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SPECIFICATION
TITLE OF THE INVENTION
ALLOY MATERIAL, PRODUCT USING SAID ALLOY MATERIAL, AND
FLUID MACHINE HAVING SAID PRODUCT

TECHNICAL FIELD OF THE INVENTION

[0001]

The present invention relates to the technology of
alloys with excellent corrosion resistance and mechanical
properties and, iIn particular, to an alloy article referred
to as high entropy alloy, a product formed of the alloy

article, and a fluid machine having the product.

DESCRIPTION OF BACKGROUND ART

[0002]

A high entropy alloy (HEA) has recently been developed
as an alloy based on a new technological concept which is
completely different from the concept of conventional
alloys (e.g., an alloy In which a tiny amount of multiple
kinds of subcomponent elements is added to one to three
kinds of main component elements). The HEA is defined as an
alloy configuring more than five kinds of main metallic
elements, each having a content of 5 to 35 atomic %, and it
is known that the HEA expresses characteristics as

described below.
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[0003]

They can be enumerated, e.g., (a) stabilization of the
mixed state resulting from the negatively-increasing mixing
entropy term in the formula of Gibbs free energy; (b)
atomic diffusion delay due to complicated microstructure;
(c) mmproved mechanical characteristics resulting from high
lattice distortion due to different sizes of constituent
atoms; and (d) improved corrosion resistance as the result
of combined effects of coexistence of multiple elements
(also referred to as a "cocktail effect™).

[0004]

For example, Patent Literature 1 (JP 2002-173732 A)
discloses a high entropy multicomponent alloy produced by
casting or synthesizing multiple kinds of metallic elements,
wherein the alloy contains five to eleven kinds of main
metallic elements and the molar number of each kind of main
metallic element i1s 5% to 30% of the total molar number of
the alloy. Furthermore, the main metallic elements are
selected from a metallic element group containing aluminum
(AD), titanium (Ti), vanadium (V), chromium (Cr), iron (Fe),
cobalt (Co), nickel (Ni), copper (Cu), zirconium (Zr),
molybdenum (Mo), palladium (Pd), and silver (AQ).

[0005]

According to Patent Literature 1, there can be provided

a high entropy multicomponent alloy with higher hardness,
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higher heat resistance, and higher corrosion resistance, in
a cast state, than conventional carbon steels and alloy
carbon steels. However, this high entropy multicomponent
alloy i1s hard to process due to its high hardness and
temper softening resistance, which makes it difficult to
fabricate a member with a desired shape by plastic working
or machining.

[0006]

As a solution to the above problem with Patent
Literature 1, Patent Literature 2 (WO 2017/138191 Al)
discloses an alloy member having a chemical composition
including Co, Cr, Fe, N1 and Ti1, each within a range of 5
atomic % or more and 35 atomic % or less, Mo within a range
of more than O atomic % and 8 atomic % or less, and a
balance of inevitable impurities. In the alloy member,
ultrafine particles with an average particle size of 40 nm
or less are dispersedly precipitated in matrix phase
crystals.

[0007]

According to Patent Literature 2, there can be provided
an alloy member that is formed of a high entropy alloy with
high mechanical strength and high corrosion resistance and
is excellent in alloy composition, microstructural

homogeneity, and shape controllability.
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CITATION LIST
PATENT LITERATURE
[o008]
Patent literature 1: JP 2002-173732 A; and

Patent literature 2: WO 2017/138191 Al.

SUMMARY OF THE INVENTION

PROBLEMS TO BE SOLVED BY THE INVENTION

[0009]

At present, research is being conducted on possible
uses of high entropy alloys as materials for oil well
equipment for drilling for crude oil and natural gas and
materials for chemical plants. Since oil well equipment 1is
used In a severe environment of oil well drilling (e.g.,
exposed to a highly corrosive gas or liquid In an
intermediate temperature range, 1.e., at a temperature of
up to around 350°C), its materials are required to have high
corrosion resistance.

[0010]

With the recent trend toward greater depths in oil well
drilling, the stress under which oil well equipment is
operated has inevitably become higher than ever before,
requiring alloy materials for oil well equipment to have
better mechanical properties.

[0011]
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The alloy member disclosed in Patent literature 2 is
considered to be highly promising as it exhibits excellent
shape controllability and ductility without sacrificing
characteristics as an HEA (e.g., excellent mechanical
properties and high corrosion resistance). However,
considering the severer usage environment due to the
increasing drilling depth, it i1s desired that even better
mechanical properties (e.g., tensile strength and hardness)
and even higher corrosion resistance than the alloy member
of Patent literature 2 be achieved.

[0012]

Improving tensile strength contributes to, e.g.-,
increasing the rotational speed of a rotary member in a
fluid machine (i.e., increasing the discharge flow or
pressure of the fluid machine). Also, improving hardness
contributes to improving the erosion resistance of a rotary
member in a Ffluid machine (i.e., Improving the durability
of the fluid machine).

[0013]

In view of the above, It iIs an objective of the present
invention to provide an alloy article that exhibits even
better mechanical properties and/or even higher corrosion
resistance than conventional HEA articles without
sacrificing the attractive properties of conventional HEAs

(excellent mechanical properties and high corrosion
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resistance), a product formed of the alloy article, and a

fluid machine having the product.

SOLUTION TO PROBLEMS

[0014]

(1) According to one aspect of the present invention,
there i1s provided an alloy article which has a
predetermined chemical composition. The chemical
composition includes: Co, Cr, Fe, NI and Ti, each within a
range of equal to or more than 5 atomic % and equal to or
less than 35 atomic %; Mo within a range of more than O
atomic % and less than 8 atomic %; an element with a larger
atomic radius than the atomic radiuses of the Co, Cr, Fe
and N1 within a range of more than 0 atomic % and equal to
or less than 4 atomic %; and a balance of i1nevitable
impurities.

[0015]

In the above alloy article (1) of the invention, the
following modifications and changes can be made.

(1) The element with a larger atomic radius may be at
least one from among Ta (tantalum), Nb (niobium), Hf
(hafnium), Zr (zirconium), and Y (yttrium).

(i1) A total content of the element with a larger
atomic radius and the Mo may be equal to or less than 8

atomic %.
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(i11) The chemical composition may comprise: the Co
within a range of equal to or more than 20 atomic % and
equal to or less than 35 atomic %; the Cr within a range of
equal to or more than 10 atomic % and equal to or less than
25 atomic %; the Fe within a range of equal to or more than
10 atomic % and equal to or less than 25 atomic %; the Ni
within a range of equal to or more than 15 atomic % and
equal to or less than 30 atomic %; and the Ti within a
range of equal to or more than 5 atomic % and equal to or
less than 15 atomic %.

(iv) The alloy article may be a powder.

