Description

Title of Invention:
ALLOY MEMBER, PROCESS FOR PRODUCING SAID ALLOY MEMEBER, AND
PRODUCT INCLUDING SAID ALLOY MEMBER

Technical Field
[0001]

The present invention relates to an alloy membedyced by a powder additive
manufacturing process using a high entropy allogtazess for producing the alloy member,

and a product including the alloy member.

Background Art
[0002]

Recently, as an alloy of a new technical idea tiias distinguished itself from the
conventional technical idea of alloy (for examgala,alloy obtained by adding a small amount
of a plurality of subcomponent elements to onehi@d main component elements), high
entropy alloy (High Entropy Alloy: HEA) has beenoppsed. HEA is defined as an alloy
composed of five or more main metal elements (35@tomi®o each), and it is known that
the following characteristics are exerted.

[0003]

Examples of the characteristics include (a) staiibn of the mixing condition due to
the negative increase in the mixing entropy ternGibbs' free energy formula; (b) diffusion
delay due to complicated microstructure; (c) higirdmess and reduction in temperature
dependence of mechanical properties caused byldtigte distortion due to difference in size
of constituent atoms; and (d) improvement of coamsesistance by combined effect (also
called cocktail effect) due to coexistence of vasielements.

[0004]



For example, Patent Literature 1 (JP Patent Patiic (Kokai) No. 2002-173732)
discloses a high-entropy multicomponent alloy ot#diby casting or synthesizing a plurality
of metal elements, wherein the alloy contains 2Xanain metal elements and the number of
moles of each main metal element is set to 5% # 80the total number of moles of the
alloy. It is also discloses that the main metahednts are selected from the metal element
group consisting of aluminum, titanium, vanadiurhyamium, iron, cobalt, nickel, copper,
zirconium, molybdenum, palladium, and silver.

[0005]

Patent Literature 1 purports that there can beiged a high-entropy multicomponent

alloy having a higher hardness, higher heat registaand higher corrosion resistance than

conventional carbon steel or alloy carbon steéhéncast condition.

Citation List
Patent Literature
[0006]
Patent Literature 1: JP Patent Publication (Kokiai) 2002-173732

Summary of Invention
Technical Problem
[0007]

However, as a result of various investigationgh®y present inventors on HEA, HEA
tended to occur elemental segregation and tissoes st forging due to complex alloy
composition and was difficult to obtain a homogaredingot. There are problems to be
solved such that elemental segregation and tigsats & the alloy member lead to variation in
characteristics depending on the site, particulalgradation of mechanical strength such as
ductility, or decrease in corrosion resistance.

[0008]
Since HEA has high hardness and temper softeesigtance, the problem is that HEA

is difficult to process by machining to produce esided shape member. This is a major
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obstacle to putting the HEA member into practiceg¢ and commercializing it, which is a
problem to be solved.
[0009]

As described above, since HEA has attractive cieniatics which cannot be obtained
by conventional alloys, the HEA member excellenhamogeneity of alloy composition and
microstructure and excellent in shape controllghiland its production process have been
strongly demanded to be developed.

[0010]

To meet the above demands, the object of the mir@seention is to provide an alloy
member that is excellent in homogeneity of bothalh@y composition and microstructure and
excellent in shape controllability and includes ighhentropy alloy (HEA) having high
mechanical properties and high corrosion resistamqeocess for producing the same, and a

product including the alloy member.

Solution to Problem
[0011]

() One aspect of the present invention providesaboy member including a high
entropy alloy, wherein the alloy member has a chahtomposition comprising elements of
Co (cobalt), Cr (chromium), Fe (iron), Ni (nickefnd Ti (titanium) each in an amount within
a range of 5 atom3 or more and 35 aton®t or less and Mo (molybdenum) in an amount
within a range of more than O atofficand 8 atomi% or less, the remainder consisting of
unavoidable impurities; and ultrafine grains havargaverage grain diameter of 100 nm or
less are dispersed and precipitated in a pareseptrgstal grain.

[0012]

(I Another aspect of the present invention pded a process for producing the above
alloy member, the process comprising:

a raw material mixing and melting step of mixingdamelting raw materials of the
alloy to form a molten metal,

an atomizing step of forming an alloy powder frita molten metal; and
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an additive manufacturing step of forming an allasninated molded body having a
desired shape by a metal powder additive manufagtprocess using the alloy powder.
[0013]

(111 Sstill another aspect of the present inventjgrovides a process for producing the
above alloy member, the process comprising:

a raw material mixing and melting step of mixingdamelting raw materials of the
alloy to form a molten metal,

an atomizing step of forming an alloy powder frita molten metal;

an additive manufacturing step of forming an allasninated molded body having a
desired shape by a metal powder additive manufagtprocess using the alloy powder; and

a pseudo solution heat treatment step of perf@mseudo solution heat treatment on
the alloy laminated molded body in a temperatungezof 1080C or more and 118C or less.
[0014]

(IV) Still another embodiment of the present intvem provides a product comprising
the above alloy member,

wherein the product is an impeller of a fluid maeh

The present application claims a priority to Jags@nPatent Application No. 2017-

154657, the content of which is entirely incorpedaherein.

Advantageous Effects of Invention
[0015]

The present invention can provide an alloy menti&tr is excellent in homogeneity of
both the alloy composition and microstructure amde#ent in shape controllability and
includes a high entropy alloy having high mechdmcaperties and high corrosion resistance,

a process for producing the same, and a producidimg the alloy member.

Brief Description of Drawings

[0016]



[Figure 1] Figure 1 is a process chart showing»angle of a process for producing an alloy
member according to the present invention.

[Figure 2] Figure 2 is a schematic cross-sectioral showing an example of a configuration
of a powder additive manufacturing apparatus folaser beam melting process and an
example of an additive manufacturing process.

[Figure 3] Figure 3 is a high angle scattering dandark field scanning transmission electron
microscopic image (HAADF-STEM image) showing an repée of a microstructure of a
pseudo solution alloy molded body according toptesent invention.

