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(57) Provided are a Ni-based alloy for hot die having
a high high-temperature compressive strength and a
good oxidation resistance and being capable of sup-
pressing the deterioration in the working environment
and the shape deterioration, a hot forging die using the
Ni-based alloy for hot die, and a method for manufactur-
ing a forged product using the hot forging die. The present
invention provides a hot forging die comprising a
Ni-based alloy for hot die comprising, in mass%, W: 7.0
to 15.0%, Mo: 2.5 to 11.0%, Al: 5.0 to 7.5%, Cr: 0.5 to
7.5%, and the balance of Ni with inevitable impurities,
wherein at least 80% of a surface area of the Ni-based
alloy for hot die is covered with an aluminum oxide layer.
In addition to the composition, the Ni-based alloy for hot
die may further comprise 7.0% or less of Ta and may
further comprise one or two or more elements selected
from Zr: 0.5% or less, Hf: 0.5% or less, rare-earth ele-
ments: 0.2% or less, Y: 0.2% or less, and Mg: 0.03% or
less.
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Description

TECHNICAL FIELD

[0001] The present invention relates to a Ni-based alloy for a hot die, a hot forging die made thereof, and a method
for manufacturing a forged product.

BACKGROUND ART

[0002] In the forging of a product made of heat-resistant alloy, a material for forging is heated to a predetermined
temperature to reduce the deformation resistance. The heat-resistant alloy has a high strength even at a high temperature
and a hot forging die to be used in the forging of the heat-resistant alloy is required to have high mechanical strength at
a high temperature. In hot forging, when the temperature of a hot forging die is lower than the temperature of a material
for forging, the workability of the material for forging decreases due to heat removal, and thus, products of poor workability
materials such as Alloy 718 and Ti alloy are forged by heating the hot forging die with the raw material. Consequently,
the hot forging die should have a high mechanical strength at a high temperature equal to or near the temperature to
which the material for forging is heated. As a hot forging die that satisfies this requirement, Ni-based heat-resistant super
alloys that can be used in hot forging at a die temperature of 1000°C or more in the air are proposed (for example, see
Patent Documents 1 to 5).
[0003] As used herein, the term hot forging includes hot die forging in which the temperature of the hot forging die is
close to the temperature of the material for forging and isothermal forging in which the hot forging die is heated to the
same temperature as the material for forging.

REFERENCE DOCUMENT LIST

PATENT DOCUMENTS

[0004]

Patent Document 1: JP 62-50429 A
Patent Document 2: JP 60-221542 A
Patent Document 3: JP 2016-069702 A
Patent Document 4: JP 2016-069703 A
Patent Document 5: US 4740354 B

SUMMARY OF THE INVENTION

PROBLEM TO BE SOLVED BY THE INVENTION

[0005] The Ni-based heat-resistant super alloys described above have an advantage of having a high-temperature
compressive strength. But in terms of oxidation resistance, fine scales of nickel oxide are scattered from a die surface
upon cooling after heating in the air and this may result in the deterioration in the working environment and the shape
deterioration. In order to maximize the effect of being capable of using in the air, oxidation of the die surface and scattering
of scales associated therewith become large problems.
[0006] It is an object of the present invention to provide a Ni-based alloy for hot die having a high high-temperature
compressive strength and a good oxidation resistance and being capable of suppressing the deterioration in the working
environment and the shape deterioration, a hot forging die using the Ni-based alloy for hot die, and a method for
manufacturing a forged product using the hot forging die.

MEANS FOR SOLVING THE PROBLEM

[0007] The present inventors have studied the deterioration in the working environment and the shape deterioration
caused by oxidation of the die surface and scattering of scales associated therewith, and found a composition having
a high high-temperature compressive strength and a good oxidation resistance, and thereby achieved the present
invention.
[0008] The present invention provides a hot forging die comprising a Ni-based alloy for hot die comprising, in mass%,
W: 7.0 to 15.0%, Mo: 2.5 to 11.0%, Al: 5.0 to 7.5%, Cr: 0.5 to 7.5%, and the balance of Ni with inevitable impurities,
wherein at least 80% of a surface area of the Ni-based alloy for hot die is covered with an aluminum oxide layer.
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[0009] According to the present invention, the Ni-based alloy for hot die may further comprise one or two or more
elements selected from Zr: 0.5% or less, Hf: 0.5% or less, rare-earth elements: 0.2% or less, Y: 0.2% or less, and Mg:
0.03% or less, in addition to the composition described above.
[0010] According to the present invention, the Ni-based alloy for hot die may further comprise 7.0% or less of Ta, in
addition to the composition described above.
[0011] According to the present invention, the Ni-based alloy for hot die may further comprise one or two elements
selected from Ti and Nb in a total amount of 3.5% or less in which a total content of Ta, Ti, and Nb is within a range of
1.0 to 7.0%, in addition to the composition described above.
[0012] According to the present invention, the Ni-based alloy for hot die may further comprise 15.0% or less of Co, in
addition to the composition described above.
[0013] Further preferably, the hot forging die using the Ni-based alloy for hot die has a covering layer of an antioxidant
on at least one of a die surface or a side surface of the hot forging die.
[0014] The present invention provides a Ni-based alloy for hot die comprising, in mass%, W: 7.0 to 15.0%, Mo: 2.5 to
11.0%, Al: 5.0 to 7.5%, Cr: 0.5 to 7.5%, Ta: 0 to 7.0%, Co: 0 to 15.0%, and the balance of Ni with inevitable impurities.
[0015] According to the present invention, the Ni-based alloy for hot die may further comprise, in mass%, one or two
or more elements selected from Zr: 0.5% or less, Hf: 0.5% or less, rare-earth elements: 0.2% or less, Y: 0.2% or less,
and Mg: 0.03% or less, in addition to the composition described above.
[0016] According to the present invention, the Ni-based alloy for hot die may further comprise, in mass%, one or two
elements selected from Ti and Nb in a total amount of 3.5% or less in which a total content of Ta, Ti, and Nb is within a
range of 1.0 to 7.0%, in addition to the composition described above.
[0017] According to the present invention, 0.2% compressive strength at a test temperature of 1000°C and a strain
rate of 10-3/sec is preferably 500 MPa or more.
[0018] Further preferably, 0.2% compressive strength at a test temperature of 1100°C and a strain rate of 10-3/sec is
300 MPa or more.
[0019] In addition, the present invention is the hot forging die using the Ni-based alloy for hot die.
[0020] The present invention provides a method for manufacturing a forged product comprising: a first step of heating
a material for forging, and a second step of hot forging the material for forging heated in the first step by using the hot
forging die.
[0021] Further preferably, the second step is performed by heating the hot forging die to 1000°C or more in the method
for manufacturing a forged product.
[0022] In the present invention, the Ni-based alloy for hot die is pre-heated in the air to 1000°C or more to form an
aluminum oxide layer on 80% or more of the surface of the Ni-based alloy for hot die, before the step of heating the hot
forging die to 1000°C or more.

