US 20190024198A1

a9y United States
12y Patent Application Publication o) Pub. No.: US 2019/0024198 A1

Hong et al. 43) Pub. Date: Jan. 24, 2019
(54) PRECIPITATION HARDENING HIGH C22C 30/02 (2006.01)
ENTROPY ALLOY AND METHOD OF C22F 1/00 (2006.01)
MANUFACTURING THE SAME
(52) U.S. CL
(71) Applicant: The Industry & Academic CPC oo, C21D 1/18 (2013.01); C22C 1/02
Cooperation in Chungnam National 2013.01); C22F 1/00 (2013.01); C22C 30/02
University (IAC), Daejeon (KR) ( OL); ( OL);
(2013.01); C22C 1/04 (2013.01)
(72) Inventors: Sun Ig Hong, Dacjeon (KR); Jae Sook
Song, Daejeon (KR)
(37) ABSTRACT
(21) Appl. No.: 15/654,075
(22) Filed: Jul. 19, 2017 High-entropy alloy, particularly a precipitation hardening

high entropy alloy, 1s provided as a component material used

Publication Classification . . : . . .
in electromagnetic, chemical, shipbuilding, mechanical, and

(51) ICnZtI 1(; l} T (2006.01) othe;r applications, 'a' component material used 1n extre‘me
C22C 102 (2006.01) environments requiring high strength and good corrosion
C22C 1/04 (2006.01) resistance, and the like.



Patent Application Publication  Jan. 24, 2019 Sheet 1 of 4 US 2019/0024198 Al

SECOND

PRECIPITATE

Fila, 18



US 2019/0024198 Al

Jan. 24, 2019 Sheet 2 of 4

Patent Application Publication

- T LT TR T T S e T N N T T T TR T TR - =
. . . . . - B de o drodr o i N F » B o dr B odp d o odr b F A odr b A

..I.I. . .n.n.i.n.i.i.n.n.I.n.i.i..._..l_.......r..r.......r......i. e A ke et ..-...-........._...-_. . .-..-.Ill.t.._..v.-..-..-..._l.-..... H.-..-.l_.-. .-.' _-.-....tt....l.-.-..r.-..r.r.._. .._..-..-. ......_.._. .._..._..._.l. .
e o e e o Ty ir ...ﬁ't....q...._........i n a - T e A ......_.__..._.___i“.._ | ir i e m"nin-
" dr dp dp dp e i dr e dp i i b i X & dp o Wi b & - L |
[

.....__.
o  dr ok de

* .....r.r.v....l......_ ....H.._ X .._H.

a¥, .n... Fiyfiaiel

A )

PN AN
X .-.-_.....___.___....._....”1_- -
s

| 3
e
¥
¥ -
¥ T
e AL ALt R RO A e RN

N e N g W e

L R T A AR N N N
- L ] .

Ll ”4H4.___...J__.J._.....4kk;&...¢u+ Rt

]
........__.

L)
»
Pl

'I
o

ALY
N
e

M AN
F!I:
M_Al

L
A

[}
L RN i"#‘l
X

X XN A
2

moanCe,

T
»
E
B
X M N A K NE NN
3l M A

I“i-i L
A_M

X &
L
1-4*{:1

$ &k bk RE
L]

wratetatel

»
5

A E A
" .-ilihuil!xil!:‘l-l

L]

A
»

L e )
N

L BC L
x
By
L ] &

X

- ; oA
e sty _ ety

g
._._rxrnna__.ulu

.._.....n.r.r.._n.r.._.._ i dr h
w WA A

M e
e x x ml

'“.I.Tl .J-I .r.rl .r .T.r.T.J..r.r "‘. .r.r .r .T.T.T
Jod b dpoa b & b ou ik ......_......-......._in.-......_nnn..._............._......._.._n.._.r.-_H
Wi dr b kb Mt m Jrod dpodeode deode ko Jroa i b ko oa bk bk A oa kWA
dr w & = J Jr & Jodr w b & & & Jrom dr m e b om omw doom i a um b dooood a
b M b dr M b ok b b ok kM d deoa b doa dr A drod koA d bk Ak

4 4 & & b h moa b oar h bk Joh b b Jroh b & B b b a sk b drad hoaddoiddhoarh h Fioaud S o
w b b & Jrod a kb & b d b oo b b h b b a dt hoa h b b bdodrohd b b doa b kb oa b drdrodoh s b bk bdkaoa W
. dr b b o b mom Jpo b b b m okt moamoa h ad h bk s s oaoah kb h b s h b hoddihoadbdddadaaldiiha E
L e N N R e I N N A I A R N N L N . L i & i &
a0 e e e ol e e S o oA N M A [}
-.ll' de o beodp b droh o Jrode Jpodp Jpo b K b bk b om bk kb b bk b bk h ke b b ok kb ok EEX N XX & i & L
L3 i b Jp o M g dp i b b dpoh Jrodr ko dr kb dr Ak kb de bk Joh b b oar dom dpom ko Jpodp b M b Jpoa e dr HE NN R dr i W W
w A .-.}..__ .......}..r .ri.-.l_'l......r....l.-..... ......_ & ....-...__ & .r.r.r.-..........._ & R & . .r.r........-..}............ i & ....r.;......;..r.r.__ ....-...__ .r.r........-. . & .;......;..-...._ .r.il_ .r.r.rl.... ....}.t.r.r...l IHIIIHIIH ll & & & # ll.
B dr o dr g dpodp Jp e dp kb b b L g dr A brodgp o ir ki CL )] i g ARXEERXER
Jr B e & dr i o dp g b dpde iy ; ir ! P m o N ]
L A l.l.....__.....r....._..r...l.l.l....l M LA L X o i IHHIIHHIII
: LB % dr i i ki & A & KEZXT N
iy i dp i dp e ke b A ., Illll
o & i dr g dr & J KN =
ol i dr b Rk =_m
i dr o dr o & A L HIII
*II"‘I."‘}.}.}.}.{I.I.‘{I.}.{ i.—. Il- l!lﬂlﬂlllﬂﬁlll”ﬂ .__.I.ﬂl“ HH
- [ ] & o dr o iy nEE E o
J ll!ll!l L " lll