(v) The alloy article may be a formed article, and the
formed article may comprise: matrix phase crystal grains
and ultrafine particles with an average particle size of
100 nm or less, the ultrafine particles being dispersedly
precipitated in the matrix phase crystal grains.

(vi) The ultrafine particles may comprise crystalline
particles In that the N1 and the Ti are more concentrated
than 1In the matrix phase crystal grains.

(vii) The ultrafine particles may further comprise
crystalline particles in that the element with a larger
atomic radius is more concentrated than in the matrix phase
crystal grains.

(viii) A product of a half of the average particle size

of the ultrafine particles and a volume ratio of the
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ultrafine particles to the matrix phase crystal grains may
be 16 nm or less.

(ix) The matrix phase crystal grains may be equiaxed
crystals with an average crystal grain size of equal to or
less than 150 um, and the equiaxed crystals may comprise
face-centered cubic crystals or a mixture of face-centered
cubic crystals and simple cubic crystals.

[0016]

(11) According to another aspect of the invention, a
product formed of an alloy article is provided. The alloy
article 1s the above-described alloy article, and the
product has a corrosion rate of less than 0.9 g/m2/h when
the product is immersed in 5% boiling sulfuric acid at 375
K.

[0017]

In the above product (11) of the invention, the
following modifications and changes can be made.

(X) The corrosion rate may be less than 0.5 g/m2/h.

(x1) The product may be an impeller of a fluid machine.

[0018]

(111) According to still another aspect of the
invention, there is provided a fluid machine which
incorporates the above-described impeller.

[0019]

In the above fluid machine (111) of the invention, the
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following modifications and changes can be made.

(xi1) The fluid machine may be a compressor or a pump.

ADVANTAGES OF THE INVENTION

[0020]

According to the present invention, it is possible to
provide an alloy article that exhibits even better
mechanical properties and/or even higher corrosion
resistance than conventional HEA articles without
sacrificing the attractive properties of conventional HEAs.
Furthermore, it is possible to provide a product formed of
the alloy article, and a fluid machine having the product.

[0021]

Meanwhile, It 1s considered to depend on the kind or
portion of the oil well equipment whether to give higher
priority to either the mechanical properties or the
corrosion resistance of the alloy article or the product,
or to place a high premium on the balance between the two.
Therefore, iIn the invention, i1t is deemed sufficient If at
least either the mechanical properties or the corrosion
resistance i1s improved without sacrificing the properties

of conventional HEAs.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022]
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FIG. 1 is an exemplary process chart showing a method
for manufacturing an alloy article according to the present

invention;

FIG. 2 shows an example of a product formed of an alloy
article according to the invention, and is a photograph of
an impeller of a fluid machine;

FIG. 3 shows an example of a fluid machine having a
product according to the invention, and is a schematic
drawing 1llustrating a cross-sectional view of a
centrifugal compressor into which the impeller according to
the i1nvention iIs incorporated;

FIG. 4 is an inverse pole figure map showing an example
of a microstructure of an alloy AM article formed from
alloy powder P2, viewed from a direction perpendicular to a
burlding direction;

FIG. 5A 1s an i1nverse pole figure map showing an
example of a microstructure of alloy formed article FA2,
formed from the alloy powder P2, viewed from a direction
perpendicular to the building direction;

FIG. 5B is an inverse pole figure map showing an
example of a microstructure of the alloy formed article FA2,
formed from the alloy powder P2, viewed from the building
direction;

FIG. 6 is a high-angle annular dark-field image (HAADF

image) with elemental maps and an electron diffraction
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pattern of ultrafine particles using a scanning
transmission electron microscope/energy-dispersive X-ray
analyzer (STEM-EDX), showing an example of a microstructure
of alloy formed article FA5, formed from alloy powder P5;

FIG. 7 1s an HAADF iImage showing an example of a
microstructure of alloy formed article FA4, formed from
alloy powder P4; and

FIG. 8 is an inverse pole figure map showing an example
of a microstructure of alloy formed article FA2W, formed
from the alloy powder P2, viewed from a direction

perpendicular to the building direction.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0023]

(Basic Concept of the Present Invention)

The present inventors, with an aim to develop an alloy
article that exhibits even better mechanical properties
and/or even higher corrosion resistance than conventional
HEA articles without sacrificing the attractive properties
of conventional HEAs (excellent mechanical properties and
high corrosion resistance), focused their attention on
“@mproving mechanical properties attributable to high
lattice strain caused by the difference iIn size between
constituent atoms” and “improving corrosion resistance by a

cocktail effect” among the aforementioned characteristics
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of HEAs.

[0024]

The i1nventors investigated the atomic radiuses of the
constituent elements iIn Patent literature 2 (WO 2017/138191
Al) and found that the atomic radius of Co is 125 pm, the
atomic radius of Cr i1s 128 pm, the atomic radius of Fe is
126 pm, the atomic radius of Ni i1s 124 pm, the atomic
radius of Ti is 147 pm, and the atomic radius of Mo is 139
pm and that Ti and Mo are much larger in size than those of
the other constituent elements. They believed that the
presence of these large-sized components of Ti and Mo
probably contributes to the mechanical properties and
corrosion resistance in Patent literature 2.

[0025]

In view of the above, the inventors formulated a
hypothesis that the mechanical properties and corrosion
resistance can be further improved by adding an element
with an atomic radius equal to or larger than those of Ti
and Mo to further enhance the degree of the high lattice
strain and the cocktail effect, and conducted intensive
research on the relationship among the alloy composition,
the microstructure, the mechanical properties, and the
corrosion resistance. As a result, they have found that
there can be obtained an alloy article that exhibits better

mechanical properties and/or higher corrosion resistance
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than conventional alloy articles through the addition of an
element with an atomic radius comparable to or larger than
that of Ti to a conventional Co-Cr-Fe-Ni-Ti-Mo-based alloy.

[0026]

Specifically, the inventors have found that there can
be achieved an alloy article that exhibits better
mechanical properties (e.g., Vickers hardness, tensile
strength) and/or higher corrosion resistance (e.g., the
corrosion rate in a sulfuric acid corrosion test) than
conventional alloy articles through the addition of at
least one of Ta (atomic radius of 146 pm), Nb (atomic
radius of 146 pm), HF (atomic radius of 159 pm), Zr (atomic
radius of 160 pm), and Y (atomic radius of 180 pm), as an
element with an atomic radius comparable to or larger than
that of Ti, within a range of more than 0 atomic % and 4
atomic % or less. The present invention has been made based
on this finding.

