of Re 1s 0.8 wt % or less by weight.

5. A Ni-based single crystal superalloy according to claim
1. which contains 6.0 wt % of Co, 7.0 wt % of Cr, 1.5 wt % of
Mo, 10.0 wt % of W, 5.5 wt % of Ta, 6.0 wt % of Al, 0.1 wt %
of T1 and 0.10 wt % of Hi by weight, and contains neither Nb
nor Re or contains them as unavoidable impurities.

6. A Ni-based single crystal superalloy according to claim
2, which contains 6.0 wt % ot Co, 7.0 wt % of Cr, 1.5 wt % of

Mo, 10.0 wt % of W, 5.5 wt % of Ta, 6.0 wt % of Al, 0.1 wt %
of T1 and 0.10 wt % of Hi by weight, and contains neither Nb
nor Re or contains them as unavoidable impurities.

7. A Ni-based single crystal superalloy according to claim
3, which contains 6.0 wt % of Co, 7.0 wt % of Cr, 1.5 wt % of

Mo, 10.0 wt % of W, 5.5 wt % of Ta, 6.0 wt % of Al, 0.1 wt %
of T1 and 0.10 wt % of Hi by weight, and contains neither Nb
nor Re or contains them as unavoidable impurities.

8. A Ni-based single crystal superalloy according to claim
4, which contains 6.0 wt % of Co, 7.0 wt % of Cr, 1.5 wt % of

Mo, 10.0 wt % of W, 5.5 wt % of Ta, 6.0 wt % of Al, 0.1 wt %
of T1 and 0.10 wt % of Hi by weight, and contains neither Nb
nor Re or contains them as unavoidable impurities.

9. A Ni-based single crystal superalloy according to claim
1, which contains 8.0 wt % of Co, 7.0 wt % of Cr, 1.8 wt % of

Mo, 82wt % of W, 6.0 wt % of Ta, 5.2 wt % of Al, 1.6 wt %

of T1, 0.10 wt % of Hf and 0.8 wt % of Re by weight, and

contains no Nb or contains it as an unavoidable impurity.
10. A Ni-based single crystal superalloy according to claim

2, which contains 8.0 wt % of Co, 7.0 wt % o1 Cr, 1.8 wt % of
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Mo, 8.2 wt % of W, 6.0 wt % of Ta, 5.2 wt % of Al, 1.6 wt %
of T1, 0.10 wt % of Hf and 0.8 wt % of Re by weight, and

contains no Nb or contains 1t as an unavoidable impurity.

11. A Ni-based single crystal superalloy according to claim
3, which contains 8.0 wt % ot Co, 7.0 wt % of Cr, 1.8 wt % of

Mo, 82wt % of W, 6.0 wt % of Ta, 5.2 wt % of Al, 1.6 wt %
of T1, 0.10 wt % of Hf and 0.8 wt % of Re by weight, and

contains no Nb or contains 1t as an unavoidable impurity.

12. A Ni-based single crystal superalloy according to claim
4, which contains 8.0 wt % ot Co, 7.0 wt % of Cr, 1.8 wt % of

Mo, 82wt % of W, 6.0wt % of Ta, 5.2 wt % of Al, 1.6 wt %
of T1, 0.10 wt % of Hf and 0.8 wt % of Re by weight, and

contains no Nb or contains 1t as an unavoidable impurity.

13. A Ni-based single crystal superalloy according to claim
1, which contains 8.0 wt % of Co, 6.5 wt % of Cr, 1.4 wt % of

Mo, 8.1 wt % of W, 6.0 wt % of Ta, 5.8 wt % of Al, 1.0 wt %
of T1, 0.10 wt % of Hf and 1.4 wt % of Re by weight, and
contains no Nb or contains 1t as an unavoidable impurity.

14. A Ni-based single crystal superalloy according to claim
2, which contains 8.0 wt % o1 Co, 6.5 wt % o1 Cr, 1.4 wt % of
Mo, 8.1 wt % of W, 6.0 wt % of Ta, 5.8 wt % of Al, 1.0 wt %

of T1, 0.10 wt % of Hf and 1.4 wt % of Re by weight, and
contains no Nb or contains 1t as an unavoidable impurity.

15. A Ni-based single crystal superalloy according to claim
3, which contains 8.0 wt % o1 Co, 6.5 wt % of Cr, 1.4 wt % of
Mo, 8.1 wt % of W, 6.0 wt % of Ta, 5.8 wt % of Al, 1.0 wt %
of T1, 0.10 wt % of Hf and 1.4 wt % of Re by weight, and

contains no Nb or contains 1t as an unavoidable impurity.

16. A turbine blade which incorporates the Ni-based single
crystal superalloy according to claim 1.
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