lalr "l"l“a“a:x“n"a"nn
i ey iy

e




US 2019/0024198 Al

Jan. 24, 2019 Sheet 3 of 4

Patent Application Publication

'..'l-. .

;]
u
o oo

.l...

L
L]
y

H

A
'

.l-"ll
I;.;.

f

-

.

X A KA R
: v.u.xnv.xrrxvu.v..#
ol 2 A

LA Y

.F.FHHHH.__.

Mo AN A

MP

KRN KX

HHIIFHHIHH.!FHHIHI“I I

hﬂl.ﬂ!ﬂlﬂ

R A

L

HIHIHHIHIIHHHP.?U M,

MM XN NN

IIFHIFH

FEFE o o % M M

IIH!HIU.-..-

HIHFPIHHHHHFHH

o .x r x
B o nxruﬂnmxwx”nnxnxl:rnaa
A AR LK K R AR K A

R AEEERIREMN K

HH”H“l"ﬂ“l#ﬂ!ﬂ!ﬂﬂﬂﬂ‘flﬂlllll

IPI

Hlllﬂ
Ly

x
R

x, H , .ﬂ l ] PIHHHHHHFHHHHIHIHHH F

]
a:_v.nnnnxr

R
xx XX IHHHHHHPHIFI

R A X E

HPHIHHIHIHH?I

N

IHIHF”HHIIHHH

£ N i lHHlHIIlHHv_.u..Hv.HHHlHHI?PHHHHIHHHPHHHIIHHIHFFH

N

L

IHHHUH.HHHIHHIIHIHIHIII

ot

IHHHHHFFHHHPHFFFHI

L H r. PF“H“HH.H“IH A A
XEEXERXERENENX

XN X X A
R XM N

KN I”l“ﬂ”lﬂl HII
EERXXENR NN

xa__.H..annxanararuxannanxﬂxxxninnal 2N

B I.HS.IHHP HHHHHHFHH‘PI

IPHI

KX TR Hu_HHﬂﬁlﬂxﬂlﬂxﬂﬂﬂlﬂﬂﬂlﬂxﬂvfunu..ﬂv.x i,

o

X
"\.Hl“?“?ﬂl”ﬁ“l"lﬂ HHII |
lﬂﬂﬂﬂ!ﬂﬂﬂ#ﬂ?ﬂ#ﬂ! RVII I I H

HHP

!HHHHHHHHFH!HHHFHFHEIHHH

o

v_.

A

x
x
L

EXXREERERREHNMENRED
M IIHIIPIIHFHHIFI!IH

.FHHHPHHU.HFU.
-_.ﬂ.u__HI.’.HHHHIIHHFHIHIIH.—.H
FHPHHH#HPIHHIIHIHHIFP H_X W KK ALK A NN




Patent Application Publication  Jan. 24, 2019 Sheet 4 of 4 US 2019/0024198 Al

PREPARING CONSTITUENT MATERAIALS

R R R R R R R R R D R R R D R R R R SR S R SR S R R S R R R D R D S R R R R M S S R R S R R R R R R R R R R D R R D B R R M R R U R S S R R R S R R R D R R R D R R S R S R g

MELTING

HOMOGENIZATION HEAT TREATMENT

;
DEFORMATICN
SROCESSION

SECONDARY HEAT TREATMENT

G, 4



US 2019/0024198 Al

PRECIPITATION HARDENING HIGH
ENTROPY ALLOY AND METHOD OF
MANUFACTURING THE SAME

BACKGROUND

1. Field

[0001] The present disclosure relates to a metal alloy, 1n
detail, a high-entropy alloy, used as a component material 1n
a device having electromagnetic, chemical, shipbuilding,
mechanical, and other applications, a component material
used 1n extreme environments requiring high strength and
good corrosion resistance, and the like.

2. Description of Related Art

[0002] Due to technological breakthroughs in industrial
technology, conventional metals and alloys according to the
related art have limitations 1n satisfying performance
required for various applications. To satisiy requirements for
enhanced properties and multifunctionality, a new type of
material referred to as a igh-entropy alloy has recently been
proposed and developed.