[0027]

Hereinafter, preferred embodiments of the invention
will be described with reference to the drawings according
to the alloy article production procedures. However, the
invention is not limited to specific embodiments described
below, and various combinations and modifications are
possible without departing from a technical concept of the

invention.
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[0028]

[Method for Manufacturing Alloy Article]

FIG. 1 is an exemplary process chart showing a method
for manufacturing an alloy article according to the
invention. As shown in FIG. 1, the method for
manufacturing an alloy article according to the i1nvention
includes at least a raw material mixing and melting step
(S1) and an atomization step (S2). It further includes an
additive manufacturing step (S3), a pseudo-solution heat
treatment step (S4), and a molding and sintering step (S5),
as appropriate. Each step will be hereinafter described
more specifically.

[0029]

(Raw Material Mixing and Melting Step)

The raw material mixing and melting step is performed
in which molten metal 10 is formed by mixing and melting
raw materials having desired alloy composition. A raw
material mixing method and a melting method are not
particularly limited, and any conventional method can be
utilized.

[0030]

The alloy composition according to the invention
includes five elements, Co, Cr, Fe, Ni and Ti, as main
components, each within a range of 5 atomic % or more and

35 atomic % or less. It also includes, as an accessory
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component, Mo within a range of more than 0 atomic % and

less than 8 atomic %, and at least one element with an

atomic radius larger than those of Co, Cr, Fe and Ni within

a range of more than O atomic % and 4 atomic % or less. And,

remainder substances are i1nevitable impurities. The at
least one element with a larger atomic radius should
preferably be selected from among Ta, Nb, HF, Zr and Y.

[0031]

More specifically, content of the component Co is
preferably 20 atomic % or more and 35 atomic % or less;
more preferably 25 atomic % or more and 33 atomic % or
less; and further preferably 25 atomic % or more and 30
atomic % or less.

[0032]

Content of the component Cr is preferably 10 atomic %
or more and 25 atomic % or less; more preferably 15
atomic % or more and 23 atomic % or less; and further
preferably 15 atomic % or more and 20 atomic % or less.

[0033]

Content of the component Fe is preferably 10 atomic %
or more and 25 atomic % or less; more preferably 15
atomic % or more and 23 atomic % or less; and further
preferably 15 atomic % or more and 20 atomic % or less.

[0034]

Content of the component Ni i1s preferably 15 atomic %
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or more and 30 atomic % or less; more preferably 17
atomic % or more and 28 atomic % or less; and further
preferably 23 atomic % or more and 28 atomic % or less.

[0035]

Content of the component Ti i1s preferably 5 atomic % or
more and 15 atomic % or less; more preferably 5 atomic % or
more and 10 atomic % or less; and further preferably 7
atomic % or more and 10 atomic % or less.

[0036]

Content of the component Mo is preferably more than O
atomic % and less than 8 atomic %; more preferably 1
atomic % or more and 7 atomic % or less; and further
preferably 1 atomic % or more and 5 atomic % or less.

[0037]

The content of each element with a larger atomic radius
(Ta, Nb, HFf, Zr or Y) should preferably be more than 0O
atomic % and 4 atomic % or less, more preferably 0.5
atomic % or more and 4 atomic % or less, and even more
preferably 1 atomic % or more and 3 atomic % or less.

[0038]

Also, the total content of the at least one element
with a larger atomic radius (selected from Ta, Nb, HFf, Zr
and Y) and Mo should preferably be more than 0 atomic % and
8 atomic % or less, more preferably 1 atomic % or more and

7 atomic % or less, and even more preferably 2 atomic % or
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more and 6 atomic % or less.

[0039]

By controlling the content of each component as above,
the mechanical properties and/or corrosion resistance of

the alloy article can be improved. In other words, if each

component fails to fall within its preferable content range,

it makes it difficult to achieve desired properties.
[0040]
Herein, the inevitable impurities refer to components

that are difficult to be removed completely but should be

reduced as much as possible. Examples include Si (silicon),

P (phosphorous), S (sulfur), N (nitrogen), and O (oxygen).

[0041]

Specifically, the Si content should preferably be 0.2
mass % or less, more preferably 0.1 mass % or less, and
even more preferably 0.05 mass % or less. The P content
should preferably be 0.1 mass % or less, more preferably
0.05 mass % or less, and even more preferably 0.02 mass %
or less. The S content should preferably be 0.1 mass % or
less, more preferably 0.05 mass % or less, and even more
preferably 0.02 mass % or less. The N content should
preferably be 0.1 mass % or less, more preferably 0.05
mass % or less, and even more preferably 0.02 mass % or
less. The O content should preferably be 0.2 mass % or

less, more preferably 0.1 mass % or less, and even more
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preferably 0.05 mass % or less.

[0042]

(Atomization Step)

In the atomization step S2, an alloy powder 20 is
formed from the molten metal 10. The alloy powder 20
obtained in this step S2 is an embodiment of the alloy
article according to the invention. There are no particular
limitations on the atomization method, and any conventional
method may be used. For example, gas atomizing or
centrifugal force atomizing may be preferably used.

[0043]

There are no particular limitations on the average
particle size of the alloy powder 20, but from the
viewpoint of the fluidity and fillability in forming a
shape out of the alloy powder 20, it should preferably be 5
um or more and 200 um or less, more preferably 10 um or more
and 100 um or less, and even more preferably 10 um or more
and 50 um or less.

[0044]

IT the average particle size of the alloy powder 20 is
less than 5 um, it reduces the fluidity of the alloy powder
20 in the subsequent additive manufacturing step S3 (e.g-,
the formability of an alloy powder bed in additive
manufacturing deteriorates), which becomes a factor of

causing a poor shape accuracy of the formed article. 1In
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contrast, if the average particle size of the alloy powder
20 exceeds 200 um, it often results iIn an uneven thickness
of the alloy powder bed in the additive manufacturing step
S3, which becomes a factor of causing an insufficient
degree of melting of the alloy powder 20 or an iIncreased
surface roughness of the formed article.

[0045]

Similarly, in the subsequent molding and sintering step
S5, i1If the average particle size of the alloy powder 20 is
less than 5 um, it reduces the fluidity of the alloy powder
20 (e.g-., the homogeneity of the powder filling In powder
metallurgy deteriorates), which becomes a factor of causing
a poor shape accuracy of the formed article or a poor
consistency of the mechanical properties. In contrast, if
the average particle size of the alloy powder 20 exceeds
200 um, it becomes a factor of causing an increased surface
roughness of the formed article.

[0046]

(Additive Manufacturing Step)

In the additive manufacturing step S3, the alloy powder
20 prepared as above is subjected to additive manufacturing
(AM) to form an alloy AM article 30 having a desired shape.
The application of additive manufacturing, in which a near
net shape metal member is obtained by local melting and

rapid solidification instead of sintering, makes it
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possible to directly fabricate a three-dimensional member
with a complicated shape as well as mechanical properties
comparable to or better than those of forged articles.
There are no particular limitations on the additive
manufacturing method, and any conventional method may be
used. For example, selective laser melting (SLM) should
preferably be used because its solidification speed, which
is Important in terms of structural control, is relatively
high, making it possible to achieve a relatively small
surface roughness of the alloy AM article 30.