EFFECTS OF THE INVENTION

[0023] The present invention can provide a Ni-based alloy for hot die having a high high-temperature compressive
strength and a good oxidation resistance. This enables to suppress the deterioration in the working environment and
the shape deterioration in hot forging.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024]

Fig. 1 is a graph showing oxidation resistance of the present examples and the comparative examples under test
conditions simulating prolonged use of a die.
Fig. 2 are micrographs of surfaces of test specimens of the present examples and the comparative example after
holding at 1100°C for 8 hours in the air.
Fig. 3 are cross-sectional micrographs showing backscattered electron images and element maps of oxide layers
formed on surfaces of test specimens of the present examples and the comparative example after holding at 1100°C
for 3 hours or 8 hours in the air.
Fig. 4 is a graph showing the oxidation resistance of the present example and the comparative example under test
conditions simulating heating and cooling due to repeated use of a die.
Fig. 5 is a graph showing high-temperature compressive strength of the present examples and the comparative
example.
Fig. 6 is a photograph showing an effect of preventing oxidation of a die surface by applying an antioxidant.
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MODE FOR CARRYING OUT THE INVENTION

[0025] Hereinafter, the Ni-based alloy for hot die of the present invention will be described in detail. The unit for the
chemical composition is mass%. Note that the Ni-based alloy for hot die becomes the base material of the hot forging
die of the present invention.

W

[0026] W forms a solid solution in an austenitic matrix, and forms a solid solution also in a gamma prime phase (γ’
phase) basically composed of Ni3Al that is a precipitation strengthening phase to enhance the high-temperature strength
of the alloy. Meanwhile, W has an effect of reducing the oxidation resistance and an effect of facilitating the precipitation
of harmful phases such as the TCP (Topologically Close Packed) phase. From the viewpoint of enhancing the high-
temperature strength and suppressing the reduction of the oxidation resistance and the precipitation of harmful phases,
the content of W in the Ni-based alloy of the present invention is 7.0 to 15.0%. In order to more reliably achieve the
effect of W, the lower limit is preferably 10.0%, the upper limit is preferably 12.0%, and the upper limit is further preferably
11.0%.

Mo

[0027] Mo forms a solid solution in an austenitic matrix and forms a solid solution also in a gamma prime phase
basically composed of Ni3Al that is a precipitation strengthening phase to enhance the high-temperature strength of the
alloy. Meanwhile, Mo has an effect of reducing the oxidation resistance. From the viewpoint of enhancing the high-
temperature strength and suppressing the reduction of the oxidation resistance, the content of Mo in the Ni-based heat-
resistant super alloy of the present invention is 2.5 to 11.0%. In order to suppress the precipitation of harmful phases
such as the TCP phase associated with the addition of W and Ta, Ti, and Nb described below, the preferred lower limit
of Mo is preferably set by taking into consideration the content of W, Ta, Ti, and Nb. In order to reliably achieve the effect
of Mo, the lower limit is preferably 4.0%, and the lower limit is further preferably 4.5%. The upper limit of Mo is preferably
10.5%, further preferably 9.0%, and more preferably 6.0%.

Al

[0028] Al has effects of binding to Ni to precipitate a gamma prime phase composed of Ni3Al, enhancing the high-
temperature strength of the alloy, producing an alumina film on the surface of the alloy, and imparting the oxidation
resistance to the alloy. Meanwhile, an excess content of Al also has an effect of excessively producing eutectic gamma
prime phases to reduce the high-temperature strength of the alloy. From the viewpoint of enhancing the oxidation
resistance and the high-temperature strength, the content of Al in the Ni-based alloy of the present invention is 5.0 to
7.5%. In order to more reliably achieve the effect of Al, the lower limit is preferably 5.2%, and further preferably 5.4%.
The upper limit of Al is preferably 6.7%, further preferably 6.5%, and more preferably 6.0%.

Cr

[0029] Cr has effects of promoting the formation of a continuous layer of alumina on the surface of or inside the alloy
and increasing the oxidation resistance of the alloy. Thus, 0.5% or more of Cr is required to be contained. When Cr is
added in addition to Al, W, and the like, 3.0 to 7.5% of Cr can achieve a high compressive strength at 1000°C as shown
in Table 4, Fig. 5, and the like described below. Furthermore, with the content of Cr of 3.0% or less, a high compressive
strength can be obtained not only at 1000°C, but also at a temperature of 1000°C to 1100°C. However, the addition of
Cr in a range more than 7.5% reduces the compressive strength at 1000°C or more and thus should be avoided. The
addition of Cr is not necessarily disadvantageous for the high-temperature strength. It was revealed by the present
invention that the addition of Cr of 0.5 to 7.5% in addition to Al, W, and the like rather increases the high-temperature
strength and increases the oxidation resistance while maintaining a high high-temperature strength. In order to reliably
achieve the effect of Cr, the lower limit is preferably 1.0%, and more preferably 1.3%. Meanwhile, an excess content of
Cr also has an effect of facilitating the precipitation of harmful phases such as the TCP (Topologically Close Packed)
phase. Particularly when numerous elements such as W, Mo, Ta, Ti, and Nb that increase the high-temperature strength
of the alloy, harmful phases are likely to be precipitated. From the viewpoint of increasing the oxidation resistance and
suppressing the precipitation of harmful phases while maintaining the content of elements that increase the high-tem-
perature strength at a high level, the upper limit of the content of Cr in the present invention is preferably 3.0%. The
upper limit is further preferably 2.0%.
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Ta