[Figure 4A] Figure 4A is a high angle scatteringhalar dark field scanning transmission
electron microscopic image (HAADF-STEM image) shagvan example of a microstructure
of a pseudo solution alloy molded body accordinthéopresent invention.

[Figure 4B] Figure 4B is a high angle scatterinquaar dark field scanning transmission
electron microscopic image (HAADF-STEM image) shagvean example of a microstructure
of a pseudo solution alloy molded body accordintheopresent invention.

[Figure 5] Figure 5 is a photograph showing an ilepeof a fluid machine, which is an
example of a product including the alloy membeioading to the present invention.

[Figure 6] Figure 6 is a schematic cross-sectiotalv showing a centrifugal compressor in
which the impeller of the present invention is inmrated, which is another example of the

product including the alloy member according topghesent invention and showing.

Description of Embodiments
[0017]
In the present invention, the following improverteeand modifications can be made
on the above-described alloy member (I).
(i) The parent phase crystal grains have an avenggéal grain diameter of 1Q0n or less.
(i) The ultrafine grains are crystalline grains which the Ni component and the Ti
component are more enriched than in the pareneptrgstals.
(i) The chemical composition comprises 20 atd¥hior more and 35 aton®t or less of Co;

10 atomi®o or more and 25 aton®6 or less of Cr; 10 atonflé or more and 25 aton® or
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less of Fe; 15 atonf# or more and 30 aton®6 or less of Ni; and 5 aton# or more and 15
atomico or less of Ti.
(iv) The chemical composition comprises 25 at@mmr more and 33 aton®t or less of Co;
15 atomi&o or more and 23 aton®t or less of Cr; 15 atorflé or more and 23 aton®t or
less of Fe; 17 atonfé or more and 28 aton® or less of Ni; 5 atom#b or more and 10
atomico or less of Ti; and 1 aton¥ or more and 7 atonfi6 or less of Mo.
(v) The chemical composition comprises 25 at@mar more and less than 30 atofbiof Co;
15 atomi€b or more and less than 20 atofwiof Cr; 15 atomi® or more and less than 20
atomicb of Fe; 23 atomi or more and 28 aton¥6 or less of Ni; 7 atomib or more and 10
atomico or less of Ti; and 1 aton® or more and 7 atonfi6 or less of Mo.
(vi) The chemical composition comprises 30 at@mmr more and 33 aton®t or less of Co;
20 atomi€b or more and 23 aton#e or less of Cr; 20 atonfé or more and 23 aton®t or
less of Fe; 17 atonfe or more and less than 23 atofiof Ni; 5 atomi® or more and less
than 7 atomi&os of Ti; and 1 atom#ib or more and 3 atonfi6 or less of Mo.
(vii) The alloy member has a tensile strength dd@MPa or more and a breaking elongation
of 10% or more. The upper limit of the tensile strengtimot particularly limited, but it can
be 1500 MPa, for example. The upper limit of tleaking elongation is not particularly
limited either, but it can be set to%Qfor example.
(viil) The parent phase crystals have a columngstat shape and the crystal structure thereof
comprises at least one of simple cubic system acel€entered cubic system.
(iX) The parent phase crystals have an equiaxestairghape and the crystal structure thereof
comprises at least one of simple cubic system acel€entered cubic system.
[0018]

In the present invention, the following improverteeand modifications can be made
on the above-described process (Ill) for produtirggalloy member.
(x) The pseudo solution heat treatment step i®p st holding the alloy laminated molded
body in the temperature range and then coolingebgltant with water or air.

[0019]



In the present invention, the following improverteeand modifications can be made
on to the above-described processes (ll) andf@itiproducing the alloy member.

(xi) The heat source used for the metal powdertagdmanufacturing process in the additive
manufacturing step is laser light.
[0020]

In the present invention, the following improverteeand modifications can be made
on the product (IV) including the above-describboyamember.

(xii) The product is a centrifugal compressor inaththe impeller is incorporated.
[0021]
(Basic idea of the present invention)

As described above, the high entropy alloy (HEA$ lattractive characteristics which
cannot be obtained by conventional alloys (for edamhigh hardness and temper softening
resistance), but a problem thereof is that HEA diffscult to process to produce a desired
shape member.

[0022]

The inventors of the present invention have peréat intensive studies on the alloy
composition and the shape control process in daleevelop an HEA member excellent in
shape controllability and ductility without saceifig the characteristics of HEA. As a result,
it has been found that formation of the alloy laatéd molded body by the electron beam
additive manufacturing process using powder of aC&é&e-Ni-Ti-Mo based alloy can
provide a HEA member which is more excellent inpgheontrollability and ductility than the
conventional ordinary forged HEA member.

[0023]

Specifically, the HEA member has been found tedyeable of obtaining in a near net
shape and have good mechanical properties (for @eatoreaking elongation of8or more
and tensile strength of 1000 MPa or more). Howeiwewniew of practical durability and
long-term reliability in the HEA member and the maugical apparatus using it, it is desirable
that the HEA member have better ductility (for exéan breaking elongation of ¥®or more).
[0024]



In order to realize a HEA member having desirabll@racteristics, the present
inventors have performed further detailed invesitogs and studies on the relationship among
the producing process, microstructure, and mechhpioperties. As a result, it has been
found that formation of an alloy laminated moldextiy by the laser additive manufacturing
process can provide the HEA member which is moeléent in shape controllability and
ductility than the HEA member molded by the electb@am additive manufacturing process.
[0025]

It has been further found that application of edg@termined heat treatment to a molded
body after the laser additive manufacturing canvigle microstructure in which nanoscale
ultrafine grains are dispersed and precipitatedpament phase crystal grains and can
significantly improve mechanical strength and ditgti The present invention has been
completed based on these findings.

[0026]

Hereinafter, embodiments of the present inventidhbe described in accordance with
the producing procedure of the HEA member with neziee to the drawings. The present
invention is not limited to the embodiments takemeh and combinations and improvements
may be made as appropriate within a scope not tileyidrom the technical idea of the
invention.