[0047]

The additive manufacturing step S3 by SLM will be
hereinafter described briefly. This step S3 includes two
alternately repeated substeps: an alloy powder bed
preparation substep S3a and a laser melting and
solidification substep S3b. In the alloy powder bed
preparation substep S3a, the alloy powder 20 is spread into
an alloy powder bed with a predetermined thickness. In the
laser melting and solidification substep S3b, a
predetermined area of the alloy powder bed is irradiated
with a laser beam so as to locally melt and rapidly
solidify the area of the alloy powder 20.

[00438]

More specifically, when the thickness h of the alloy

powder bed i1s set at 0.002 to 0.2 mm, the output power P of
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the laser beam i1s set at 50 to 1000 W, the scanning speed S
of the laser beam is set at 50 to 10000 mm/s, and the
scanning interval L of the laser beam is set at 0.05 to 0.2
mm, Ffor example, the volume energy density E of the local
melting, represented by the formula E = P/(h x S x L),
should preferably be controlled to 20 to 200 J/mm3 so that
the density and the shape accuracy of the obtained alloy AM
article 30 will become as high as possible. The volume
energy density E should more preferably be controlled to be
40 to 150 J/mm3.

[0049]

The alloy AM article 30 formed through the above
substeps i1s usually buried in the alloy powder bed.
Therefore, a taking out substep S3c to take out the alloy
AM article 30 from the alloy powder bed is then performed.
A method to take out the alloy AM article 30 is not
particularly limited, and any conventional method can be
utilized. For example, a sandblasting technique using the
alloy powder 20 is preferable. The sandblasting technique
using the alloy powder 20 enables the removed alloy powder
bed to be ground together with the blasted alloy powder 20,
and the obtained alloy powder can be reused as an alloy
powder 20.

[00501]

A sample for microstructure observation was taken from
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the alloy AM article 30 after the taking out substep S3c
and subjected to electron backscatter diffraction (EBSD)
using a scanning electron microscope (SEM) to observe the
crystal grain form of the sample. In an iInverse pole
figure map, the matrix phase of the alloy AM article 30 was
observed to bristle with fine columnar crystals (with an
average width of 50 um or less) along the direction of
building (the so-called local melting and rapid
solidification structure). Further observation revealed
that an intermetallic compound phase (e.g., NisTi phase) was
precipitated In the matrix phase crystals of the alloy AM
article 30.

[0051]

(Pseudo-Solution Heat Treatment Step)

In the pseudo-solution heat treatment step S4, the
alloy AM article 30 is subjected to a pseudo-solution heat
treatment to almost completely solutionize the precipitated
intermetallic compound phase. An alloy formed article 31
obtained through this step S4 1s another embodiment of the
alloy article according to the invention. It should be
noted that regarding the alloy article according to the
present invention, there are no academically established
findings such as phase equilibrium diagrams, and the solvus
temperature of the precipitated phase is unclear. This

makes 1t impossible to accurately define the temperature at
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which 1t 1s completely solutionized. For this reason, the
heat treatment in this step S4 is called “pseudo-solution
heat treatment™.

[0052]

The temperature of this heat treatment should
preferably be 1000 to 1250°C, more preferably 1050 to 1200°C,
and even more preferably 1100 to 1180°C. If this heat
treatment temperature is less than 1000°C, it does not allow
the iIntermetallic compound phase to be fully solutionized.
In contrast, if this heat treatment temperature exceeds
1250°C, i1t leads to excessive coarsening of the matrix phase
crystal grains, reducing the corrosion resistance and
deteriorating the mechanical properties. There are no
particular limitations on the heating atmosphere, and it
may be the air or a non-oxidizing atmosphere (an atmosphere
in which virtually no oxygen is present, such as a vacuum
and a high purity argon).

[0053]

Furthermore, after the alloy AM article 30 has been
held within the temperature range for 0.1 to 100 hours, it
should preferably be that the alloy AM article 30 is
quickly cooled (e.g., by air-cooling, gas-cooling or water-
cooling). Specifically, by quickly cooling (e.g., cooling
at a rate of at least 10°C/s) the alloy AM article 30 to

allow 1t to quickly pass specific temperature range (e.g-,
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from 900 to 800°C) in which the intermetallic compound phase
tends to be re-precipitated and its particles easily grow,
it 1s possible to obtain an alloy formed article 31 having
a microstructure in which nanoscale ultrafine particles are
dispersedly precipitated In the matrix phase crystal grains.

[0054]

The matrix phase crystal grains in the alloy formed
article 31 are equiaxed crystals with an average grain size
of 150 um or less, in which the crystal structure thereof
should preferably be face-centered cubic (FCC). IFf the
average grain size exceeds 150 um, i1t deteriorates the
mechanical properties and reduces the corrosion resistance.
The average grain size should more preferably be 100 um or
less and more preferably 50 um or less.

[0055]

It is considered that the alloy formed article 31
exhibits both excellent mechanical properties and high
corrosion resistance because i1t mainly contains face-
centered cubic crystals, which have a kind of close-packed
structure. It should be noted that the present invention
does not deny the possibility that some of the matrix phase
crystal grains have a simple cubic (SC) structure.

[0056]

The average size of the dispersedly precipitated

ultrafine particles 1s 100 nm or less. It should preferably
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be 10 nm or more and 100 nm or less, and more preferably 20
nm or more and 80 nm or less. If the average size of the
ultrafine particles is less than 10 nm or more than 100 nm,
it does not contribute to improving the mechanical
properties. Since the average size of the ultrafine
particles tends to become smaller as the cooling rate iIn
the pseudo-solution heat treatment becomes larger, the
average size of the ultrafine particles should preferably
be controlled by controlling the cooling rate.

[0057]

(Molding and Sintering Step)

One means of obtaining an alloy formed article without
performing the above-described additive manufacturing step
is performing a molding and sintering step. In this molding
and sintering step S5, an alloy formed article 32 is formed
from the alloy powder 20 prepared in the atomization step
S2. The alloy formed article 32 obtained in the step S5 is
also another embodiment of the alloy article according to
the present invention. To ensure that the alloy formed
article 32 is close-packed, hot isostatic pressing (HIP)
should preferably be used as a powder metallurgy process.

[0058]

The sintering temperature may be the same as that in
the pseudo-solution heat treatment step S4. More

specifically, it should preferably range from 1,000 to
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1250°C, more preferably 1050 to 1200°C, and even more
preferably 1,100 to 1,180°C. Similarly to the case with the
pseudo-solution heat treatment step S4, the molded body
should preferably be held at a temperature within such a
range for 0.1 to 100 hours and then rapidly cooled (e.g.,
air-cooled or water-cooled).