[0030] The Ni-based heat-resistant super alloy according to the present invention may contain Ta. Ta forms a solid
solution by substituting into the Al site in a gamma prime phase composed of Ni3Al, thereby enhancing the high-tem-
perature strength of the alloy. Ta increases the adhesiveness and the oxidation resistance of an oxide film formed on
the surface of the alloy, and has an effect of further increasing the oxidation resistance of the alloy particularly under
heat cycle conditions of short heating and cooling cycles of a die. Meanwhile, an excess content of Ta also has an effect
of facilitating precipitation of harmful phases such as the TCP phase. From the viewpoint of enhancing the oxidation
resistance and the high-temperature strength and suppressing the precipitation of harmful phases, the upper limit of Ta
according to the present invention in the case of containing Ta is 7.0%. In order to more reliably achieve the effect in
the case of containing Ta, the lower limit is preferably 0.5%, and the lower limit is further preferably 2.5%, and more
preferably 5.0%. The upper limit of Ta is preferably 6.7%, and further preferably 6.5%.

Zr, Hf, rare-earth elements, Y, and Mg

[0031] The Ni-based heat-resistant super alloy according to the present invention may contain one or two or more
elements selected from Zr, Hf, rare-earth elements, Y, and Mg. Zr, Hf, rare-earth elements, and Y suppress the diffusion
of metal ions and oxygen at the grain boundary by segregation of the oxide film into the grain boundary. This suppression
of grain boundary diffusion reduces the growth rate of the oxide film and changes the growth mechanism of promoting
the spallation of the oxide film, which increases the adhesion between the film and the alloy. That is, these elements
have an effect of increasing the oxidation resistance of the alloy due to the reduction of the growth rate and the increase
of the film adhesion described above, particularly under heat cycle conditions of short heating and cooling cycles of a
die. Rare-earth elements, Y, and Mg form sulfide with S (sulfur) that reduces the adhesion of the film through the
segregation to the interface between the oxide film and the alloy and the inhibition of the chemical bonding between
them, and they increase the adhesion by preventing segregation of S, and have an effect of increasing the oxidation
resistance of the alloy particularly under heat cycle conditions of short heating and cooling cycles of a die. Note that S
is an element that may be contained as impurities.
[0032] Among the rare-earth elements, La is preferably used. That is because La has a large effect of increasing the
oxidation resistance. La also has an effect of preventing segregation of S in addition to the effect of suppressing the
diffusion described above and is excellent in these effects, and thus La may be selected among rare-earth elements.
The addition of Y is also preferred since Y has a similar effect of La. Two or more elements including La and Y are
particularly preferably used.
[0033] When toughness is required in addition to oxidation resistance to suppress the cracks of the die associated
with excess thermal stress generated particularly under heat cycle conditions of short heating and cooling cycles of a
die, Hf or Zr having a lower effect of reducing the toughness than rare-earth elements and Y is preferably used. Of Zr
and Hf, Hf is particularly preferably used, since Hf has a much lower effect of reducing the toughness and an effect of
preventing cracks during casting can also be expected. When no rare-earth element and Y are contained and one or
two elements of Zr and Hf are contained, Zr and Hf have a lower effect of preventing segregation of S than rare-earth
elements and Y, and thus the simultaneous addition of Mg further increases the oxidation resistance. Consequently, in
order to enhance the oxidation resistance and the toughness in a balanced manner, Hf and Mg are particularly preferably
simultaneously used.
[0034] Excess addition of Zr, Hf, rare-earth elements, Y, and Mg causes the excess production of intermetallic com-
pounds between them and Ni and the like, and reduces the toughness of the alloy. Thus, when these elements to be
optionally added are contained, the following contents are preferred.
[0035] From the viewpoint of enhancing the oxidation resistance and suppressing the reduction of the toughness, the
upper limit of each content of Zr and Hf in the present invention in the case of containing Zr and Hf is 0.5%. The upper
limit of each content of Zr and Hf is preferably 0.3%, and further preferably 0.2%. The lower limit in the case of containing
Zr and Hf may be 0.001%. The lower limit at which the effect of containing Zr and Hf can be sufficiently exerted may be
preferably 0.01%, further preferably 0.05%, and more preferably 0.1% or more.
[0036] Rare-earth elements and Y have a higher effect of reducing the toughness than Zr and Hf as described above,
the upper limit of each content of these elements according to the present invention in the case of containing rare-earth
elements and Y is 0.2%, and the upper limit is preferably 0.02%, and further preferably 0.005%. The lower limit in the
case of containing rare-earth elements and Y may be 0.001%. The lower limit at which the effect of containing rare-earth
elements and Y can be sufficiently exerted may be preferably 0.002%, and further preferably 0.003% or more.
[0037] Mg should be contained only in an amount required to form sulfide with S that is contained in the alloy as
impurities. Thus, the upper limit of the content in the case of containing Mg is 0.03%. The lower limit in the case of
containing Mg may be 0.001%. The upper limit of Mg is preferably 0.025%, and more preferably 0.02%. Meanwhile, the
lower limit may be 0.005% so that the effect of adding Mg can be more reliably exerted.
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Ti and Nb