[0003] A high-entropy alloy typically refers to a multi-
component single phase alloy formed by the reduction of
total free energy of the solid solution single phase due to a
significant 1ncrease in configuration entropy of the multi-
component system, prohibiting the formation of intermetal-
lic compounds. In other words, a high-entropy alloy refers
not to an mtermetallic compound or an amorphous alloy, but
to a stable single phase multi-component alloy.

[0004] A high-entropy alloy 1s disclosed in Non-Patent
Document 1 (Materials Science and Engineering A, Vol.
0.375-377, 2004, page 213-218). In Non-Patent Document
1, a multi-element alloy, Fe,,Cr,,Mn,,Ni1,,Co,,, expected
to be formed as an amorphous alloy or complex intermetallic
compound, 1s unexpectedly formed as a crystalline face-
centered cubic (FCC) solid solution, thereby raising interest.
High-entropy alloys have unusual characteristics in which a
single phase 1s formed, even when alloying elements are
mixed 1n similar amounts 1n a quartenary, quinary, or higher
system, as compared to the case 1n which an alloy according
to the related art 1s formed by adding additional alloying
clements to a main alloying element present 1n an amount of
60 weight % to 90 weight %, the unusual characteristics
being found i an alloy system in which a degree of
configuration entropy 1s high due to mixing.

[0005] A high-entropy alloy 1s an alloy system containing
four or more types of metal having an atomic concentration
between 5 at % and 35 at %, and 1n which all alloying
clements, having been added, act as a main element. 1T a high
configurational entropy 1s induced due to a similar atomic
fraction of elements in an alloy, a solid solution, which 1s
stable at high temperature, 1s formed 1nstead of intermetallic
compounds.

[0006] As prior art related to high-entropy alloys, there are
provided Patent Document 1 (U.S. Laid-Open Patent No.
US 2013/0108502 A1) and Patent Document 2 (U.S. Laid-
Open Patent No. 2009/0074604 Al). In Patent Document 1,
disclosed 1s a high-entropy alloy having high hardness and
clasticity (an elastic modulus), and formed as a single phase
solid solution having a face-centered cubic and/or body-
centered cubic structure. In addition, the high-entropy alloy
1s provided as an alloy system containing five or more
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clements, 1n which each element such as vanadium (V),
niobium (Nb), tantalum (Ta), molybdenum (Mo), titanium
(T1), or the like 1s included with a deviation of £15 atomic
% or less, as various metals, and in which all elements,
having been added, act as a main element. However, in
Patent Document 1, different types of relatively expensive
and heavy alloying elements are added, so there may be a
difficulty 1n a manufacturing process due to a wide difler-
ence of melting points among the alloying elements having
been added.

[0007] Meanwhile, 1n Patent Document 2, disclosed 1s a
high-entropy alloy having a high hardness, manufactured in
a powder metallurgy process using a ceramic powders
(representatively, a tungsten carbide) and multi-component
high-entropy alloy powders. The high-entropy alloy 1s
formed as a single phase solid solution having a face-
centered cubic and/or body-centered cubic structure, and
thus having excellent mechanical properties. However, in
Patent Document 2, since a high temperature process 1s
required when a ceramic material 1s used to manufacture an
alloy, a problem 1n which limitations on manufacturing are
present may occur.

[0008] In recent years, while breaking a method of manu-
facturing a high-entropy alloy using a solid solution single-
phase, there has been growing interest in a high-entropy
alloy 1n which a single phase and a second phase are mixed.
In addition, research into strengthening mechanisms such as
solid solution strengthening, precipitation strengthening,
composite materials, and the like, has been extensively
undertaken. In Patent Document 3 (CN Laid-Open Patent
No. 104694808 A), a technique i1s provided in which a
Ni,(T1, Al) intermetallic compound 1s dispersed 1n a high-
entropy alloy matrix, so excellent mechanical properties are
implemented.

SUMMARY OF THE INVENTION

[0009] An aspect of the present disclosure provides a
high-entropy alloy, mn detail, a high-entropy alloy with
excellent strength and ductility by forming a nanoscale
and/or sub-micron precipitate by adding alloying elements
with no or limited solubility, nitride or carbide forming
clements, or the like, while a matrix maintains high con-
figurational entropy due to formation of the solid solution
phase of various major alloying elements comprising the
matrix; and a method of manufacturing the same.

[0010] According to an aspect of the present disclosure, a
precipitation hardening high-entropy alloy includes:

[0011] {four or more selected from the group consisting of
more than 5 wt % to 35 wt % or less of iron (Fe), more than
S wt % to 35 wt % or less of chromium (Cr), more than 35
wt % to 35 wt % or less of nmickel (N1), more than 5 wt %
to 35 wt % or less of manganese (Mn), more than 5 wt % to
35 wt % or less of cobalt (Co), more than 5 wt % to 35 wt
% or less of copper (Cu);

[0012] one or more of 1) and 2):

[0013] 1) one or more of interstitial atoms such as; 0.01 wt
% to 1.5 wt % of carbon (C), 0.01 wt % to 1.5 wt % of
nitrogen (N), and 0.01 wt % to 1.5 wt % of boron (B),

[0014] 2) one or more of substitutional atoms such as; 0.01
wt % to 5 wt % of titamium (I1), 0.01 wt % to 5 wt % of
zirconium (Zr), 0.01 wt % to 5 wt % of hatnium (Hif), 0.01
wt % to 5 wt % of molybdenum (Mo), 0.01 wt % to 5 wt %
of tungsten (W), 0.01 wt % to 5 wt % of niobium (Nb), 0.01
wt % to 5 wt % of vanadium (V), 0.01 wt % to 5 wt % of
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tantalum (Ta), 0.01 wt % to 5 wt % of silver (Ag), 0.01 wt
% to 5 wt % of silicon (S1), 0.01 wt % to 5 wt % of copper
(Cu), and 0.01 wt % to 5 wt % of germanium (Ge); and

10015]

wherein the high-entropy alloy 1s provided with a high
entropy matrix in which precipitates are dispersed.

