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Alloying has been very common practice in materials engineering to fabricate metals of desirable properties for
specific applications. Traditionally, a small amount of the desired material is added to the principal metal. However,
a new alloying technique emerged in 2004 with the concept of adding several principal elements in or near equi-
atomic concentrations. These are popularly known as high entropy alloys (HEAs) which can have a wide

composition range.

high entropy alloys (HEAS) additive manufacturing (AM) wear nuclear applications

irradiation

| 1. Introduction
1.1. The Definitions of High Entropy Alloys

The first ever definition of HEA was given by Yeh et al. W as a class of alloys composed of five or more principal
elements having concentration between 5% to 35% for each element. The second definition was also proposed by
the same group . In the second definition, the three categories of alloys were introduced on the basis of the
configurational entropy: low entropy alloys (configurational entropy alloys (AS¢qnf) < 0.69R), medium entropy alloys
(0.69R < AS..¢ < 1.61R) and high entropy alloys (AS¢ons = 1.61R) Bl where R is the universal gas constant. Here,
the low entropy alloys are mostly conventional alloys with one or two major elements and the medium entropy
alloys have two to four major elements. The high entropy alloys contain five or more major elements. The second
definition does not require equi-atomic composition. For example, Ti,ZrHfVysMog, 4, FeCoNiCrTip, B and

Al ;CoCrFeNi [87 gre categorized as HEAs according to the second definition.

Moreover, these definitions are not strict, and it is not clarified which one should be used to categorize an alloy. For
example, an alloy having composition of 5% A, 5% B, 20% C, 35% D and 35% E has the configuration entropy of
1.36R according to Equation (1) derived from Boltzmann’s entropy formula &1,

ﬂsmﬂf = —-R [Cll_ﬂl:] ......... cn]ncn]
where ¢, is the atomic fraction of the nth element. In case of equi-atomic composition, Equation (1) reduces to [&I:

AS.ons = Rln(n)
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For example, an alloy having 25 components with equi-atomic concentration has AS.,ys = RIn(n = 25) = 3.22R.
This material has the concentration of each element out of the range suggested by the first definition (between 5%

to 35%), but it has sufficiently high entropy according to the second definition (8.

| 2. Manufacturing of HEAs
2.1. Background and Conventional Methods

Brian Cantor estimated the total number of possible metallic alloys with different compositions to be up to around
1078 &, This means many new alloys are yet to be discovered. For the manufacturing of HEAs, the initial synthesis
strategy was to choose equi-atomic concentration of principle elements to maximize the entropy of the system.
However, later, HEAs in non-equi-molar ratios were also developed for various applications. Arc melting was mostly
preferred to produce HEAs thanks to its convenience, availability and simplicity. Furthermore, developing a HEA
became more complex as more non-equi-atomic compositions were considered and several other manufacturing
techniques were used. Alshataif et al. 19 covered almost all kinds of processing techniques used so far for HEAs
synthesis. They detailed solid state processing (i.e., powder atomization methods, ball milling, cold/hot pressing,
sintering, spark plasma sintering), liquid state processing (i.e., arc melting, vacuum induction melting, directional
solidification, infiltration, electromagnetic stirring), thin film deposition (i.e., magnetron sputtering, pulsed laser
deposition, plasma spray deposition) and additive manufacturing. Most of these manufacturing techniques are
commercially available. That means most HEAs would not require a special manufacturing process and mass-

producing HEAs would be possible with the existing alloying technologies and facilities.

The influence of process parameters, such as temperature and pressure, on the properties of HEAs were also

studied. The effects of temperature on the properties of HEAs were studied through processes such as: annealing
and heat treatments [L1I[12][13][14][15][16][17][18][19][20][21][22][23][24][25][26][27][28][29][30] and thermomechanical processing

[BL[32(33]134] ' A number of research groups reported how temperature affected the microstructures and mechanical
properties of HEAs in various manufacturing processes 2233361371138 \oreover, the physical or chemical
responses of various HEAs under a variety of thermal histories during manufacturing were studied: thermal aging
behavior [12[E940[41]  TaNpHfZrTi synthesis by hydrogenation—dehydrogenation reaction and thermal plasma
treatment 42, martensite formation (4314414511461 A| CoCrFeNi formation with high gravity combustion from oxides
471 |aser surface melting 48, precipitation behavior “9BABLEZA and WTaMoNbV synthesis using inductively

coupled thermal plasma 3],

Researchers have also attempted to alter the microstructures and properties of HEAs by high pressure treatments.
Regulating pressure during fabrication of HEAs can considerably alter the interaction between the atoms by
changing the interatomic distance, bonding nature and packing densities. These changes often convert the
microstructures and affect the mechanical and structural properties. Dong et al. 24 reviewed the applications of
high pressure technology for HEAs. They reviewed the use of dynamic high pressure, diamond anvil cells, high

pressure torsion and hexahedron anvil press. Zhang et al. 23 reviewed high pressure induced phase transitions in
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HEAs. Application of high pressure torsion [28I57I581[59][60][61][62][63][64][65][66][67][68][691[70] j5 more frequent than other
pressure techniques BAILZ27BI7A[7S|[76][77)[78]