[0038] The Ni-based alloy for hot die of the present invention may contain one or two selected from Ti and Nb in a
total amount within a range of 3.5% or less. Ti and Nb form a solid solution like Ta by substituting into the Al site in a
gamma prime phase composed of Ni3Al, thereby enhancing the high-temperature strength of the alloy. Ti and Nb are
low-cost elements as compared with Ta and advantageous in terms of die cost. Meanwhile, an excess content of Ti and
Nb has, like Ta, an effect of facilitating the precipitation of harmful phases such as the TCP phase and has also an effect
of excessively producing a eutectic gamma prime phase to reduce the high-temperature strength of the alloy. In addition,
Ti and Nb have a lower effect of increasing the high-temperature strength as compared with Ta and have no effect of
increasing the oxidation resistance, unlike Ta.
[0039] From the above, from the viewpoint of suppressing the reduction in high-temperature strength associated with
the precipitation of harmful phases and the excess production of the eutectic gamma prime phase, while limiting the
total content of Ta, Ti, and Nb, Ta is desired to be substituted by Ti or Nb that are advantageous in terms of die cost
within a range in which the high-temperature strength property and the oxidation resistance are maintained at the same
level as the case containing only Ta. According to the present invention, it is preferred that the upper limit of the total
content of Ta, Ti, and Nb is 7.0% and the upper limit of the content of one or two elements selected from Ti and Nb is
3.5%, when Ti and/or Nb are/is contained. The upper limit of the total content of Ta, Ti, and Nb is preferably 6.5%, and
the upper limit of the content of one or two elements selected from Ti and Nb is preferably 2.7%. From the viewpoint of
reliably achieve an effect of enhancing the high-temperature strength, the lower limit of the total content of Ta, Ti, and
Nb may be 1.0%, and from the viewpoint of reliably achieve an effect of reducing the die cost, the lower limit of the
content of one or two elements selected from Ti and Nb may be 0.5%. The lower limit of the total content of Ta, Ti, and
Nb is preferably 3.0%, and the lower limit is further preferably 4.0%. The lower limit of the content of one or two elements
selected from Ti and Nb is preferably 1.0%.
[0040] When either Ti or Nb is selected, Ti is preferably used from an economical viewpoint. When the high-temperature
strength is particularly important, Nb is preferably used. When both die cost and high-temperature strength are important,
Ti and Nb are particularly preferably simultaneously used.

Co

[0041] The Ni-based alloy for hot die according to the present invention may contain Co. Co forms a solid solution in
an austenitic matrix to enhance the high-temperature strength of the alloy. Meanwhile, an excess content of Co increases
the die cost since Co is an expensive element as compared with Ni, and Co has an effect of facilitating the precipitation
of harmful phases such as the TCP phase. From the viewpoint of enhancing the high-temperature strength and sup-
pressing the increase in die cost and the precipitation of harmful phases, Co may be contained within a range of 15.0%
or less. In order to reliably achieve the effect of Co in the case of containing Co, the lower limit is preferably 0.5%, further
preferably 2.5%. The upper limit is preferably 13.0%, and further preferably 6.0%.

C and B

[0042] The Ni-based alloy for hot die of the present invention may contain one or two elements selected from 0.25%
or less of C (carbon) and 0.05% or less of B (boron). C and B increase the strength of grain boundaries of the alloy and
enhance the high-temperature strength and the ductility. Meanwhile, an excess content of C and B causes the formation
of a coarse carbide or boride and has an effect of reducing the strength of the alloy. From the viewpoint of enhancing
the strength of grain boundaries of the alloy and suppressing the formation of the coarse carbide or boride, the range
of the content of C is preferably 0.005 to 0.25% and the range of the content of B is 0.005 to 0.05%, when C is contained
in the present invention. In order to reliably achieve the effect of C, the lower limit is preferably 0.01% and the upper
limit is preferably 0.15%. In order to reliably achieve the effect of B, the lower limit is preferably 0.01% and the upper
limit is preferably 0.03%, and the upper limit is more preferably 0.02%.
[0043] When the cost-efficiency or the high-temperature strength is important, only C is particularly preferably used,
and when the ductility is particularly important, only B is particularly preferably used. When both high-temperature strength
and ductility are important, C and B are particularly preferably simultaneously used.
[0044] The elements other than the elements to be added described above are Ni and inevitable impurities. In the Ni-
based heat-resistant super alloy according to the present invention, Ni is the main element for constituting a gamma
phase and constitutes also a gamma prime phase together with Al, Ta, Mo, W, and the like. Among the inevitable impurity
elements, S is particularly preferably 0.0030% or less. More preferably, S is limited to a range of 0.0010% or less to
prevent the reduction of the adhesion of the film through the segregation to the interface between the oxide film and the
alloy and the inhibition of the chemical bonding between them.
[0045] As revealed in Examples described below, the composition according to the present invention preferably con-
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tains W, Mo, Al, Cr, Ta, Hf, and Mg. Especially, the following range is preferred.
[0046] The Ni-based alloy for hot die has a composition comprising, in mass%, W: 10.0 to 12.0%, Mo: 4.0 to 6.0%,
Al: 5.0 to 6.5%, Cr: 1.0 to 3.0%, Ta: 2.5 to 6.7%, Hf: 0.01 to 0.3%, Mg: 0.001 to 0.025%, and the balance of Ni with
inevitable impurities.