[0016] According to another aspect of the present disclo-
sure, a method of manufacturing a precipitation hardening
high-entropy alloy includes: preparing a metal including

[0017] {four or more selected from the group consisting of
more than 5 wt % to 35 wt % or less of Fe, more than 5 wt
% to 35 wt % or less of Cr, more than 5 wt % to 35 wt %
or less of N1, more than 5 wt % to 35 wt % or less of Mn,
more than 5 wt % to 35 wt % or less of Co, and more than
5 wt % to 35 wt % or less of Cu, and

[0018]

[0019] 1) one or more of mterstitial atoms such as; 0.01 wt
% to 1.5 wt % of carbon (C), 0.01 wt % to 1.5 wt % of

nitrogen (N), and 0.01 wt % to 1.5 wt % of boron (B),

[0020] 2) one or more of substitutional atoms such as; 0.01
wt % to 5 wt % of Ti, 0.01 wt % to 3 wt % of Zr, 0.01 wt

% to 5 wt % of Hf, 0.01 wt % to 5 wt % of Mo, 0.01 wt %
to 5wt % of W, 0.01 wt % to 5 wt % of Nb, 0.01 wt % to
Swt % ofV, 0.01 wt % to 5 wt % of Ta, 0.01 wt % to 5 wt
% of Ag, 0.01 wt % to 5 wt % of S1, 0.01 wt % to 5 wt %
of Cu, and 0.01 wt % to 5 wt % of Ge, and

[0021] 1nevitable residual impurities; manufacturing an
alloy by melting the constituent metals, having been pre-
pared; homogenization heat treating the alloy, having been
manufactured, at a temperature within a range of 600° C. to
1200° C.; cooling the alloy after the homogenization heat
treating; and secondary heat treating the alloy by maintain-
ing the alloy at a temperature within a range of 350° C. to
1000° C. for a certain period of time after cooling and
cooling the alloy.

inevitable residual impurities,

one or more of 1) and 2):

BRIEF DESCRIPTION OF DRAWINGS

[0022] The patent or application file contains at least one
drawing executed 1n color. Copies of this patent or patent
application publication with color drawings will be provided
by the Oflice upon request and payment of the necessary fee.

[0023] The above and other aspects, features, and advan-
tages of the present disclosure will be more clearly under-
stood from the following detailed description taken 1n con-

junction with the accompanying drawings, in which:

[0024] FIGS. 1A and 1B are schematic diagrams illustrat-

ing a microstructure of a high-entropy alloy according to the
present disclosure, FIG. 1A illustrates a microstructure
before secondary heat treatment, and FIG. 1B illustrates a
microstructure after secondary heat treatment;

[0025] FIGS. 2A and 2B are electron micrographs 1llus-

trating a microstructure according to Inventive Example 7 of
Example of the present disclosure, FIG. 2A illustrates 1n
color a microstructure before secondary heat treatment, and
FIG. 2B 1illustrates a microstructure after secondary heat
treatment;

[0026] FIG. 3 1s an image ol a microstructure according to
Inventive Example 2 of Example of the present disclosure;
and

[0027] FIG. 4 1s a flowchart illustrating an example of a
manufacturing method according to the present disclosure.
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DETAILED DESCRIPTION

[0028] The inventors of the present disclosure conducted
research 1nto a method for improving mechanical/physical
properties such as strength, ductility, and the like of a
high-entropy alloy. As a result, unlike the case i which
various alloying elements form a single-phase solid solution,
it can be confirmed that when nanoscale and/or sub-micron
precipitates are formed 1n a high-entropy alloy matrix, high
ductility and high strength characteristics can be secured at
the same time. In detail, a non-metallic alloying element,
such as carbon (C), nitrogen (N), boron (B), or the like 1s
added to a high-entropy alloy over a solubility limit to
precipitate a carbonitride, a nitride, a boride, or the like.
Alternatively, a metallic element, such as titantum (11),
zircomum (Zr), molybdenum (Mo), tungsten (W), silver
(Ag), silicon (S1), copper (Cu), miobium (Nb), hatmium (HI),
vanadium (V), tantalum (Ta), germanium (Ge), or the like 1s
added thereto to form precipitates. Thus, 1t can be confirmed
that a high-entropy alloy with excellent strength and duc-
tility 1s provided, leading to the present disclosure.

[0029] Heremafter, a high-entropy alloy according to the
present disclosure will be described 1n detail. First, a com-
position of a high-entropy alloy according to the present
disclosure will be described in detail.