[0059]

Controlling the press pressure, the sintering
temperature and the holding duration so as to achieve a
porosity of 10% or less and controlling the cooling rate
after the sintering (in particular, within a temperature
range from 900 to 800°C) as above allows the obtained alloy
formed article 32 to have a microstructure in which
nanoscale ultrafine particles are dispersedly precipitated
in the matrix phase crystal grains.

[0060]

This step S5 i1s a step suitable for manufacturing a
formed article with a relatively simple shape. Also, the
step S5 has the advantage that i1t contributes to cost
reduction as it has higher mass productivity than the
combination of the above-described additive manufacturing
step S3 and pseudo-solution heat treatment steps S4.

[o061]

[Products Formed of Alloy Article]

FIG. 2 shows an example of a product formed of an alloy
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article according to the invention, and is a photograph of
an impeller of a fluid machine. Since a product according
to the invention is manufactured by an additive
manufacturing method, it is possible to easily form an
object with a complicated shape as shown In FIG. 2.
Furthermore, the impeller formed of the alloy article
according to the invention has both excellent mechanical
characteristics and high corrosion resistance; therefore,
it 1s significantly durable even in severe operating
environments. A product of the invention can include piping
parts and drilling parts etc. in addition to impellers.

[0062]

[Fluid Machine Having Product]

FIG. 3 shows an example of a fluid machine having a
product according to the invention, and is a schematic
drawing i1llustrating a cross-sectional view of a
centrifugal compressor into which the impeller (see FIG. 2)
according to the invention is iIncorporated. The use of the
impeller of the iInvention, which is significantly durable
even in severe operating environments, will contribute to
the improved long-term reliability of the centrifugal

compressor.

EXAMPLES
[0063]
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Hereinafter, the invention will be described more
specifically by showing experimental examples. However, the
invention is not limited to those experimental examples.

[0064]

[Experiment 1]

(Preparation of Alloy Powders P1 to P9)

The raw material mixing and melting step was conducted,
in which raw materials were mixed so as to have nominal
composition shown in Table 1 and melted with a high
frequency melting furnace to form a molten metal. Then, the
atomizing step was conducted using the gas atomizing
technique to form an alloy powder from the molten metal.
Subsequently, the obtained alloy powder was sieved iInto a
particle diameter range from 20 to 45 um. Thus, alloy
powders Pl to P9 were prepared. Then, the particle size
distributions of the alloy powders P1 to P9 were measured
by means of a laser diffraction particle size distribution
measuring apparatus. The result indicates that the average

particle diameter of each powder was approximately 30 um.
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[0065]

TABLE 1 Nominal composition of alloy powders P1 to P9 (unit: atomic %).

Alloy

powder Co Cr Fe Ni Ti Mo Ta Nb Hf Zr Y

P1 268 | 179 | 179 | 267 | 8.9 1.8 - - - - -

P2 263 | 175 | 175 | 263 | 88 1.8 1.8 - - - -

P3 260 | 173 | 17.3 | 26.0 8.7 1.7 3.0 - - - -

P4 263 | 175 | 175 | 263 | 88 1.8 - 1.8 - - -
P5 263 | 175 | 175 | 263 | 88 1.8 0.9 0.9 - - -
P6 2565 | 170 | 170 | 255 | 83 1.7 - 5.0 - - -
P7 260 [ 17.7 | 175 | 25.0 | 83 3.9 - - 1.6 - -
P8 269 | 175 | 17.7 | 251 8.3 29 - - - 1.6 -
P9 260 | 178 | 175 | 26.0 | 87 2.1 - - - - 1.9

“-" in Table 1 indicates the element was not intentionally included.

[o066]

As shown in Table 1, the alloy powder Pl is a
conventional HEA powder which does not contain any element
with a larger atomic radius (Ta, Nb, Hf, Zr, or Y) and
prepared as a reference sample for the present invention.
Each of the alloy powders P2 to P5 and the alloy powders P7
to P9 1s an HEA powder as an alloy article according to an
embodiment of the invention. The alloy powder P6 fails to
meet the specifications of the invention (with an excessive
Nb content) and is prepared as a comparative example.

[0067]

[Experiment 2]
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(Fabrication of Alloy Formed Articles FA1l to FA9)

Each of the alloy powders Pl to P9 prepared in
Experiment 1 was subjected to SLM according to the additive
manufacturing step S3 described above using an additive
manufacturing device (a product of EOS GmbH, model: EOSINT
M290) to form an alloy AM article (a prismatic article, 25
mm in length x 25 mm In width x 70 mm in height, the height
direction was the direction of building). The thickness h
of the alloy powder bed was set at 0.04 mm, and the output
power P, the scanning speed S, and the scanning interval L
of the laser beam were controlled such that the volume
energy density E would fall within the range of 40 to 100
J/mm3_ Also, in order to eliminate the influence of the Ar
gas flow circulating in the shape-formation area, the alloy
powder bed was rotated layer by layer in-plane at an angle
of about 67°.

[o068]

After the taking out substep, the pseudo-solution heat
treatment step was performed for the alloy AM articles,
wherein the alloy AM articles were held at 1180°C for 3
hours iIn the atmospheric air and then rapidly cooled, so as
to produce alloy formed articles FA1 to FA9. In the rapid
cooling process, the alloy AM articles heated were cooled
using an air-cooling method (at an average cooling rate of

approximately 10 °C/s at a temperature from 900 to 800°C).
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[0069]

[Experiment 3]

(Microstructure Observation of Alloy AM Articles)

A test specimen for microstructure observation was
sampled from each of the alloy AM articles fabricated iIn
Experiment 2, and subjected to microstructure observation
by an electron backscatter diffraction (EBSD) method using
a scanning electron microscope (SEM).

[0070]

FIG. 4 is an inverse pole figure map showing an example
of the microstructure of the alloy AM article formed from
the alloy powder P2, viewed from a direction perpendicular
to the building direction. Herein, any boundary with a
misorientation of 3° or more between the two adjacent
crystals in an inverse pole figure map (IPF map) is judged
as a crystal boundary. As shown in FIG. 4, the alloy AM
article of the invention has no traces of the alloy powder,
which i1s the starting material of the additive
manufacturing, to be found (i.e., at least i1t does not have
a sintered structure), and it is observed to have a
microstructure that bristles with narrow columnar crystal
grains (e.g., with an average width of 50 um or less)
substantially along the direction of building of the alloy
AM article. Such a structure is characteristic of local

melting and rapid solidification.
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[0071]

It was separately confirmed that the other alloy AM
articles also had a similar microstructure.

[0072]

(Microstructure Observation of Alloy Formed Articles
FA1 to FA9)

A test specimen for microstructure observation was
sampled from each of the alloy formed articles FA1 to FA9
fabricated in Experiment 2 and subjected to microstructure
observation and assessment using an SEM, a scanning
transmission electron microscope/energy-dispersive X-ray
analyzer (STEM-EDX), and an X-ray diffractometer (XRD).