Furthermore, various researchers successfully welded/brazed HEAs [Z2BABLIEAE3] Gyo et al. 2 reviewed arc
welding, laser welding, electron beam welding, friction stir welding to join HEAs and conducted the microstructural
analysis on the welded structures. Filho et al. Bl gave a general review on the properties of welded HEAs parts
and Tillmann et al. 3 reviewed HEAs brazing. Lopez et al. BY reviewed fusion based welding (i.e., for
CoCrFeNiMn and other related HEA systems) and solid state welding. Scutelnicu et al. 2 reviewed friction stir,
electron and laser beam, tungsten inert gas welding techniques for CoCrFeMnNi, AICoCrCuFeNi, AICrFeCoNi and

CoCrFeNi alloys.
2.2. Additive Manufacturing of HEAs

3-D printing in manufacturing industries, when properly applied, not only makes a design phase more efficient and
economic but also brings thoughtful impacts on product design. Recent advances in additive manufacturing (AM)
made it more influential throughout the supply chain which generates revenue as well B4, The additive
manufactured HEAs showed improvement in their mechanical properties in comparison to as-cast HEAs [831(861[87]
(88][891[901[I[92]  Higher cooling rates in AM processes help suppress diffusional phase transformation and increase
the chemical homogeneity of HEAs [23l. Under certain circumstances, AM gives a better control over the material
processing and helps tailor application-specific microstructures which become more important for the parts for
applications under extreme environments. For example, it was demonstrated that fine and tailorable
microstructures in HEAs were obtained using AM techniques [24I5][96I798IO9NMIO0N10L] - \yhich implies AM can
improve the mechanical performance of at least some HEAs. However, this may not be a trivial task as a good

understanding of the AM technique and material behavior during the AM process is required 192,

AM of HEAs has been discussed briefly in a few review papers [203I[931[104]l105] gnq pooks L0897 Xjaopeng Li 23
discussed the requirements and challenges of AM of HEAs and bulk metallic glasses. Chen et al. 293 examined
the microstructural evolution and mechanical properties of AM-processed CoCrFeNi, Al,CoCrFeNi, CoCrFeMnNi
and TiyxsZrsgNbsgTass. Fabricating HEAs by spark plasma sintering (SPS) and their property analyses were
discussed in the book chapter “Spark Plasma Sintering of High Entropy Alloys” of 1981, SPS followed by mechanical
alloying has largely been used to develop HEAs, which was reviewed in detail by Vaidya et al. 299, Therefore, SPS

studies are not included here.

Here, studies on the AM of HEAs are tabulated and the mechanical properties of these HEAs are discussed. Table
1, Table 2 and Table 3 detail the HEAs synthesized by selective laser melting (SLM), electron beam melting (EBM)
and direct energy deposition (DED), respectively. The performances of these HEAs are discussed in terms of their
composition, their microstructure and their mechanical properties, such as ultimate tensile strength (UTS), %
elongation at fracture (€), yield strength (YS), hardness (H), compressive strength (CS), compressive yield strength

(CYS), bending strength (BS), bending elongation (8,) and % compression at fracture (C).

Table 1. The compositions, microstructures and mechanical properties of SLM manufactured HEAs.
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Result
Source Alloy Composition Microstructure (Grain Size) UTS (MPa), YS (MPa), BS (MPa),
dp (Mm), € (%), H, CS (MPa), C
(%)
Chen et al. _ UTS=281+18,YS=125+
CoCrFeMnNi FCC (53.1 um)
(110) 0.5, H=261+7HV
Niu et al. [101] CoCrFeMnNi FCC (<5 pm) CS = 2447.7
CoCrFeMnNi + TiN
Li et al. (L11] . . FCC UTS = 601-1036, € = 12-30
nanoparticles
CoCrFeMnNi + Fe based
Li et al. (112 _ FCC UTS = 916-1517
metallic glass
CoCrFeMnNi + TiN
Li et al, 213] _ FCC -
nanoparticles
Kim et al. 114] (CoCrFeMnNi)C FCC (180-330 nm) YS = 800-900, € = 25-30
CoCrFeMnNi + 12 wt% nano-
Li et al. (115 _ FCC (<2 pum) UTS = 1100
TiNp
Piglione et al. : _
[116] CoCrFeMnNi FCC (0.52-0.64 pm) H =212 HV
Zhu et al. &3 CoCrFeMnNi FCC -
Xu et al. 117 CoCrFeMnNi FCC (1-2 pm) H=2.84+0.13 GPa
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Source