[0027]
[Process for producing HEA member]

Figure 1 is a process chart showing an example pfocess for producing an alloy
member according to the present invention. As shiowFigure 1, the producing process of
the present invention has a raw material mixing amglting step, an atomizing step, an
additive manufacturing step, a taking-out step, anpseudo solution heat treatment step.
Hereinafter, embodiments of the present inventidhbs described more specifically.

[0028]
(Raw material mixing and melting step)
As shown in Figure 1, firstly, the raw materialxing and melting step is carried out

wherein the raw materials are mixed to obtain ared@dHEA composition (Co-Cr-Fe-Ni-Ti-
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Mo) and melted to form a molten metal 10. Theeerar particular limitations on the process
of mixing and melting the raw materials, and coniral processes for producing the alloy
having high strength and high corrosion resistacae be used. For example, vacuum
melting can be suitably used as a melting proceliss also preferable to refine the molten
metal 10 by using the vacuum carbon deoxidatioogs® or the like in combination.

[0029]

The HEA composition of the present invention iwlgs five elements of Co, Cr, Fe, Ni,
and Ti, as main components, each in an amountwili@ range of 5 aton# or more and 35
atomico or less, and includes Mo in an amount within ageanf more than 0 atonSicto 8
atomi@o or less as a subcomponent, the reminder consstingavoidable impurities.

[0030]

More specifically, the Co component is preferaBly atomi® or more and 35
atomic®o or less, more preferably 25 atofticor more and 33 aton®t or less. The Cr
component is preferably 10 ato®scor more and 25 aton®# or less, more preferably 15
atomic® or more and 23 aton®6 or less. The Fe component is preferably 10 at#noc
more and 25 atomi¢ or less, more preferably 15 atoftior more and 23 aton®t or less.
The Ni component is preferably 15 atoPdior more and 30 aton® or less, more preferably
17 atomi®o or more and 28 aton# or less. The Ti component is preferably 5 até@mar
more and 15 atomf¢ or less, more preferably 5 ato®ticor more and 10 aton¥6 or less.
The Mo component is preferably more than 0 atétrend 8 atomi% or less, more preferably
1 atomi® or more and 7 atonfié or less. Controlling to these composition rangas
achieve both improvement in ductility and improveme mechanical strength. In other
words, when each component deviates from theirease preferred composition ranges, it
will be difficult to achieve desirable properties.

[0031]

Within the above composition range described énléist paragraph, the Co component
is more preferably 25 atondicor more and less than 30 atoficthe Cr component is more
preferably 15 atomid or more and less than 20 atofbicthe Fe component is more

preferably 15 atomid or more and less than 20 atofdicthe Ni component is more
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preferably 23 aton¥% or more and 28 aton¥t or less, the Ti component is more preferably 7
atomi®o or more and 10 aton®#t or less, and the Mo component is more preferably 1
atomico or more and 7 atonflé or less, when the improvement of the mechanicahgth
precedes others.

[0032]

Within the above composition range described & skcond last paragraph, the Co
component is more preferably 30 ato#wior more and 33 aton®6 or less, the Cr component
is more preferably 20 aton8ic or more and 23 aton®t or less, the Fe component is more
preferably 20 atomid or more and 23 aton®6 or less, the Ni component is more preferably
17 atom8&o or more and less than 23 atofidhe Ti component is more preferably 5 atd¥hic
or more and less than 7 atofticand the Mo component is more preferably 1 at&onoe
more and 3 atom or less, when the improvement of the ductilitygedes others.

[0033]
(Atomizing step)

The atomization step of forming an alloy powder fdm the molten metal 10 is
performed. There is no particular limitation o @#tomizing process, and the conventional
processes can be used. For example, a gas atgnpmicess or a centrifugal atomizing
process can be preferably used.

[0034]

The average grain diameter of the alloy powders2preferably 1Qum or more and
200 pum or less, more preferably 38m or more and 5m or less, in view of handling
property and filling property. When the averagaigdiameter is less than uon, the alloy
powder 20 easily flies up in the next additive nfaoturing step, which is a factor of reducing
shape accuracy of the alloy laminated molded bo@n the other hand, when the average
grain diameter exceeds 2@@n, the surface roughness of the alloy laminateddetlbody
increases or the melting of the alloy powder 20obses insufficient in the next additive
manufacturing step.

[0035]

(Laminating molding step)
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The additive manufacturing step of forming an yallaminated molded body 101
having a desired shape is performed by the metaldeo additive manufacturing process
using the above-produced alloy powder 20. Apglbcatof the metal powder additive
manufacturing process for molding a metal member éar net shape along with melting and
solidifying rather than sintering can produce a#idimensional member having a hardness
equal to or higher than that of a forged materiad daving a complicated shape. As an
additive manufacturing process, a metal powder tadimanufacturing process using a
selective laser melting (SLM) process can be slyitased.

[0036]

The additive manufacturing step by the SLM proce#isbe described. Figure 2 is a
schematic view showing a configuration of a powaddditive manufacturing apparatus 100
according to the SLM process. A stage 102 is leddry the thickness of one layer (for
example, about 20 to 50n) of the alloy laminated molded body 101 to bededl An alloy
powder 105 is supplied from a powder supply comiai®4 onto a base plate 103 on the upper
surface of the stage 102, and the alloy powderid@attened by a recoater 160 to form a
powder bed 107 (laminated powder).

[0037]

Based on a 2D slice data converted from a 3D-CAfa df the alloy laminated molded
body 101 to be molded, the unmelted powder on #se Iplate 103 is irradiated with a laser
109 output from a laser oscillator 108 through tvay@gometer mirror 110 to form a micro-
molten pool, which is then moved and sequentialldgied, whereby a solidified layer 112
in the form of a 2D slice is formed. The unmeltgowder is recovered in a recovery
container 111. Lamination is performed by repegtinis operation to produce the alloy
laminated molded body 101.