[0030] A high-entropy alloy according to the present dis-
closure includes

[0031] {four or more selected from the group consisting of
more than 5 wt % to 35 wt % or less of 1ron (Fe), more than
S wt % to 35 wt % or less of chromium (Cr), more than 35
wt % to 35 wt % or less of Nickel (N1), more than 5 wt %
to 35 wt % or less of manganese (Mn), more than 5 wt % to
35 wt % or less of cobalt (Co), and more than 5 wt % to 35
wt % or less of copper (Cu),

[0032] one or more of 1) and 2):

[0033] 1) one or more of interstitial atoms such as; 0.01 wt
% to 1.5 wt % of C, 0.01 wt % to 1.5 wt % of N, and 0.01

at % to 1.5 wt % of B

[0034] 2) one or more of substitutional atoms such as; 0.01
wt % to 5 wt % of T1, 0.01 wt % to 3 wt % of Zr, 0.01 wt
% to 5 wt % of Ht, 0.01 wt % to 5 wt % of Mo, 0.01 wt %
to 5wt % of W, 0.01 wt % to 5 wt % of Nb, 0.01 wt % to
Swt % of 'V, 0.01 wt % to 5 wt % of Ta, 0.01 wt % to 5 wt
% of Ag, 0.01 wt % to 5 wt % of S1, 0.01 wt % to 5 wt %
of Cu, and 0.01 wt % to 5 wt % of Ge, and 1nevitable residual
impurities.

[0035] Each of Fe, Cr, N1, Mn, Co, and Cu, an element
forming a high-entropy alloy matrix, 1s a fourth period
transition element, and the diflerence 1n the atomic radius 1s
small, thereby favoring the formation of a solid solution, or
the hike. Each of Mn and N1 i1s an element promoting
formation of a face-centered cubic (FCC) solid solution, Co
promotes refinement of a structure, Cr improves corrosion
resistance, and Fe 1s an element promoting formation of a
face-centered cubic (FCC) structure at mtermediate tem-
peratures and improves the strength. Here, the content of the
elements 1s more than 5% to 35% or less, for the reason to
induce the increase of configurational entropy as much as
possible 1n a uniform mixture, while not being outside of a
range of entropy, for formation of a solid solution.

[0036] Meanwhile, C, B, and N are combined with 11, Zr,
Mo, W, Nb, V, Ta, Mn, Cr, or the like, 1in a high-entropy alloy
to form a carbide, a nitride, a boride, or the like, and are
precipitated 1n a matrix of a high-entropy alloy matrix, so the
matrix may be strengthened and work hardenability may be
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improved. Here, the content of each of C, N, and B 15 0.01
wt % to 1.5 wt %. I the content of the element 1s 1nsignifi-
cant, such as an amount of less than 0.01 wt %, precipitation
hardenability may be insignificant. If the content of the
clement exceeds 1.5 wt %, work hardenability may be
reduced, so brittleness may occur.

[0037] In the case of T1, Zr, Mo, W, Ag, S1, Cu, Nb, HI, V,
Ta, and Ge, a difference 1n the atomic radius from Fe, Cr, Ni,
Mn, Co, and Cu, which are main elements forming a matrix
of a high-entropy alloy, 1s large, and a difference 1n the
valency therefrom 1s also large. Thus, as solubility 1n a
matrix ol a high-entropy alloy 1s small, precipitation 1s
tavored, so the matrix may be strengthened by precipitation
hardening. Therecamong, 1n the case 1n which Ti1, Zr, Mo, W,
Nb, V, Ta, or the like 1s added with C, N, B, or the like, at
the same time, a carbide, a nitride, or a boride may also be
formed, so the matrix may be strengthened. In the case 1n
which one thereamong 1s added alone, elemental precipitates
or intermetallic compounds are formed, so the matrix may
be strengthened. Here, the content of each of T1, Zr, Mo, W,
Ag, S1, Cu, Hi, Nb, V, Ta, and Ge 1s 0.01 wt % to 5 wt %.
If the content thereof 1S less than 0.01 wt %, precipitation
hardening eflect 1s insignificant. I the content thereof
exceeds 5 wt %, the volume fraction and the size of
precipitates exceed the limits, so work hardenability may be
reduced and brittleness may be caused.

[0038] In the case of Ag, S1, Cu, Ge, and Hi, a difference
in an atomic radius from that of Fe, Cr, N1, Mn, Co, and Cu,
which are main elements formmg a matrix of a high-entropy
alloy, 1s large and a difference 1n a Valency, or the like
therefrom 1s also large. Thus, solubility 1n a high-entropy
alloy matrix 1s low, precipitation occurs, so a matrix may be
strengthened. Here, the content of each of Ag, S1, Cu, Ge,
and Hf 15 0.01 wt % to 5 wt %. 11 the content thereof 1s lower
than 0.01 wt %, an amount of a precipitation 1s isignificant.
I1 the content thereof exceeds 5 wt %, the volume fraction
and the size of precipitates exceed the limits, so work
hardenability may be reduced and brittleness may be caused.