Oxide film

[0047] According to the present invention, it is important that 80% or more of the surface be covered with an oxide
layer of aluminum, when the die is heated to 1000 to 1100°C in the air. The Ni-based alloy for hot die of the present
invention can be used in hot die forging and isothermal forging in the air. The temperature of 1000°C is a temperature
at which the hot die forging is assumed. The temperature of 1100°C is a temperature at which the isothermal forging is
assumed. As used herein, the surface refers to a die surface that is most important in the die. The die surface and the
side surface of the die are preferably covered with an oxide layer of aluminum, and the whole surface of the die is more
preferably covered therewith.
[0048] In order to form an aluminum oxide layer on 80% or more of the surface of the Ni-based alloy for hot die in this
temperature range, for example, blast processing such as shot blasting can be applied to promote the formation of an
oxide layer (oxide film). However, if the Ni-based alloy for hot die has excess segregation of components, the oxide film
is likely to be non-uniform. Thus, non-uniform formation of aluminum oxide is preferably prevented in advance by applying
a treatment that enables to mitigate segregation of components, for example, a homogenization heat treatment at 1100
to 1300°C for about 10 to 100 hours that is performed after an antioxidant is applied to the whole surface of a casting
raw material in the air or under an inert atmosphere. If coverage by aluminum oxide layer is lower than 80% of the
surface, this causes a problem of an increase of the scattering amount of scales. Thus, the area fraction of aluminum
oxide formed on the surface of the Ni-based alloy for hot die surface is 80% or more in the present invention. The area
fraction is preferably 90% or more, and most preferably 100%. For the verification of the coverage (area fraction) of the
aluminum oxide layer of the present invention, a range of at least 25 mm2 may be observed with an optical microscope.
[0049] By pre-heating a die that is machined and thereafter degreased and cleaned at a temperature of 1000°C or
more in the air and covering 80% or more of the surface with an oxide layer of aluminum, the inhibition of the formation
of the oxide layer of aluminum by dirt of fats and oils and the like that are attached to the surface during the assembling
operation of the die and the like, or seizing of the die and the member can be suppressed. The oxide layer of aluminum
formed on the die surface has an effect of increasing the wettability of a glass lubricant that is used as the lubricant. The
upper limit of the pre-heating temperature may be 1150°C. Although the pre-heating time depends on the size of the
hot forging die, about 10 minutes to 3 hours are sufficient.

Hot forging die

[0050] According to the present invention, a hot forging die using the Ni-based alloy for hot die that has the alloy
composition described above and is covered with an aluminum oxide layer within a range defined by the present invention
can be constituted. The hot forging die of the present invention can be obtained by the sintering of alloy powder or
casting. Casting having inexpensive manufacturing costs is preferred to sintering of alloy powder. Furthermore, in order
to suppress the generation of cracks in the raw material due to the stress during solidification, a sand mold or a ceramic
mold is preferably used as the casting mold.
[0051] At least one of the die surface or the side surface of the hot forging die of the present invention can be a surface
having a covering layer of an antioxidant. This more reliably prevents the oxidation of the die surface caused by the
contact of oxygen in the air and the base material of the die at a high temperature and scattering of the scale associated
therewith, allowing the deterioration in the working environment and the shape deterioration to be prevented. The anti-
oxidant described above is preferably an inorganic material formed by any one or more of nitride, oxide, carbide. This
is for forming dense oxygen blocking films by the coating layer formed by nitride, oxide, or carbide and for preventing
the oxidation of a die base material. The coating layer may be a single layer of nitride, oxide, and carbide, or may be a
lamination structure formed by combining any two or more of nitride, oxide, and carbide. Furthermore, a coating layer
may be a mixture of any two or more of nitride, oxide, and carbide. In the present invention, ordinary methods such as
applying and spraying can be applied to form a covering layer, but the formation of the coating layer is preferred from
the economic viewpoint. The formation of oxygen blocking films by the application allows to easily increase the film
thickness, thereby more reliably preventing contact of oxygen in the air and the base material of the die. Even if the
thickness of the application layer is made too thick, the effect is saturated, and thus, the thickness of the application
layer is preferably 100 to 200 mm. The antioxidant before the application is preferably a slurry that can be easily applied,
and furthermore, the application method is preferably a simple application method using a brush.
[0052] The hot forging die using the Ni-based alloy for hot die of the present invention described above has a high
high-temperature compressive strength and a good oxidation resistance and is capable of preventing oxidation of the
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die surface caused by the contact of oxygen in the air and base material of the die at a high temperature and scattering
of scales associated therewith, and thereby more reliably suppressing the deterioration in the working environment and
the shape deterioration.

Method for manufacturing forged product

[0053] Representative steps in the case of manufacturing a forged product by using the hot forging die using the Ni-
based alloy for hot die will be described.
[0054] First, a material for forging is heated to a predetermined forging temperature as a first step. Since the forging
temperature differs depending on materials, the temperature is appropriately adjusted. The hot forging die using the Ni-
based alloy for hot die has a property of being capable of being used in isothermal forging and hot die forging even at
a high temperature in the air atmosphere, and thus, it is suitable for the hot forging of Ni-based heat-resistant super
alloy, Ti alloy, or the like that are known as poor workability materials. Representative forging temperature is within a
range of 1000 to 1150°C.
[0055] Then, the material for forging heated in the first step is subjected to hot forging by using the hot forging die
(second step). The second step can be performed by heating the hot forging die to 1000°C or more before hot forging.
In the case of the hot die forging or the isothermal forging described above, the hot forging in the second step is preferably
closed die forging. As described above, by particularly adjusting the Cr content, the Ni-based alloy for hot die of the
present invention can be used in hot forging at a high temperature of 1000°C or more in the air.