[0073]

FIG. 5A i1s an inverse pole figure map showing an
example of the microstructure of the alloy formed article
FA2, formed from the alloy powder P2, viewed from a
direction perpendicular to the building direction. FIG. 5B
is an inverse pole figure map showing an example of the
microstructure of the alloy formed article FA2, formed from
the alloy powder P2, viewed from the building direction.

[0074]

As shown in FIG. 5A and FIG. 5B, the alloy formed
article FA2 according to the invention has a matrix phase
structure including equiaxed crystals with an average

crystal grain size of 150 um or less. Also, the matrix
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phase structure of the alloy formed article according to
the invention (the matrix phase structure of an alloy
formed article obtained by performing the pseudo-solution
heat treatment on an alloy AM article) has matrix phase
crystal grains that are significantly different in shape
and size from those shown in FIG. 4, indicating that 1t is
a structure that has undergone recrystallization due to the
pseudo-solution heat treatment.

[0075]

XRD measurements revealed that the matrix phase crystal
grains were mainly face-centered cubic (FCC) crystals.
Meanwhile, since i1t i1s difficult to completely
differentiate FCC crystals from simple cubic (SC) crystals
based on the XRD measurement results, it cannot be
concluded that none of the matrix phase crystal grains are
SC crystals. Also, except for the alloy formed article FAG,
formed from the alloy powder P6, no diffraction peak of an
intermetallic compound precipitation phase was detected.
This suggests that if any precipitation phase i1s present,
its size is extremely small.

[0076]

In contrast, with the alloy formed article FA6, formed
from the alloy powder P6, the diffraction peak of an
intermetallic compound phase, which was thought to be NisNb,

was detected. This i1s attributable to the fact that the
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alloy powder P6 is an alloy powder with an excessive Nb
content.

[0077]

FIG. 6 is a high-angle annular dark-field image (HAADF
image) with elemental maps and an electron diffraction
pattern of ultrafine particles using STEM-EDX, showing an
example of the microstructure of the alloy formed article
FA5, formed from the alloy powder P5. As shown in FIG. 6,
the HAADF image and the elemental maps indicate
precipitation of ultrafine particles with an average size
of 100 nm or less. The electron diffraction pattern of
ultrafine particles indicates that the ultrafine particles
are crystalline particles. Also, the elemental maps
indicate that Ni and Ti constituents are more concentrated
in the ultrafine particles than iIn the matrix phase.

[0078]

FIG. 7 1s an HAADF iImage showing an example of the
microstructure of the alloy formed article FA4, formed from
the alloy powder P4. 1In FIG. 7, similarly to the case of
FIG. 6, the image indicates precipitation of ultrafine
particles with an average size of 100 nm or less. Also,
quantitative analysis was performed on the regions 1 to 6
in the rectangular frames (regions 1 to 4: ultrafine
particle, regions 5 and 6: matrix phase crystal) for the

quantities of the constituent elements of the alloy formed
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article FA4. The results are shown In Table 2.
[0079]
TABLE 2 Quantitative analysis results of constituent elements of alloy formed article in

regions 1 to 6 in FIG. 7 (unit: atomic %).

Co Cr Fe Ni Ti Mo Nb
Region 1 31.0 12.3 15.6 18.3 10.6 3.3 8.0
Region 2 29.5 12.6 16.4 17.9 9.8 3.7 8.2
Region 3 23.9 2.7 6.1 42.4 19.4 0.8 1.9
Region 4 25.0 2.9 7.3 442 16.4 0.6 2.6
Region 5 26.6 18.0 17.9 244 6.5 1.0 1.9
Region 6 27.2 16.3 18.5 26.5 6.8 1.2 1.8

5

[0080]

FIG. 7 and Table 2 indicate that the ultrafine
particles in the regions 1 and 2 are crystalline particles
in which an element with a larger atomic radius (here, the

10 Nb component) iIs more concentrated than in the matrix phase

crystals (the regions 5 and 6). They also Indicate that the
ultrafine particles in the regions 3 and 4 are crystalline
particles in that the Ni component and the Ti component are
more concentrated than in the matrix phase crystals (the
15 regions 5 and 6).

[0081]

It was separately confirmed that the other alloy formed
articles also had a similar microstructure.

[0082]
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[Experiment 4]

(Measurement of mechanical properties and corrosion
resistance of alloy formed articles FA1 to FA6)

A test specimen for tensile test (diameter of the
parallel portion: 4 mm, length of the parallel portion: 20
mm) was sampled from each of the alloy formed articles FAl
to FA9 fabricated in Experiment 2. The test specimens of
the alloy formed articles were taken so that the
longitudinal direction of the test specimen matched the
building direction (additive manufacturing direction).

[0083]

Using a material universal testing machine, the room-
temperature tensile test was conducted for each test
specimen in accordance with JIS Z 2241 at a rate of strain
of 5x10-5 s-1, and the tensile strength was measured. From 5
measurements of the tensile test, the maximum value and the
minimum value were excluded, and the average value of the
remaining 3 measurements was obtained. To evaluate the
tensile strength, the value of less than 1200 MPa was
judged to be "'Failed”, the value of 1200 MPa or more was
judged to be ""Passed™, and the value of 1600 MPa or more
was judged to be "Excellent”. The results are shown iIn
Table 3.

[0084]

Also, corrosion resistance was measured for each of the
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alloy formed articles fabricated In Experiment 2. A test
specimen (10 mm in length x 10 mm in width x 3 mm in
thickness) was sampled from each of the alloy formed
articles and immersed in 5% boiling sulfuric acid at 375 K
for 48 hours to measure the corrosion rate (the mass
decrement per unit area and unit time) iIn accordance with
JIS G 0591: 2012. To evaluate the corrosion resistance, the
corrosion rate of 0.9 g/m2/h or more was judged to be
“Failed”, the corrosion rate of less than 0.9 g/m2/h was
judged to be “Passed”, and the corrosion rate of less than
0.5 g/m2/h was judged to be “Excellent”. The results are
shown In Table 3.

[0085]
TABLE 3 Measurement results of mechanical property and corrosion resistance of

alloy formed articles FA1 to FAG.