[0039] Hereinafter, a microstructure of a high-entropy
alloy according to the present disclosure will be described 1n
detail. FIGS. 1A and 1B are schematic diagrams illustrating
a microstructure of a high-entropy alloy. FIG. 1A 1llustrates
a schematic microstructure (with coarse second phase par-
ticles) 1n which some elements, not dissolved but separated
from the matrix, are segregated as coarse particles in the
matrix or at grain boundaries, before secondary heat treat-
ment, 1 a process i which a high-entropy alloy according,
to the present disclosure 1s manufactured. FIG. 1B illustrates
a schematic microstructure of precipitation hardened high-
entropy alloy according to the present disclosure in which a
precipitate 1s uniformly dispersed throughout a matrix, as
the form 1llustrated 1n FIG. 1A processed by secondary heat
treatment.

[0040] The precipitate may be carbides, nitrides, borides,
or the like, as Ti, Zr, Mo, W, Nb, V, Ta, or the like 1s
combined with C, N, or B, interstitial alloying elements.
Alternatively, in the case 1n which one or more substitutional
clements are added, without adding C, N, or B, the precipi-
tates may be of the type that include one or more of 11, Zr,
Mo, W, Nb, V, Ta, Hf, Ag, S1, Cu, or Ge, and intermetallic
compounds thereof. In a precipitate hardened high-entropy
alloy according to the present disclosure, nanoscale and
sub-micron precipitates described above are precipitated 1n
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the matrix with high configurational entropy, so that excel-
lent strength and ductility may be secured.

[0041] The precipitates in a high entropy alloy matrix
block dislocation movement or prevent annihilation of dis-
locations, so the density of dislocation 1s increased, thereby
enhancing the work hardening rate and strength. It 1s pret-
erable that the size of the precipitate has a diameter (or a
length) of 0.5 nm to 50 nm and the spacing between
precipitates 1s 1 nm to 500 nm.

[0042] Hereinatter, a method of manufacturing a precipi-
tation hardening high-entropy alloy according to the present
disclosure will be described 1n detail. FIG. 4 illustrates a
schematic sequence of a manufacturing method according to
the present disclosure. Heremafter, the manufacturing
method according to the present disclosure will be described
with reference to FIG. 4.

[0043] To manufacture a high-entropy alloy according to
the present disclosure, constituent materials are prepared,
including four or more selected from the group consisting of
more than 5 wt % to 35 wt % or less of Fe, more than 5 wt
% to 35 wt % or less of Cr, more than 5 wt % to 35 wt %
or less of N1, more than 5 wt % to 35 wt % or less of Mn,
more than 5 wt % to 35 wt % or less of Co, and more than
S5 wt % to 35 wt % or less of Cu,

[0044] 1) one or more of 0.01 wt % to 1.5 wt % of C, 0.01
wt % to 1.5 wt % of N, and 0.01 at % to 1.5 wt % of B,

[0045] 2) one or more of 0.01 wt % to 5 wt % of 11, 0.01
wt % to 3 wt % of Zr, 0.01 wt % to 5 wt % of Hi, 0.01 wt
% to 5 wt % of Mo, 0.01 wt % to 5 wt % of W, 0.01 wt %
to 5 wt % of Nb, 0.01 wt % to 5 wt % of V, 0.01 wt % to
S wt % of Ta, 0.01 wt % to 5 wt % of Ag, 0.01 wt % to 5
wt % of S1, 0.01 wt % to 5 wt % of Cu, and 0.01 wt % to
5> wt % of Ge, and inevitable residual impurities. Thereatter,
melting, homogenization heat treatment, cooling, deforma-
tion processing and solution treatment 1f necessary, and
secondary heat treatment are performed to manufacture the
precipitation hardening high-entropy alloy.

[0046] The melting 1s provided to allow the metal, having
been manufactured, to be alloyed, a method thereof i1s not
particularly limited, and a method commonly performed in
a technical field of the present disclosure 1s used. For
example, the alloy 1s manufactured through casting, arc
melting, powder metallurgy, or the like.

[0047] Next, the alloy, having been manufactured, 1is
homogenization heat treated. In a high-entropy alloy, vari-
ous elements are mixed, so homogenization heat treating 1s
performed to induce suflicient diffusion. It 1s preferable to
perform the homogenization heat treating at a temperature

within a range of 600° C. to 1200° C. for 1 hour to 48 hours.

[0048] Adter the homogenization heat treating, cooling 1s
performed. A method of the cooling 1s not particularly
limited, and a method, such as water cooling, o1l cooling, air
cooling, or the like, may be performed. Through the homog-
enization and cooling, some microstructural inhomogeniety
are removed.

[0049] In order to develop a microstructure in which
nanoscale and sub-micron precipitates are present in a
matrix, a single-phase solid solution, by forming the pre-
cipitate 1n the matrix after the cooling, secondary heat
treatment 1s performed. The secondary heat treatment
includes the solution treatment and aging treatment. The
solution treatment 1s performed to allow an alloy to dissolve
coarse second phase particles and form the microstructure
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with no or minimal second phase particles above a solubility
limit temperature (typically >700° C.) and then 1s cooled. In

this case, the cooling may be performed in a method such as
water cooling, oil cooling, air cooling, furnace cooling, or

the like.