EXAMPLES

[0056] The present invention will be described in more detail by way of the following Examples. Ingots of the Ni-based
alloy for hot die shown in Table 1 were produced by vacuum melting using a ceramic mold. The unit is mass%. Each of
P, N, and O contained in the ingots described below is 0.003% or less. Each of Si, Mn, and Fe is 0.03% or less. In Table
1, No. 1 to 20 are Ni-based alloys for hot die having the composition of "the present example" and No. 21 and 22 are
Ni-based alloys for hot die having the composition of "the comparative example".
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[0057] Cubes having a side of 10 mm were cut out from each of the ingots and their surfaces were polished by the
one equivalent to #1000 to produce oxidation resistance test specimens and then the oxidation resistance was evaluated.
In the oxidation resistance test, two tests, that is, a test simulating prolonged use and a test simulating repeated use of
the die for hot forging in the air were performed.
[0058] By using test specimens of No. 1 to 20 of the present examples and No. 21 and 22 of the comparative examples,
a heating test was performed as an oxidation resistance test simulating prolonged use as follows. The test specimens
were loaded into a furnace heated to 1100°C in a state being placed in a ceramic crucible made of SiO2 and Al2O3, held
at 1100°C for a predetermined time, then taken out the crucible in which test specimens are placed from the furnace.
Immediately after taking out, the crucible was covered with a lid made of identical materials to prevent spallation of
scales outside the crucible and then air-cooled. In order to evaluate the oxidation resistance to prolonged use, the heating
test was performed for each of the test specimens under the conditions of holding times of 3 hours, 8 hours, or 20 hours.
When pre-heating is assumed, the first heating (3 hours) corresponds to pre-heating and it is assumed that the second
heating (8 hours and 20 hours) is the accumulation of the holding time at a high temperature when hot forging is repeatedly
performed.
[0059] For each of the test specimens, the surface area and the mass of the crucible in which test specimens were
placed were measured before the heating test, and the mass of the crucible in which test specimens were placed was
measured after the crucible was cooled to room temperature after the heating test. The mass change per unit surface
area of the test specimens after each test was calculated by subtracting the mass measured before the test from the
mass measured after each test, and then dividing the value by the surface area measured before the test. The higher
the value of mass change is, the higher the amount of scales formed per unit area is. The mass change was determined
as follows. 

[0060] The mass change per unit surface area of the test specimens calculated in the heating test of each holding
time is shown in Table 2. The unit of the mass change is mg/cm2. The relationship between the holding time at 1100°C
in the air and the mass change in No. 1 to 3, 7, 13, 17, and 20 of the present examples and No. 21 and 22 of the
comparative examples is shown in Fig. 1.
[0061] As shown in Table 2 and Fig. 1, the amount of scales generated is suppressed and the weight change after 8
hours is less than half in No. 1 to 20 of the present examples in which Cr was added, as compared with that in No. 21
and 22 of the comparative examples in which no Cr was added. No. 1 to 20 are found to have a good oxidation resistance
against prolonged use by the addition of Cr.
[0062] Optical micrographs of No. 2 and 3 of the present examples and No. 21 of the comparative example that were
held at 1100°C for 8 hours in the air are shown in Fig. 2. In addition, the quantitative analysis results of the oxide formed
on the surface measured by an energy dispersive X-ray analyzer are shown in Fig. 2 in combination with the area fraction
of aluminum oxide analyzed by distinguishing between a black oxide layer of aluminum and green oxides made of nickel
and the like from optical micrograph taken at a magnification of 3 100. The area measured is 100 mm2.
[0063] It is seen in Fig. 2 that the addition of Cr promotes the formation of aluminum oxide in No. 2 and 3 of the present
invention and 80% or more of their surfaces are covered with an oxide layer of aluminum. The surfaces of the present
examples other than No. 2 and 3 after the heating test at 1100°C in the air are also covered with an oxide layer of
aluminum. In contrast, No. 22 of the comparative example is not covered with aluminum oxide like No. 21. The good
oxidation resistance of No. 1 to 20 of the present examples shown in Table 2 and Fig. 1 is caused by this aluminum oxide.
[0064] FE-EPMA backscattered electron images obtained by embedding specimens after the heating test at 1100°C
in the air in a resin, then they were mirror polished, and then observing near the surface from the cross-sectional direction,
and element maps of Al, Mo, W, and O of No. 1 and 7 of the present examples and No. 21 of the comparative example
are shown in Fig. 3. The density in element map images corresponds to the concentration of the element to be measured
and a whiter color indicates a higher concentration. No. 1 of the present example and No. 21 of the comparative example
are specimens after holding for 8 hours, and No. 7 of the present example is a specimen after holding for 3 hours. It is
found that a composite oxide composed of Al, Mo, and W is formed and no continuous layer of aluminum oxide is formed
on the surface of No. 21 of the comparative example, but a continuous layer of aluminum oxide is formed on the surface
of No. 1 and 7 of the present examples. From the above, it is found that the aluminum oxide on the surface of the present
examples is formed in layers and these layers are formed by the addition of Cr.
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[0065] By using test specimens of the alloys of No. 1 to 8 and 10 of the present examples and the alloy of No. 21 of
the comparative example, a heating test was performed as an oxidation resistance test simulating repeated use, as
follows. The test specimens were loaded into a furnace heated to 1100°C in a state disposed on a ceramic container
made of SiO2 and Al2O3, held at 1100°C for 3 hours, then taken out from the furnace, and air-cooled. In order to evaluate
the oxidation resistance to repeated use, the heating test was repeated 5 times by cooling and then reloading.
[0066] For each of the test specimens, the surface area and the mass of the test specimens were measured before
the first heating test, and each mass of the test specimens that were cooled to room temperature after the first to fifth
heating tests and then scales on their surfaces that were removed by a blower were measured. The mass change per
unit surface area of the test specimens after each test was calculated by subtracting the mass measured before the first
test from the mass measured after each test, and then dividing the value by the surface area measured before the first
test. The higher the absolute value of the value of mass change is, the higher the scattering amount of scales per unit
area is. Each mass change after the number of repetitions was determined as follows. 