Alloy Mechanical property Corrosion resistance

Alloy ; - ;

formed . ! Corrosion rate !
article powder Tensile strength 1 e\ o1 ation | for 48 himmersion + Evaluation

(MPa) : :

. (g/m?/h) .
FA1 P1 1414 ' Passed 0.78 ' Passed
FA2 P2 1439 \  Passed 0.08 + Excellent
FA3 P3 1582 | Passed 0.48 | Excellent
FA4 P4 1504 \  Passed 0.12 + Excellent
FAS P5 1452 " Passed 0.10 | Excellent
FA6 P6 1595 \  Passed 0.96 ' Failed

[0086]

As shown 1n Table 3, the alloy formed articles FA2 to
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FA5, formed of the alloy powders P2 to P5 according to the
invention, each exhibits a tensile strength of 1200 MPa or
more. In other words, It iIs demonstrated that they have an
excellent mechanical property comparable to or better than
that of the conventional alloy formed article FAl, which
serves as a reference sample. Regarding corrosion
resistance, since the alloy formed articles FA2 to FA5
according to the invention each exhibits a corrosion rate
of less than 0.5 g/m2/h, it iIs demonstrated that they have
better corrosion resistance than that of the alloy formed
article FA1l as the reference sample. In contrast, the
corrosion resistance of the alloy formed article FA6, as
the comparative example, is judged to be “Failed”, although
its mechanical property is excellent.

[0087]

[Experiment 5]

(Measurement of Mechanical Properties and Corrosion
Resistance of Alloy Formed Articles FA7 to FA9)

A test specimen (10 mm in length x 10 mm in width x 3
mm in thickness) was sampled from each of the alloy formed
articles FA1 and FA7 to FA9 fabricated In Experiment 2 to
measure the mechanical properties and corrosion resistance
of each alloy formed article. Here, as a representative
mechanical property, Vickers hardness was measured at ten

points using a Vickers hardness tester (a product of
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Shimadzu Corporation, micro Vickers hardness tester, model:
HMV), and the average of the eight values calculated after
excluding the maximum and minimum values was used as the
Vickers hardness of the alloy formed article. Regarding the
evaluation of Vickers hardness, any hardness of less than
380 Hv was judged to be “Failed”, any hardness of 380 Hv or
more was judged to be ““Passed”, and any hardness of 500 Hv
or more was judged to be “Excellent”. The results are shown
in Table 4.

[0088]

Also, based on the obtained average value of Vickers
hardness, the tensile strength of each alloy formed article
was calculated using the following approximate conversion
formula: tensile strength (unit: MPa) = 3.12 x Vickers
hardness (unit: Hv) + 16. The results are shown in Table 4.

[0089]

The corrosion resistance of each alloy formed article
was measured as follows. Each test specimen was immersed 1iIn
5% boiling sulfuric acid at 375 K for 6 hours to measure
the corrosion rate (the mass decrement per unit area and
unit time) in accordance with JIS G 0591: 2012. Regarding
the evaluation of corrosion resistance, similarly to the
case of Experiment 4, any corrosion rate of 0.9 g/m2/h or
more was judged to be “Failed”, any corrosion rate of less

than 0.9 g/m2/h was judged to be ‘““Passed”, and any corrosion
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rate of less than 0.5 g/m2/h was judged to be “Excellent”.
The results are shown in Table 4.

[0090]
TABLE 4 Measurement results of mechanical properties and corrosion resistance of

alloy formed articles FA1 and FA7 to FA9.

Alloy Mechanical properties Corrosion resistance

formed | Alloy Vickers | Converted Corrosion rate |

article | Powder hardness  : Evaluation | tensile strength | for 6 himmersion  Evaluation
(Hv) : (MPa) (g/m?/h) :

FA1 P1 453 + Passed - 0.70 + Passed

FAT P7 513 ! Excellent 1617 067 | Passed

FA8 P8 548 \ Excellent 1726 0.65 \ Passed

FA9 P9 588 . Excellent 1851 0.81 . Passed

[0091]

As shown in FIG. 4, the alloy formed articles FA7 to
FA9, formed from the alloy powders P7 to P9 according to
the i1nvention, each exhibits a Vickers hardness of 500 Hv
or more. In other words, 1t is confirmed that they have
better mechanical properties than those of the conventional
alloy formed article FAl as the reference sample. Moreover,
regarding corrosion resistance, since the alloy formed
articles FA7 to FA9 according to the invention each exhibit
a corrosion rate of less than 0.9 g/m2/h, it i1s confirmed
that they have corrosion resistance comparable to that of
the alloy formed article FAl1 as the reference sample.

[0092]
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[Experiment 6]

(Fabrication of Alloy Formed Articles FA2W, FA4W and
FASW)

An alloy AM article (a prismatic article, 25 mm in
length x 25 mm in width x 70 mm in height, the height
direction was the direction of building) was formed from
each of the alloy powders P2, P4 and P5 prepared in
Experiment 1 in the same manner as Experiment 2. The
obtained alloy AM articles were subjected to pseudo-
solution heat treatment (held at 1180°C for 3 hours in the
air, then water cooled, the cooling rate in the temperature
range from 900 to 800°C was about 100 °C/s) to fabricate
alloy formed articles FA2W, FA4W and FASW. This experiment
was conducted to study the influence of the method of rapid
cooling (cooling rate) in the pseudo-solution heat
treatment.

[0093]

[Experiment 7]

(Microstructure Observation of Alloy Formed Articles
FA2W, FA4W and FA5W)

A test specimen for microstructure observation was
sampled from the alloy formed articles FA2W, FA4W and FA5W
fabricated 1n Experiment 6, and subjected to microstructure
observation and evaluation using an SEM and an STEM-EDX.

[0094]
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FIG. 8 1s an i1nverse pole figure map showing an example
of the microstructure of the alloy formed article FA2W,

formed from the alloy powder P2, viewed from a direction

perpendicular to the building direction. As shown in FIG. 8,

the matrix phase structure of the alloy formed article
according to the invention includes matrix phase crystal
grains with a smaller average size than that in FIG. 5A.
This is attributable to the fact that the cooling rate iIn
the pseudo-solution heat treatment step was faster than in
Experiment 2.

[0095]

Here, regarding the dispersed precipitation
strengthening of a metal material, it is known that the
mechanical strength (e.g., yield stress) of the metal
material increases In proportion to 1/2 power of the
product of ““the radius of a precipitate” and “the volume
ratio of the precipitate to the matrix phase crystal
grains”. Therefore, because the average size of the matrix
phase crystal grains varied due to the cooling rate, the
inventors examined the average size of the ultrafine
particles precipitated in the matrix phase crystals and
“the product of the radius of a precipitate and the volume
ratio of the precipitate to the matrix phase crystal
grains”.

[0096]
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“The volume ratio of the precipitate to the matrix

phase crystal grains” was determined by performing image

analysis on each of the obtained electron microscope

observation images using an image analysis software program

(Imaged, the public-domain image processing software

developed at the National

Institute of Health (NIH) in

U.S.A.) to measure the average particle size of the

precipitate (ultrafine particles) and the area ratio of the

precipitate (ultrafine particles) and by converting them

into a volume ratio.

The results are shown in Table 5. For

comparison, Table 5 also shows the results for the alloy

formed articles FA2, FA4 and FA5 fabricated under the

conditions of Experiment 2.