[0050] The aging treatment 1s performed to allow an alloy
to 1nduce precipitation of nanoscale and sub-micron second
phase particles below a solubility limit temperature (typi-
cally <800° C.) by making some supersaturated alloying
clements in a thermodynamically unstable or metastable
state and then 1s cooled and nanoscale and sub-micron
second phase particles are uniformly precipitated in a
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manufacture an alloy. Hereinafter, homogenization heat
treating was performed at 1050° C. for 24 hours, and rapid
cooling was performed.

[0054] The alloy, having been cooled after the homogeni-
zation heat treating, 1s rolled downed to the thickness of 1

mm, heat treated at 430° C. for 10 hours, so a precipitate was
formed.

[0055] Meanwhile, regarding the high-entropy alloy hav-
ing been manufactured as described above, a sheet having a
thickness of 1 mm was tensile-tested, and mechanical prop-
erties were evaluated, which are 1llustrated in Table 1.

TABLE 1
Tensile  Yield
strength strength Elongation

Division Alloy Precipitate form (MPa) (MPa) (%)
Comparative Co,5CrypFesqMn5eNisg — 620 480 40
Example 1

Comparative Fe,sNi55C055Cr55 — 1000 870 35
Example 2

Comparative Fe,oMn,eNi,aCo56Cr54 — 760 640 15
Example 3

Inventive Fe, o CrogNipoMn 4 5Cus 651, ¢ Precipitate (S1) 1300 1050 25
Example 1

Inventive Fe,aCroaNisCoseMn  gNbs 4 Precipitate (Nb) 1320 1120 20
Example 2

Inventive Fe,oCrygNi5oMn, s CusgAgs Precipitate (Ag) 1390 1180 22
Example 3

Inventive FeyaCrig 5N156C056CU50T10 g Precipitate (T1) 1230 1010 23
Example 4

Inventive FeyoCrooNibgMn g 5CusoMog g Precipitate (Mo) 1320 1140 20
Example 5

Inventive Fe,qCrooNIaCo5oMn g 5 Tag g Precipitate (Ta) 1250 1080 22
Example 6

Inventive Fe,aCrooNi5Co5oMny g sCh 5 Carbide (M, C) 1330 1190 20
Example 7

Inventive Fe,gCrogNigCoseMn g Vo 2Coo  Carbide (M, C) 1460 970 30
Example 8

Inventive Fe,aCrogNLeMn g (Cuyglly 2Co>  Carbide (M, C) 1490 990 28
Example 9

Inventive Fe,qCrig gNi55C050Mn, 6N 5 Nitride (M, N) 1410 920 31
Example 10

Inventive Fe,aCrogNiseMn g eCuyeNg 5 Nitride (M, N) 1390 925 35
Example 11

Inventive Fe,aCroaN1yCosoMn g (N 5Cy 5> Carbonitride (M_(C, N)) 1180 920 26
Example 12

Inventive FesaCropNisoMn g (CluseSig 5Bo > Precipitate (Si1) 1350 940 24
Example 13

matrix. The alloy 1s maintained at a temperature within a
range of 300° C. to 800° C. for 0.5 hour to 72 hours, and then
1s cooled. In this case, the cooling may be performed 1n a
method such as water cooling, o1l cooling, air cooling,
furnace cooling, or the like, as described above.

[0051] Heremafter, Examples according to the present
disclosure will be described 1n detail. The Examples are for
the purpose of understanding the present disclosure and are
not intended to limit the present disclosure.

Example

[0052] First, as 1llustrated 1n Table 1, a high-entropy alloy
according to Comparative Examples 1 through 3 and Inven-
tive Examples 1 through 13 1s manufactured.

[0053] Pieces of constituent pure metals weighted to attain
a composition (wt %) of Table 1 were prepared, and the
mixed pieces were arc melted 1n a vacuum atmosphere to