[0038]

A specimen for microstructure observation was dadprom the alloy laminated
molded body 101 after the taking-out step and tieastructure of the sample was observed
using an electron microscope. As a result, themagohase of the alloy laminated molded

body 101 had a structure (so-called quenched fetidstructure) in which fine columnar
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crystals (average width of 50m or less) were forested along the building dicectof the
alloy laminated molded body 101.

[0039]

(Pseudo solution heat treatment step)

Heat treatment for rapidly cooling the alloy laate®d molded body 101 as described
above can be performed as appropriate after heatiddholding at a stable temperature. The
temperature of the present heat treatment is atafein the range of 1080 to 11&D more
preferably 1100 to 114C. When it is below 108C, needle crystals of an intermetallic
compound phase precipitate, and when it exceed®C18he crystal grain diameter becomes
coarse. In the present application, the heatnrestt as described above is called pseudo
solution heat treatment because of the followirggsoas: the solid solubility limit of the alloy
is not clear, and ultrafine grains having an averggin diameter of 100 nm or less are
dispersed and precipitated in the alloy member wlsc¢he final product.

[0040]

It is preferable to maintain the alloy laminatedlded body 101 within the temperature
range for a suitable period and then quench (famgte, air cooling or water cooling) the
resultant. Particularly, allowing the alloy lamied molded body 101 to undergo a quick
change of the temperature through a temperatugeramwhich the intermetallic compound
phase easily grows grain(for example, a temperaturge of 900 to 80C) (for example, to
cool at a rate of I@/s or more) provides a pseudo solution alloy mldedy having the
microstructure that nanoscale ultrafine grainsdespersed and precipitated. Performing the
aging treatment step of maintaining the pseudotisolalloy molded body at a temperature
lower than a temperature range in which the intéii® compound phase easily grows
grain(for example, a temperature range of 900 W@} for example, more than 500 to
less than 90TC, the number of nanoscale ultrafine grains inpgdeudo solution alloy molded
body can be increased to further improve the streng
[0041]

The average grain diameter of the ultrafine grailispersed and precipitated is

preferably 100 nm or less, more preferably 20 nnmore and 80 nm or less. When the
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average grain diameter of ultrafine grains is 20ammmore and 80 nm or less, the ductility and
corrosion resistance are excellent, and the mecalasirength can be increased. When the
average grain diameter of ultrafine grains excd@fsnm, the mechanical properties abruptly
decrease.

[0042]

[HEA member]

Figure 3 shows an HAADF (High Angle Annular Darkeld) image of high
magnification, element mapping images, and a difioa pattern. In the diffraction pattern,
a satellite pattern due to a fine ordered phaserebd in the molded material subjected to the
pseudo solution heat treatment was observed, optaéssence could not be confirmed from the
element mapping images. It is inferred from thimlihg that the solidification rate in the
molded material is remarkably high and that theeoed phase is so ultrafine as to exceed the
detection limit of STEM-EDX.

[0043]

In order to investigate the microstructure of fiseudo solution alloy molded body in
more detail, microstructure observation was caroetousing STEM-EDX.
[0044]

Figure 4A shows an HAADF image, element mappingges, and a diffraction pattern
of STEM-EDX for a molded material subjected to #odution heat treatment (water cooling).
Satellite spots due to the ordered phase are dawsenvthe diffraction pattern. From the
element mapping images, Ni- and Ti-enriched fingirgr having a diameter of slightly less
than 20 nm existed.

[0045]

Figure 4B shows an HAADF image, element mappingges, and a diffraction pattern
of STEM-EDX for a molded material subjected to #wution heat treatment (air cooling).
The satellite spot intensity appearing in the diffron pattern is higher than that of the water-
cooled material shown in Figure 4A. The diameteNb and Ti-enriched fine grains was
more than three times larger than that of a wateter] material and was about 70 nm.

[0046]
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[Product including HEA member]

Figure 5 is a photograph showing an impeller @tim machine, which is an example
of a product including the HEA member accordingh® present invention. Since the HEA
product of the present invention is produced by rietal powder additive manufacturing
process, even a complicated shaped object as shawgure 5 can be easily molded. Since
the impeller using the HEA member of the presenmemion has both high mechanical
properties and high corrosion resistance, it cahibéx excellent durability under severe
operating environments.

[0047]

Figure 6 is a schematic cross-sectional view shgwicentrifugal compressor in which
the impeller of the present invention is incorpedatwhich is another example of the product
including the HEA member according to the presamemtion. Use of the impeller of the
present invention exhibiting excellent durabilityea in a severe operating environment can

contribute to improvement of long-term reliabild@fthe centrifugal compressor.

Examples
[0048]

Hereinafter, the present invention will be desediln more detail by way of Examples
and Comparative Examples. The present inventioot$imited to these examples.
[0049]

[Experiment 1]
(Preparation of HEA powders P1 to P6)

The raw material mixing and melting step was pented: specifically, raw materials
were mixed in the nominal composition shown in atl and were melted by a vacuum
melting process to form a molten metal. The atorgistep was then performed: specifically,
alloy powder was formed from the molten metal by ¢fas atomizing process. The obtained
alloy powder was then classified using a sievewaasl sorted according to a grain diameter of
45 um or less to provide HEA powders P1 to P6.