[0067] The mass change per unit surface area of the test specimens calculated after each heating test is shown in
Table 3. The unit of the mass change is mg/cm2. The relationship between the number of heating tests and the mass
change is shown in Fig. 4.
[0068] As shown in Table 3 and Fig. 4, the generation of scales (scattering) is suppressed and the absolute value of

Table 2

No. Mass change after 3 hours Mass change after 8 hours Mass change after 20 hours

1 <0.1 0.2 -

2 0.3 0.7 -

3 <0.1 <0.1 -

4 0.2 0.2 -

5 0.3 0.2 -

6 0.3 0.2 -

7 0.3 0.2 -

8 0.2 0.2 -

9 0.2 0.2 -

10 0.5 0.5 -

11 0.4 - 0.4

12 0.6 - 0.7

13 0.5 - 0.4

14 0.7 - 0.9

15 0.2 - 0.3

16 0.6 - 1.0

17 0.3 - 0.5

18 0.5 - 1.2

19 0.3 - 0.3

20 0.8 - 1.6

21 3.5 4.3 -

22 3.1 5.0 -
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the value of mass change is low in the alloys of No. 1 to 8 and 10 of the present examples, as compared with that in the
alloy of No. 21 of the comparative example, and the alloys of No. 1 to 8 and 10 are found to have a good oxidation
resistance against repeated use. Scattering of scales is suppressed in No. 4 and 8 of the present examples in which Ta
was added in addition to Cr and No. 2 and 3 of the present examples in which La and Zr were added in addition to Cr,
as compared with No. 1 in which only Cr was added.
[0069] Scattering of scales is more suppressed in No. 5 of the present example in which Hf was added in addition to
Cr and Ta and No. 6 of the present example in which Mg was added, as compared with No. 4 of the present example
in which only Cr and Ta were added. Furthermore, it is found that scattering of scales is more suppressed in No. 7 of
the present example in which Hf and Mg were simultaneously added, as compared with No. 5 and 6 of the present
examples. This is because Hf and Mg caused an increase of the adhesion of scales by different mechanisms to each
other and it is found that good results with extremely less mass change can be obtained. Scattering of scales is more
suppressed in No. 10 of the present example in which La was added in addition to Cr and Ta, as compared with No. 8
of the present example in which only Cr and Ta were added, and it is found that No. 10 has an oxidation resistance
substantially equal to that of No. 7 of the present example described above. This is because La has both two mechanisms
of Hf and Mg of increasing the adhesion of scales.

[0070] Then, raw materials for collecting test specimens having a diameter of 8 mm and a height of 12 mm were cut
out from each of the ingots of No. 1 to 20 of the present examples and No. 21 and 22 of the comparative examples in
Table 1, and their surfaces were polished by the one equivalent to #1000 to produce compression test specimens. By
using these compression test specimens, the compression test was performed at each temperature of 900°C, 1000°C,
and 1100°C under the test conditions of the strain rate of 10-3/sec and the compression rate of 10%. The 0.2% compressive
strength was derived from stress-strain curves obtained by the compression test and the high-temperature compressive
strength were evaluated. This compression test is to test whether the die has enough compressive strength even under
high temperature as the die for hot forging. The test temperature of 900°C and 1000°C is mainly used to verify application
to "hot die forging" and the test temperature of 1100°C is mainly used to verify application to "isothermal forging". When
the compressive strength is 300 MPa or more at the test temperature of 1100°C at which the isothermal forging is
assumed, it can be said that the die has sufficient strength. The compressive strength is preferably 350 MPa or more,
and further preferably 380 MPa or more. When the compressive strength is 500 MPa or more at the test temperature
of 900°C and 1000°C at which the hot die forging is assumed, it can be said that the die has sufficient strength. The
compressive strength is preferably 550 MPa or more, and further preferably 600 MPa or more.
[0071] The 0.2% compressive strength of the test specimens of No. 1 to 20 of the present examples and No. 21 and
22 of the comparative examples at each test temperature is shown in Table 4. The relationship between each test
temperature and 0.2% compressive strength of No. 1 to 3 of the present examples and No. 21 of the comparative
example is shown in Fig. 5.
[0072] It is found from Table 4 that the compressive strength of No. 1 to 3 at 1000°C and at a strain rate of 10-3/sec
is 500 MPa or more. No. 1 and 2 have achieved 600 MPa or more of compressive strength. It is found that the compressive
strength of No. 1 and 2, 4 to 20 having a preferred amount of Cr at 1100°C and at a strain rate of 10-3/sec is 300 MPa

Table 3

No.
Mass 

change after 
1 time

Mass change after 2 
times

Mass change after 3 
times

Mass change after 4 
times

Mass change after 5 
times

1 0.0 -2.7 -9.2 -19.5 -27.6

2 -0.8 -2.0 -2.7 -3.0 -3.5

3 -0.1 -0.6 -0.8 -0.8 -1.0

4 0.1 -0.8 -6.0 -8.2 -9.4

5 0.1 1.2 -3.0 -4.3 -4.6

6 0.2 0.5 -0.1 -0.2 -0.2

7 0.3 0.3 0.2 0.2 0.2

8 -0.1 -4.0 -5.6 -6.2 -9.1

10 0.0 0.3 0.4 0.4 0.5

21 -2.3 -8.6 -18.0 -29.5 -39.0
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or more. Among these are ones that have achieved 350 MPa or more of compressive strength, or ones that have
achieved 400 MPa or more of compressive strength. In addition, it is revealed from Fig. 5 that the compressive strength
of No. 1 to 3 to which amounts of Cr added are less than the upper limit of 7.5% at 1000°C is greater than or equal to
the compressive strength of No. 21 of the comparative example that contains no Cr, and the compressive strength of
No. 1 and 2 of the present examples whose amounts of Cr added are 3.0% or less at 1000 to 1100°C is greater than or
equal to the compressive strength of No. 21 of the comparative example. From the above, it is found that any of the
alloys of the present invention have a high high-temperature compressive strength.

[0073] Then, an effect of preventing oxidation and scale scattering of a hot forging die by an antioxidant was evaluated
by using a hot forging die that satisfies the composition of the Ni-based alloy for hot die of the present invention as shown
in Table 5, and to which surface was applied an antioxidant made of oxides shown in Table 6 in a thickness of about 150 mm.
[0074] A photograph showing the appearance of the surface of the hot forging die that was applied with an antioxidant
and thereafter heated at 1000°C or more is shown in Fig. 6. It is found from Fig. 6 that there is no exfoliation of the
antioxidant applied to the surface of the hot forging die. Scattering of scales was also not seen. From this, it is found
that the antioxidant prevents oxidation and scattering of scales of a die.