[0097]

TABLE 5 Results of microstructure observation for alloy formed articles FA2W, FA2,

FA4W, FA4, FASW, and FAS.

Alloy

Average particle size of

Volume ratio of ultrafine

“Average radius of
ultrafine particles” x

formed A"‘(’jy ltrafine particles particles “volgme ratio of .uItrafine
article powder (nm) (volume %) particles to matpx phase
crystal grains”
(nm)
FA2W - 20 40 4
FA2 70 26 9
FA4W o4 20 40 4
FA4 70 26 9
FASW P 20 40 4
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[0098]

As shown in Table 5, the alloy formed articles FA2W,
FA4W and FA5W, fabricated in Experiment 6, each contains
ultrafine particles with a smaller average particle size
and a higher precipitation ratio than those of FA2, FA4 and
FA5, fabricated In Experiment 2, respectively. As a result,
“the product of the radius of a precipitate and the volume
ratio of the precipitate to the matrix phase crystal grains”
is 4 nm for the alloy formed articles FA2W, FA4W and FA5W
and 9 nm for the alloy formed articles FA2, FA4 and FA5.

[0099]

It 1s said that “the product of the radius of a
precipitate and the volume ratio of the precipitate to the
matrix phase crystal grains” should preferably be 16 nm or
less in terms of ductility and that if the product exceeds
16 nm, i1t drastically reduces the ductility of the article.
Since the value of the product is 16 nm or less for all of
the alloy formed articles FA2W, FA4W and FA5W, fabricated
in Experiment 6, and the alloy formed articles FA2, FA4 and
FA5, fabricated in Experiment 2, these alloy formed
articles are all expected to exhibit good ductility.

[0100]

[Experiment 8]

(Measurement of mechanical properties and corrosion

resistance of alloy formed articles FA2W, FA4W and FA5W)
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The alloy formed articles FA2W, FA4W and FA5W

fabricated in Experiment 6 were subjected to measurements

and evaluation of the mechanical properties and corrosion

resistance In a similar way in Experiment 4. The results

are shown 1n Table 6.

[0101]

TABLE 6 Measurement results of mechanical property and corrosion resistance of

alloy formed articles FA2W, FA4W, and FA5W.

Aloy Mechanical property Corrosion resistance
Alloy . . ,
formed ; | Corrosion rate |
article powder Tenszlsﬂ;‘;r)e ngth Evaluation |  for 48 himmersion  Evaluation
| (g/m?/h) :
FA2W P2 1393 E Passed 0.10 E Excellent
FA4W P4 1455 E Passed 0.16 E Excellent
FASW P5 1405 '\ Passed 0.13 ' Excellent
[0102]

As shown In Table 6, each of the alloy formed articles

FA2W, FA4W and FAS5W exhibits a tensile strength of 1200 MPa

or more, thus being verified that they have an excellent

mechanical property.

In addition, regarding corrosion

resistance, all of the alloy formed articles FA2W, FA4W and

FASW exhibit a corrosion rate of less than 0.5 g/m2/h, thus

being verified that they have an excellent corrosion

resistance.

[0103]

Here, while the alloy formed articles FA2W, FA4W and
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FASW exhibit lower tensile strength (see Table 3) due to
their slightly smaller values of “the product of the radius
of a precipitate and the volume ratio of the precipitate to
the matrix phase crystal grains” (see Table 5) than the
alloy formed articles FA2, FA4 and FA5 fabricated iIn
Experiment 2, the alloy formed articles FA2W, FA4W and FA5W
are expected to exhibit better ductility instead.

[0104]

As has been described above, it has been demonstrated
that according to the present invention, there can be
provided an alloy article that exhibits even better
mechanical properties and/or even higher corrosion
resistance than conventional HEA articles without
sacrificing the attractive properties of conventional HEAs,
a product formed of the article, and a fluid machine having
the product.

[0105]

The above-described embodiments and experimental
examples have been specifically given in order to help with
understanding on the present invention, but the invention
is not limited to the described embodiments and
experimental examples. For example, a part of an embodiment
may be replaced by known art, or added with known art. That
is, a part of an embodiment of the invention may be

combined with known art and modified based on known art, as
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far as no departing from a technical concept of the

invention.
LEGEND
5 [0106]
10 ... molten metal;
20 ... alloy powder;
30 ... alloy AM article; and
31, 32 ... alloy formed article.

10



CLAIMS

1. An alloy powder to be used for manufacturing an
alloy article, the alloy article being a formed article and
comprising matrix phase crystal grains and ultrafine
particles with an average particle size of 100 nm or less,
in which the ultrafine particles are dispersedly
precipitated in the matrix phase crystal grains,

the alloy powder having a predetermined chemical
composition comprising:

Co, Cr, Fe, Ni and Ti, each within a range of 5
atomic % or more and 35 atomic % or less;

Mo within a range of more than 0 atomic % and less
than 8 atomic %;

an element with a larger atomic radius than the atomic
radiuses of the Co, Cr, Fe and Ni within a range of more
than 0 atomic % and 4 atomic % or less; and

a balance of inevitable impurities,

wherein the element with a larger atomic radius is at
least one from among Ta, Nb, Hf, Zr, and Y,

wherein a total content of the element with a larger
atomic radius and the Mo is 8 atomic % or less, and

wherein the alloy powder has an average particle size

of 5 um or more and 200 um or less.



2. The alloy powder according to claim 1, wherein the

chemical composition comprises:

o°

the Co within a range of 20 atomic or more and 35

[®)

atomic % or less;

o\

the Cr within a range of 10 atomic or more and 25

Qo

atomic % or less;

o\

the Fe within a range of 10 atomic or more and 25

Qo

atomic % or less;

o\

the Ni within a range of 15 atomic or more and 30

o)

atomic % or less; and

Qo

the Ti within a range of 5 atomic % or more and 15

o)

atomic % or less.

3. The alloy powder according to claim 1 or 2, wherein
the ultrafine particles of the alloy article comprise
crystalline particles in that the Ni and the Ti are more

concentrated than in the matrix phase crystal grains.

4. The alloy powder according to any one of claims 1
to 3, wherein the ultrafine particles of the alloy article
further comprise crystalline particles in that the element
with a larger atomic radius is more concentrated than in

the matrix phase crystal grains.

5. The alloy powder according to any one of claims 1



to 4, wherein a product of a half of the average particle
size of the ultrafine particles of the alloy article and a
volume ratio of the ultrafine particles to the matrix phase

crystal grains is 16 nm or less.

6. The alloy powder according to any one of claims 1
to 5, wherein the matrix phase crystal grains of the alloy
article are equiaxed crystals with an average crystal grain
size of 150 um or less and

wherein the equiaxed crystals comprises face-centered
cubic crystals or a mixture of face-centered cubic crystals

and simple cubic crystals.