[0050]
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[Table 1

Table 1: Nominal compositions of HEA powders P1 to P6 (unit: atomic%)

HEA powder | Co Cr Fe Ni Ti Mo
P1 26.8 17.9 179 | 26.8 8.9 1.8
P2 26.3 17.5 175 | 263 88 | 35
P3 254 17.0 170 | 254 85 | 68
P4 25.0 16.7 16.7 | 25.0 83 | 83
P5 28.9 19.2 19.2 | 23.1 7.7 1.9
P6 31.3 | 208 | 208 18.8 6.3 | 21
[0051]

[Experiment 2
(Preparation of HEA member M-SW and M1:-SA of pseudo solution molded bo

The HEA powder P1 prepared in Experiment 1 wasesibgl to the SLM proce
according t the procedure of thadditive manufacturin step using a powdeadditive
manufacturin apparatus (EOSINT M280 manufactured by EOS GmbHhas/n in Figure :
to mold an alloy laminatemolded body (a prismatic material of 25 nx 25 mmx 70 mm in
height;abuilding directionis in the teight direction,

[0052]

After the additive manufacturir step, an HEA member M1S of the alloy laming
molded body was taken o
[0053]

After the takiniout step, the HEA member M1S was subjected to sleeigip solutiol
heat treatment (maintaining n the atmosphere at a temperature of °C for 3 hours an
then quenching it) to produce an HEA member -S of the pseudo solution molded bod
The higl-temperature HEA member taken out from a furnaceimasersed in purified wate
at room temperaturend cooled with wateas a quenching proce, and his sample wa
designated as an HEA member N-SW. Separatel, the higl-temperature HEA memb
was placed on a ceramic pléeor air cooling asa quenching proce and, his sample wa
designated as an HE member M1-SA.

[0054]
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(Preparation of HEA members M2S-SW, M2S-SA to M68;Snd M6S-SA of pseudo
solution molded body)

The HEA powders P2 to P6 were subjected to thetiaeldnanufacturing step, the
taking-out step, and the pseudo solution heatneatt step in the same manner as above to
produce HEA members M2S-SW to M6S-SW and M2S-SKM&S-SA of the pseudo solution
molded body.

[0055]
[Experiment 3]
(Preparation of HEA members M1S to M6S of the alloyiinated molded body)

The HEA powders P1 to P6 prepared in Experimewefe subjected to the additive
manufacturing step and the taking-out step in #maes manner as above to produce HEA
members M1S to M6S of the alloy laminated moldedybo These alloy laminated molded
bodies are samples which are not subjected to $kedo solution heat treatment step and
serve as reference samples for confirming theenite of the pseudo solution heat treatment.
[0056]

(Preparation of HEA members M1F to M4F of ordintogged material)

The HEA powders P1 to P4 prepared in Experimemere subjected to the arc melting
process using water-cooled copper mold to forgengat (prismatic material having a width
of 14 mm, a length of 80 mm, and a height of 20 menproduce ordinary forged HEA
members M1F to M4F. In order to minimize elemesagregation and tissue spot during
forging, melting was repeated 5 times or more. nJladter heating and holding at 9&Dfor
15 minutes in the atmosphere, the hot forging biepress working was repeated twice in the
conditions of the compression ratio of%80and the compression rate of 30 mm/s. The
cooling after hot forging was air cooling. Thesdioary forged members are samples which
are not subjected to the additive manufacturing sted serve as reference samples for
confirming the influence of the metal powder additmanufacturing.

[0057]
(Preparation of HEA member M1S-SW-A of the pseudlatgon molded body)
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In order to control the ultrafine grains dispersed precipitated in the parent phase
crystals, the HEA members M1S-SW prepared in Expamnt 2 were further subjected to the
aging treatment (maintaining it in the atmosphéremperatures of 60C, 700C, and 800C
for 1 hour and then air cooling it) to obtain HEAembers M1S-SW-A600, M1S-SW-A700,
and M1S-SW-A800 of the pseudo solution molded bodys Comparative Example, HEA
members M1S-SW-A500 and M1S-SW-A900 of the pseunlatisn molded body were
produced by the aging treatment that maintains tirette atmosphere at temperatures of
500°C and 90€C for 1 hour.

[0058]
[Experiment 4]
(Microstructure observation of HEA member)

A specimen for microstructure observation was gdadhgrom each of the HEA
members produced above and microscopic observat@s performed using an optical
microscope, various electron microscopes (SEM, TEMd STEM-EDX), and X-ray
diffractometer (XRD). Table 2 shows the microstaue observation results together with
the production specification of each HEA member.

[0059]
[Table 2]
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Table 2: Production specification and microstructure observation results of each HEA member

Pseudo Parent phase structure Precipitate
lution heat
HEA HEA solution hea Crystal Average | N - Avergge
member owder treatment shape cain Main precipitate | Precipitation grain
P (quenching (crystal digmeter phase (shape) form diameter of
process) structure) precipitate
Equiaxed - .
MITF crystal | About 150um (needl;gazrlystal) Ccc)ilif;rtj:rm
(SC+FCC)
no
Columnar
M1S crystal | About 40um -
(SC+FCC)
M1S-SW yes About 60um 20nm
P1 | (water cooling)
M1S-SA e About 80um 70nm
(arrcooling) | Equiaxed Ni-Ti-Co allo
M1S-SW-A500 crystal | About 60um (u“'raf'me raiZ) Dispersed | 20nm
M1S-SW-A600 . (SC+FCC) | About 60pum 9 30nm
M1S-SW-A700 yes About 604 60nm
(water cooling)
M1S-SW-A800 About 80pm 80nm
M1S-SW-A900 About 100um 105nm
Equiaxed - .
M2F crystal | About 150um (needll\!azrlystal) Czlif;;rtj:rm
(SC+FCC)
no
Columnar
M2S P crystal | About 40um - -
(SC+FCC)
M2S-SW Y8 | Equiaxed | About6opm | 20nm
(water cooling) Ni-Ti-Co alloy .
crystal (ultrafine grain) Dispersed
M2S-SA Y8 1 (sc+FCC) | About 80um J 70nm
(air cooling)
Equiaxed - .
M3F crystal [ About 150um NisTi CoI'Iected "
(SC+FCO) (needle crystal) | disorder
no Columnar
M3S P3 crystal | About 40um - -
(SC+FCC)
M3S-SW Y5 | Equiaxed | About6Opm | . 20nm
(water cooling) Ni-Ti-Co alloy ,
es crysta (ultrafine grain) Dispersed
M3S-SA _ 4 , (SC+FCC) | About 80um 9 70nm
(air cooling)
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Equiaxed - .
MaF crystal | About 150um (needll\lelszrI stal) C?1|i|seocrtjgrln
- (SC+FCC) y
Columnar
M4S P4 crystal | About40um
(SC+FCC)
yes _
M4S-SW , About 60 20
(water cooling) Equiaxed ot oI Ni-Ti-Co alloy , nm
es crysta (ultrafine grain) Dispersed
M4S-SA _ Y _ (SC+FCC) [ About 80um g 70nm
(air cooling)
M5S-SW yes , Equiaxed | About 60pm . 20nm
(water cooling) Ni-Ti-Co alloy .
P5 o crystal (ultrafine grain) Dispersed
M5S-SA Y88 | (sc+Fee) | About 80um 9 70nm
(air cooling)
MBS-SW Y8 1 Equiaxed | About6Oum | . 20nm
(water cooling) Ni-Ti-Co alloy _
P6 o crystal (ultrafine grain) Dispersed
M6S-SA , J , (SC+FCC) | About 80um g 70nm
(air cooling)
*: With aging treatment after pseudo solution heat treatment
[0060]