Table 4

No.
Compression test value (MPa)

900°C 1000°C 1100°C

1 - 684 376

2 740 614 378

3 686 503 256

4 - - 406

5 - - 332

6 - - 396

7 - - 400

8 - - 390

9 - - 406

10 - - 332

11 - - 436

12 - - 375

13 - - 374

14 - - 418

15 - - 404

16 - - 423

17 - - 449

18 - - 456

19 - - 424

20 - - 374

21 - 504 390

22 752 648 303

* The symbol "-" means not performed.
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[0075] From the results described above, it is found that the Ni-based alloy for hot die of the present invention has
sufficient oxidation resistance and a high compressive strength at a high temperature at the same time when used in
hot forging in the air. It is found from this that the hot forging die using the Ni-based alloy for hot die of the present
invention is useful in the forging (for example, hot die forging or isothermal forging) of products made of heat-resistant
alloys. Since generation of scales was able to be particularly significantly suppressed, the deterioration in the working
environment and the shape deterioration can be suppressed.
[0076] When a hot forging die is produced by using the Ni-based alloy for hot die of the present invention and an
application layer of an antioxidant is formed on at least one of the die surface or the side surface of the hot forging die,
the deterioration in working environment can further be prevented and the shape deterioration can also be prevented.
Therefore, it is found that the hot forging die made of the Ni-based alloy for hot die of the present invention is suitable
for hot die forging and isothermal forging in the air.

Claims

1. A hot forging die comprising a Ni-based alloy for hot die comprising, in mass%, W: 7.0 to 15.0%, Mo: 2.5 to 11.0%,
Al: 5.0 to 7.5%, Cr: 0.5 to 7.5%, and the balance of Ni with inevitable impurities, wherein at least 80% of a surface
area of the Ni-based alloy for hot die is covered with an aluminum oxide layer.

2. The hot forging die according to claim 1, wherein the Ni-based alloy for hot die further comprises, in mass%, one
or two or more elements selected from Zr: 0.5% or less, Hf: 0.5% or less, rare-earth elements: 0.2% or less, Y: 0.2%
or less, and Mg: 0.03% or less.

3. The hot forging die according to claim 1 or 2, wherein the Ni-based alloy for hot die further comprises, in mass%,
Ta: 7.0% or less.

4. The hot forging die according to claim 2 or 3, wherein the Ni-based alloy for hot die further comprises, in mass%,
one or two elements selected from Ti and Nb in a total amount of 3.5% or less, and a total content of Ta, Ti, and
Nb is 1.0 to 7.0%.

5. The hot forging die according to any one of claims 1 to 4, wherein the Ni-based alloy for hot die further comprises,
in mass%, Co: 15.0% or less.

6. The hot forging die according to any one of claims 1 to 5, wherein the Ni-based alloy for hot die further comprises,
in mass%, one or two elements selected from C: 0.25% or less and B: 0.05% or less.

7. The hot forging die according to any one of claims 1 to 6, wherein the hot forging die has a covering layer of an
antioxidant on at least one of a die surface or a side surface of the hot forging die.

Table 5

(mass%)

Mo W Al Cr Balance

9.9 10.7 6.2 1.5 Ni and inevitable impurities*

* inevitable impurities (P, S: <0.003%, C, Si, Mn, Co, Ti, Nb, Fe:
<0.03%)

Table 6

(mass%)

SiO2 B2O3 Al2O3 CaO Balance

53.0 5.6 12.7 18.0 Trace amount of oxide added*

* Trace amount of oxide added (Na2O: 0.6%, K2O: 0.1%, Fe2O3: 0.2%, MgO: 0.5%, TiO2: 0.6%, SrO: 0.2%)
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8. A Ni-based alloy for hot die comprising, in mass%, W: 7.0 to 15.0%, Mo: 2.5 to 11.0%, Al: 5.0 to 7.5%, Cr: 0.5 to
7.5%, Ta: 0 to 7.0%, Co: 0 to 15.0%, and the balance of Ni with inevitable impurities.

9. A Ni-based alloy for hot die, wherein the Ni-based alloy for hot die according to claim 8 further comprises, in mass%,
one or two or more elements selected from Zr: 0.5% or less, Hf: 0.5% or less, rare-earth elements: 0.2% or less, Y:
0.2% or less, and Mg: 0.03% or less.

10. A Ni-based alloy for hot die, wherein the Ni-based alloy for hot die according to claim 8 or 9 further comprises, in
mass%, one or two elements selected from Ti and Nb in a total amount of 3.5% or less, and a total content of Ta,
Ti, and Nb is 1.0 to 7.0%.

11. The Ni-based alloy for hot die according to any one of claims 8 to 10, wherein 0.2% compressive strength at a test
temperature of 1000°C and a strain rate of 10-3/sec is 500 MPa or more.

12. The Ni-based alloy for hot die according to any one of claims 8 to 10, wherein 0.2% compressive strength at a test
temperature of 1100°C and a strain rate of 10-3/sec is 300 MPa or more.

13. A method for manufacturing a forged product, comprising:

a first step of heating a material for forging, and
a second step of hot forging the material for forging heated in the first step by using the hot forging die according
to any one of claims 1 to 7.

14. The method for manufacturing a forged product according to claim 13, wherein the second step is performed by
heating the hot forging die to 1000°C or more.

15. The method for manufacturing a forged product according to claim 14, wherein a Ni-based alloy for hot die is pre-
heated in the air to 1000°C or more to form an aluminum oxide layer on 80% or more of a surface area of the Ni-
based alloy for hot die, before the step of heating the hot forging die to 1000°C or more.
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