[0056] As illustrated 1n Table 1, in the case of Inventive
Examples 1 through 6 satistying a composition according to
the present disclosure and forming various alloying precipi-
tates 1n a matrix, Inventive Examples 7 through 12 satisfying
the composition and forming a carbide (M_C, M=11, Zr, Mo,
W, Nb, V, or Ta), a nitride (M N, M=T1, Zr, Mo, W, Nb, V,
or Ta), a carbonitride (M, C,N, M=T1, Zr, Mo, W, Nb, V, or
Ta), or a boride (MB_, M=T1, Zr, Mo, W, Nb, V, or Ta), and
Inventive Example 13 satisiying the composition and form-
ing an alloying precipitate by adding an interstitial alloying
clement B, 1t 1s confirmed that excellent strength and duc-
tility are secured in balance, compared to Comparative
Example. In detail, in the case of Comparative Examples 1
through 3, precipitates are not particularly observed. How-
ever, 1n the case of Inventive Example according to the
present disclosure, 1t 1s confirmed that needle-like, spherical,
and various shaped precipitates are formed and excellent
strength and ductility are secured.
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[0057] Meanwhile, FIGS. 2A and 2B are images of a
microstructure ol Inventive Example 7. In FIG. 2A, 1t 1s
confirmed that coarse Cr carbides are formed 1n the matrix
betfore secondary heat treatment. In FIG. 2B, 1t 1s confirmed
that nanoscale spherical carbides are formed after secondary
heat treating, the spherical carbides block dislocation move-
ment, so an alloy may be strengthened.
[0058] FIG. 3 1s an image of a microstructure of Inventive
Example 2. It 1s confirmed that a needle-like precipitate
formed after secondary heat treatment are uniformly dis-
persed, the precipitates block dislocation movement 1n a
matrix, so the matrix may be strengthened.
[0059] As set forth above, according to an exemplary
embodiment, a matrix, as well as nanoscale nitride, carbide,
or boride precipitates are formed 1n a high-entropy alloy
matrix, so excellent strength and ductility may be 1mple-
mented. Therethrough, a high-entropy alloy may be widely
used.
[0060] While exemplary embodiments have been shown
and described above, it will be apparent to those skilled 1n
the art that modifications and vanations could be made
without departing from the scope of the present invention as
defined by the appended claims.
What 1s claimed 1s:
1. Precipitation hardeming high-entropy alloy, the high-
entropy alloy comprising:
four or more elements selected from the group consisting
of more than 5 wt % to 35 wt % or less of 1ron (Fe),
more than 5 wt % to 35 wt % or less of chromium (Cr),
more than 5 wt % to 35 wt % or less of nickel (Ni),
more than 5 wt % to 35 wt % or less of manganese
(Mn), more than 5 wt % to 35 wt % or less of cobalt
(Co), more than 5 wt % to 35 wt % or less of copper
(Cu);
one or more elements of 1) and 2):
1) one or more of 0.01 wt % to 1.5 wt % of C, 0.01 wt %
to 1.5 wt % of N, and 0.01 at % to 1.5 wt % of B,
2) one or more of 0.01 wt % to 5 wt % of T1, 0.01 wt %
to 3 wt % of Zr, 0.01 wt % to 5 wt % of Hf, 0.01 wt %
to 5 wt % of Mo, 0.01 wt % to 5 wt % of W, 0.01 wt
% to S wt % of Nb, 0.01 wt % to S wt % of V, 0.01 wt
% to 5 wt % of Ta, 0.01 wt % to 5 wt % of Ag, 0.01
wt % to 5 wt % of S1, 0.01 wt % to 5 wt % of Cu, and
0.01 wt % to 5 wt % of Ge, and 1nevitable residual
impurities;
wherein the high-entropy alloy 1s provided with a matrix
in which precipitates are dispersed.
2. The precipitation hardening high-entropy alloy of claim
1, wherein the precipitate 1s one or more of 1) and 2):
1) one or more of carbides (M C), nitrides (M _N), car-
bonitrides (M _C,N), and borides (MBx); and
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2) one or more of precipitates that include one or more of
T1, Zr, Hf, Mo, W, Nb, V, Ta, Ag, S1, Cu, or Ge, and
intermetallic compounds thereof.

3. The precipitation hardening high-entropy alloy of claim

1, wherein the precipitate has the diameter of 0.5 nm to 50

nm, and the spacing between dispersed precipitates 1s 1 nm
to 500 nm.

4. A method of manufacturing a precipitation hardening
high-entropy alloy, comprising the following steps:

(a) preparing constituent materials including

four or more elements selected from the group consisting
of more than 5 wt % to 35 wt % or less of Fe, more than
5 wt % to 35 wt % or less of Cr, more than 5 wt % to

35 wt % or less of N1, more than 5 wt % to 35 wt % or
less of Mn, more than 5 wt % to 35 wt % or less of Co,
and more than 5 wt % to 35 wt % or less of Cu,

one or more elements of 1) and 2):

1) one or more of 0.01 wt % to 1.5 wt % of C, 0.01 wt %
to 1.5 wt % of N, and 0.01 at % to 1.5 wt % of B,

2) one or more of 0.01 wt % to 5 wt % of 11, 0.01 wt %
to 3 wt % of Zr, 0.01 wt % to 5 wt % of Hi, 0.01 wt %
to 5 wt % of Mo, 0.01 wt % to 5 wt % of W, 0.01 wt
% to S wt % of Nb, 0.01 wt % to 5 wt % of V, 0.01 wt
% to 5 wt % of Ta, 0.01 wt % to 5 wt % of Ag, 0.01
wt % to 5 wt % of S1, 0.01 wt % to 5 wt % of Cu, and
0.01 wt % to 5 wt % of Ge, and 1nevitable residual
impurities;

(b) manufacturing an alloy by melting the constituent
materials of step (a), having been prepared, using
casting, arc melting, or powder metallurgy;

(¢) homogenization heat treating the alloy, having been

manufactured, at a temperature within a range of 600°
C. to 1200° C.;

(d) cooling the alloy after the homogenization heat treat-
ing; and

(¢) secondary heat treating the alloy by maintaining the
alloy at a temperature within a range of 300° C. to 800°

C. for a certain period of time after cooling step (d) and
subsequently cooling the alloy.

5. The method of claim 4, wherein the homogenization
heat treating step (c) 1s performed for 1 hour to 48 hours.

6. The method of claim 4, wherein the secondary heat
treating step (€) 1s performed by maintaining the alloy at for
0.5 hour to 72 hours at temperature and cooling the alloy.

7. The method of claim 4, wherein the secondary heating
treating of step (e) 1s performed by maintaining the alloy at

a temperature within a range of 300° C. to 800° C. with a
solution treatment above 700° C.
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