As shown in Table 2, regarding the parent phasetsire, the ordinary forged HE
members M1F to M4F had a structure consisting afee@gd crystals having an average g
diameter of about 15um. As a result of the XRD measurement, the crystalcture of th
equiaxed crystal was a mixture of simple cubic (&Qy fac-centered cubic (FCC) (in oth
words, it clearly contained FC(

[0061]

The parent phase structure of the HEA members M184S of the alloy laminate
molded body had a structure in which fine columnar tatggaverage grain diameter of um
or less) (s-called local quenching solidified structure) wemekted along thdbuilding
direction of the laminatemolded body. As a result of the XRD measurement, tigstal
structure of the columnar crystal was a mixtureiafple cubic (SC) and fa-centered cubi
(FCC) (in other words, it clearly contained FCCYhe columnar «stal referred to here
defined as a crystal havira ratio of the major axis length to the minor axiadth of the
crystal graii of 2 or mor.

[0062]
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The parent phase structure of the HEA member efpfeudo solution molded body
had an equiaxed crystal shape, but the averagéakcgmsin diameter was slightly different
depending on the quenching process of the pseudtiocsoheat treatment and the presence or
absence of the aging treatment. Specifically hm sgamples water-cooled as the quenching
process (M1S-SW to M6S-SW), the average grain dianud the parent phase crystals was
about 60um. In the samples air-cooled as the quenchinggso(M1S-SA to M6S-SA), the
average grain diameter of the parent phase crystsabout 8im. The samples subjected
to the aging treatment after the pseudo soluticat kreatment (M1S-SW-A500, A600, and
A700) had an average grain diameter of the parease crystals of about §On, which was
the same as that of M1S-SW. The sample subjeotdlietaging treatment after the pseudo
solution heat treatment (M1S-SW-A800) had an avem@gin diameter of the parent phase
crystals of about 8Qum. The sample subjected to the aging treatmewet @ifie pseudo
solution heat treatment (M1S-SW-A900) had an awemg@in diameter of the parent phase
crystals of about 10@m. As a result of the XRD measurement, the crystakture of these
equiaxed crystals was a mixture of simple cubic)(&@@l face-centered cubic (FCC) (in other
words, they clearly contained FCC). It was conéidrby TEM and STEM-EDX that fine
grains having an average grain diameter of 100 nntess existed in these parent phase
crystals and Ni component and Ti component wereemeoriched in these fine grains than in
the parent phase crystals.

[0063]
[Experiment 5]
(Measurement of mechanical properties and corragsistance of HEA member)

A specimen (parallel part diameter: 4 mm and pelrphrt length: 20 mm) for tensile
test was sampled from each of the HEA members pemtiabove. The specimens of HEA
members of the alloy laminated molded body andg#edo solution alloy molded body were
sampled so that the longitudinal direction of thesmen agreed with the building direction.
[0064]

For each specimen, a room temperature tensilemastcarried out using a material

universal testing machine (according to JIS Z 22stfain rate: 5x 10°s%), and tensile
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strength and breaking elongation were measurede nidasurement result of the tensile test
was obtained as the average value of three fouh@y@&xcluding the maximum found value
and the minimum found value among quintuplicate sneaments. In the evaluation of the
tensile strength, 1100 MPa or higher was judgetjassed”, and less than 1100 MPa was
judged as "failed". In the evaluation of the biiagkelongation, 1% or more was judged as
"passed”, and less than%@vas judged as "failed". The results are showhable 3 below.
[0065]

A polarization specimen (15 mm lorng 15 mm widex 2 mm thick) for pitting
corrosion test was sampled from each of the HEA bemproduced above. The pitting
corrosion test was carried out according to JIS 8370for each polarization specimen.
Specifically, the anode polarization curve of tr@apzation specimen was obtained in the
conditions of "test area: 1 émelectrode for preventing crevice corrosion modnt® a
polarization specimen, reference electrode: sadrailver-silver chloride electrode, test
solution: 3.86 sodium chloride aqueous solution deaerated wigloragas, test temperature:
80°C, and potential sweep rate: 20 mV/min" to deteaime electric potential corresponding
to a current density of 10@A/cm? when the pitting corrosion occurred. In the eatibn of
the electric potential when the pitting corrosiatuarred, 0.50 V or more was judged to be
"passed"”, and less than 0.50 V was judged to hiedfa The results of the pitting corrosion
test are also shown in Table 3.

[0066]
[Table 3]
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Table 3: Measurement results of mechanical properties and corrosion resistance of each HEA member

Mechanical property Corrosion resistance

HEA member Tensile Passed Breaking Passed pIiEtlt(ie:gt;rlsoffc::ir;trl]agzvchuer:s Passed

strength (MPa) or failed | elongation (%) or failed (V vs. Ag/AgCl) + or failed
M1F 950 i Failed 45 i 0.55 | Passed
M1S 1210 | Passed 26 | Passed 0.88 ! Passed
M1S-SW 1320 | Passed 27 | Passed 1.0 | Passed
M1S-SA 1450 | Passed 14 | Passed 0.80 | Passed
M1S-SW-A500 1320 Passed 25 | Passed 1.0 ! Passed
M1S-SW-AG00 1510 | Passed 15 | Passed 0.91 | Passed
M1S-SW-A700 1590 ' Passed 13 ' Passed 0.90 ' Passed
M1S-SW-A800 1480 ! Passed 11 ! Passed 0.72 : Passed
M1S-SW-A900 450 | Failed 11 ! Failed 0.53 | Passed
M2F 900 ! Failed 25 | Failed 0.53 | Passed
M2S 1131 | Passed 23 | Passed 0.82 | Passed
M2S-SW 1220 i Passed 20 | Passed 1.0 | Passed
M2S-SA 1320 Passed 12 | Passed 0.95 | Passed
M3F 825 Failed 12 ! Failed 0.54 | Passed
M3S 1210 | Passed 20 | Passed 0.89 ! Passed
M3S-SW 1210 i Passed 18 ' Passed 0.91 ' Passed
M3S-SA 1302 ! Passed 11 ' Passed 0.81 ! Passed
M4F 710} Failed 0.8 ! Failed 0.54 ! Passed
M4S 1030 ! Failed 8.2 ! Failed 0.58 : Passed
M4S-SW 1080 | Failed 6.3 | Failed 0.87 \ Passed
M4S-SA 1025 | Failed 32 ! Failed 0.89 | Passed
M5S 1150 i Passed 32 | Passed 0.90 | Passed
M5S-SW 1305 | Passed 28 | Passed 10 | Passed
M5S-SA 1380 Passed 20 ! Passed 0.98 ! Passed
M6S 1110 ! Passed 38 ! Passed 0.89 | Passed
MBS-SW 1150 | Passed 30 | Passed 10 | Passed
M6S-SA 1250 ! Passed 25 ! Passed 0.97 ! Passed

[0067]

As shown in Table 3, the ordinary forged HEA memsbBtlF to M4F,which are
samples not subjected to tadditive manufacturir step, had a tensile strength of less 1
1100 MPa and a breaking elongation of less thi%, and failed in mechanical properties.
has been demonstrated that the HEA members M1S3® &hd M5S to M6S of the allc

laminatedmolded body, which are samples subjected toadditive manufacturir step but
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not subjected to the pseudo solution heat treatstepthad a tensile strength of 1100 MPa or
more and a breaking elongation oR40r more, and exhibited good mechanical properties.
[0068]

The HEA member produced using the HEA powder P#4sehalloy composition
(amount of Mo) was out of the definition of the geat invention failed in mechanical
properties regardless of the producing process.s Tdsult confirmed that Mo addition
exceeding 8 atom¥ was not preferable.

[0069]

In each of the HEA members M1S-SW-A600, M1S-SW-@78nd M1S-SW-A800,
which aimed for the growth of fine grains by applyithe aging treatment after the pseudo
solution heat treatment, the average grain dianoétire precipitate became larger than that of
the M1S-SW without the aging treatment, and theakirgy elongation was kept at %0or
more, improving the tensile strength. On the othend, the characteristics of the HEA
member M1S-SW-A500 for which the aging treatmemhperature was 50C after the
pseudo solution heat treatment were equivalenthtset of H1S-SW without the aging
treatment, and the HEA member M1S-SW-A900 (the ayergrain diameter of ultrafine
grains exceeding 100 nm) for which the aging tresintemperature was 90D remarkably
decreased mechanical properties. This result moefl that the average grain diameter of
ultrafine grains dispersed and precipitated ingheent phase crystals was preferably 100 nm
or less.

[0070]

It was demonstrated that the HEA members M1S-SW38-SW, M1S-SA to M3S-
SA, M5S-SW to M6S-SW, and M5S-SA to M6S-SA of theepdo solution alloy molded
body had a tensile strength of 1100 MPa or motegaking elongation of 20 or more, and
good mechanical properties.

[0071]

More specifically, it was confirmed that the HEAembers M6S-SW and M6S-SA

produced using the HEA powder P6 having a relatil@l content of the Ni component and

the Ti component had a breaking elongation d%2&r more and particularly excellent
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ductility. In addition, it was confirmed that théEA members M1S-SW, M1S-SA to M3S-
SW, M3S-SA and M5S-SW, and M5S-SA produced usiegHEA powders P1 to P3 and P5
having higher contents of the Ni component andohngonent than the HEA powder P6 had a
tensile strength of 1200 MPa or more and mechastoahgth was particularly excellent.
[0072]

Regarding corrosion resistance, on the other hianegs confirmed that all the HEA
members provided an electric potential when thingitcorrosion occurs of 0.50 V or more vs.
Ag/AgCIl and had excellent corrosion resistance ndlgas of the producing process and
microstructure. In other words, the HEA membetha present invention is considered to
have excellent corrosion resistance by the combmaif the elements themselves (Co-Cr-Fe-
Ni-Ti-Mo). Since the HEA member of the pseudo #solu alloy molded body according to
the embodiment of the present invention provideldigier electric potential when pitting
corrosion occurs than the other HEA members, theA HeRember according to the
embodiment of the present invention is expectdthie higher corrosion resistance.

[0073]
[Experiment 6]
(Preparation and inspection of product includingpHBember)

An impeller shown in Figure 5 was produced byshme procedure as the process for
producing the HEA member M1E-SW of the pseudo swiuglloy molded body. The
obtained impeller was subjected to internal defespection by X-ray CT scan and dimension
measurement. As a result, no internal defects Iwlaidversely affected the mechanical
properties were observed and no deformation wisipeet to the designed dimensions was
observed. This experiment confirmed the effectssnof the present invention.

[0074]

The above-described embodiments and examples haga described to aid in
understanding of the present invention, and thegmteinvention is not limited only to the
specific configuration described. For example, art pof the configuration of one
embodiment can be replaced by the configurationanbther embodiment, and the

configuration of one embodiment can be added tactrdiguration of another embodiment.
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In other words, in the present invention, any agunfations of the embodiments and examples
herein can be deleted and replaced with other gor#tions, and other configurations can be

added thereto.

Reference Signs List
[0075]
10 Molten metal
20 Alloy powder
100 SLM powder additive manufacturing apparatus
101 Alloy laminated molded body
102 Stage
103 Base plate
104 Powder supply container
105 Alloy powder
160 Recoater
107 Powder bed (laminated powder)
108 Laser oscillator
109 Laser
110 Galvanometer mirror
111 Unmelted powder recovery container
112 2D sliced solidified layer
All publications, patents, and patent applicatiariteed in this specification are

incorporated herein by reference in their entirety.
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Claims

[Claim 1]

An alloy member having a chemical composition cosipg elements of Co, Cr, Fe,
Ni, and Ti each in an amount within a range ofdat% or more and 35 aton®6 or less and
Mo in an amount within a range of more than 0 at8nand 8 atomi% or less, the reminder
consisting of unavoidable impurities, wherein dllra grains having an average grain
diameter of 100 nm or less are dispersed and ieeig in a parent phase crystal grain.
[Claim 2]

The alloy member according to claim 1,

wherein the average crystal grain diameter ofpdn@nt phase crystal grain is 10
or less.
[Claim 3]

The alloy member according to claims 1 or 2,

wherein the ultrafine grain is a crystalline grainwhich the Ni component and the Ti
component are more enriched than in the parenepdrgstal.
[Claim 4]

The alloy member according to any one of clainis 3,

wherein the chemical composition comprises 20 a#@nor more and 35 atonti or
less of Co; 10 atomié or more and 25 aton® or less of Cr; 10 atonflé or more and 25
atomi®b or less of Fe; 15 aton®ie or more and 30 aton®6 or less of Ni; and 5 atont or
more and 15 atorfé or less of Ti.
[Claim 5]

The alloy member according to any one of clains 3,

wherein the chemical composition comprises 25 at#hor more and 33 aton#t or
less of Co; 15 atomié or more and 23 aton# or less of Cr; 15 atormflé or more and 23
atomic or less of Fe; 17 aton®e or more and 28 aton® or less of Ni; 5 atomid or more
and 10 atomi% or less of Ti; and 1 aton®¥t or more and 7 atorfi6 or less of Mo.

[Claim 6]
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The alloy member according to claim 5,

wherein the chemical composition comprises 25 af#nor more and less than 30
atomico of Co; 15 atomi&o or more and less than 20 atofsiof Cr; 15 atomi® or more and
less than 20 atonfié of Fe; 23 atomi or more and 28 aton®t or less of Ni; 7 atomi or
more and 10 atormfé or less of Ti; and 1 aton# or more and 7 atonfi6 or less of Mo.
[Claim 7]

The alloy member according to claim 5,

wherein the chemical composition comprises 30 a#@nor more and 33 atonti or
less of Co; 20 atomié or more and 23 aton#t or less of Cr; 20 atormfié or more and 23
atomico or less of Fe; 17 atonfic or more and less than 23 atofbiof Ni; 5 atomi€o or
more and less than 7 ato®sof Ti; and 1 atomi% or more and 3 atonfi or less of Mo.
[Claim 8]

The alloy member according to any one of clainhs 7,

wherein the alloy member has a tensile strengthl60 MPa or more and a breaking
elongation of 1% or more.
[Claim 9]

The alloy member according to any one of clains &,

wherein the parent phase crystal has a columyatatrshape and the crystal structure
thereof comprises at least one of simple cubiesysind face-centered cubic system.
[Claim 10]

The alloy member according to any one of clainis &,

wherein the parent phase crystal has an equiaysthtshape and the crystal structure
thereof comprises at least one of simple cubiesysind face-centered cubic system.
[Claim 11]

A process for producing an alloy member, compgisin

a raw material mixing and melting step of mixingdamelting raw materials of the
alloy to form a molten metal so that an alloy cosipon comprises elements of Co, Cr, Fe, Ni,
and Ti each in an amount within a range of 5 atétnic more and 35 aton®t or less and

Mo in an amount within a range of more than 0 at8fand 8 atomi% or less;
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an atomizing step of forming an alloy powder friita molten metal; and

an additive manufacturing step of forming an allagninated molded body having a
desired shape by a metal powder additive manufagtprocess using the alloy powder.
[Claim 12]

A process for producing an alloy member comprising

a raw material mixing and melting step of mixingdamelting raw materials of the
alloy to form a molten metal so that an alloy cosipon comprises elements of Co, Cr, Fe, Ni,
and Ti each in an amount within a range of 5 atétnic more and 35 aton%¢ or less and
Mo in an amount within a range of more than 0 at8rand 8 atomi&s or less;

an atomizing step of forming an alloy powder frita molten metal;

an additive manufacturing step of forming an allagninated molded body having a
desired shape by a metal powder additive manufagtprocess using the alloy powder; and

a pseudo solution heat treatment step of perfgripseudo solution heat treatment on
the alloy laminated molded body in a temperatungezof 1080C or more and 118C or less.
[Claim 13]

The process for producing an alloy member accgrttirclaim 12,

wherein the pseudo solution heat treatment stapstep of holding the alloy laminated
molded body in the temperature range and thenrgpthie resultant with water or air.

[Claim 14]

The process for producing an alloy member accgrttinclaims 12 or 13, comprising
an aging treatment step of performing an agingrireat in a temperature range of more than
500°C and less than 900 after the pseudo solution heat treatment step.

[Claim 15]

The process for producing an alloy member accgrtbrany one of claims 11 to 14,

wherein the heat source used for a metal powdditieel manufacturing process in the
additive manufacturing step is a laser.

[Claim 16]

A product comprising an alloy member,
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wherein the alloy member is the alloy member atiogrto any one of claims 1 to 10,
and

the product is an impeller of a fluid machine.
[Claim 17]

A centrifugal compressor in which the impeller @cting to claim 16 is incorporated.
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