Alloy Composition

Result

Microstructure (Grain Size) UTS (MPa), YS (MPa), BS (MPa),
dp (Mm), € (%), H, CS (MPa), C

(%)

Park et al. [8€]

CoCrFeMnNi +1 at%C

FCC (20—-35 um)

UTS =829-989, YS =741, =
24.3

Re”nest al CoCrFeMnNi . .
FCC & cubic (0.2-0.8
Dovgi’é etal CoCrFeMnNi .
pm)
UTS = 776-797, YS = 630—
Zho%ft el CoCrFeNi + 0.5 at%C FCC (40-50 pm)
(87] 656, € = 7.7-13.5
Wu et al. [120] CoCrFeNi + 0.5 at%C FCC (40-50 pum) UTS = 795, YS = 638
Lin et al. (24] CoCrFeNi FCC
Sun et al. ) -, ~3 mm in length and UTS = 676.7-691, YS =
127 CoCrFeNi o
~200 pm in width 556.7-572, € = 12.4-17.9
UTS = 600-853, YS = 520—
SO”?Zzet al CoCrFeNi + N (1.8%) FCcC
650, & = 27
#hou etal (CoCrFeNi);_, (WC), Fcc H = 603-768 HV
_ _ UTS = 480-745, YS = 402—
Brif et al. [88] CoCrFeNi FCC

600, € = 8-32, H = 205-238
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Result

Source Alloy Composition Microstructure (Grain Size) UTS (MPa), YS (MPa), BS (MPa),
dp (Mm), € (%), H, CS (MPa), C
(%)
Disordered (A2) +
Niu et al. [224] AICoCrFeNi @2 H = 632.8 HV
Ordered (B2) BCC
Karlsson et ]
41, 1102 AlCoCrFeNi FCC & BCC (<20 pm) -
Peyrouzet et ) FCC (width~13 and
Alg 3CoCrFeNi UTS =896, YS=730,€=29
al. &Y length~70-120 um)
) UTS =878,YS =609, H =
Sun et al. 29 Alg sCoCrFeNi FCC & BCC (1 pm)
270HV
Zhoguzet al Aly sCoCrFeNi FCC UTS =721, YS =579, ¢ = 22
_ _ CS = 1655.2-2052.8, C = 6.5
Luo et al. 125] AICrCuFeNi BCC (avg. width~4 pm)

6.8

Luo et al. [26]

FCC (thickness~490 nm)
& BCC (~140 nm)
AICrCuFeNiy (2<x<3)
Avg. thickness of both ~
650 nm

UTS =957, £ =14.3

Li et al. 38!

AlCoCuFeNi BCC

YS =744,¢=13.1, CS = 1600

Yao et al. [127]

AICrFeNiV FCC (width~15 pm,

UTS = 1057.47, £ = 30.3
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Result
Source Alloy Composition Microstructure (Grain Size) UTS (MPa), YS (MPa), BS (MPa),
dp (Mm), € (%), H, CS (MPa), C
(%)
length~75-200 pm)
Wang et al. . _
[128] AlCoCrCuFeNi FCC & BCC H=710.4 HV
Al3 (Sc, Zr) (1-10 nm + 7
War[‘i]get al AIMgScZrMn (Se. 2 UTS = 394, ¢ = 10.5
Hm)
AlICoFeNiVg9Smo.1
| AlCoFeNiSmg 1 TiVo.g
Sarawat et al.
[130] FCC H~42.8-86.7 HV
AICoFeNiSmg.o5TiVo 952,
AlCoFeNITiVZr
Agrawal et al. Fe4oMn20C020Cr15Sis HCP UTS = 1100, YS = 530, £ = 30
Zh‘&f’&a" NbMoTaw BCC (13.4 um) H = 826 HV
Yang et al. , , FCC (300-1000 nm) +
NigCrgWFegTi UTS =972,YS=742,e=12.2
(L34][135] unknown phase
Chen et al. . . B B
[136] CoCrFeNiMn FCC + Mny0Og3 patrticles YS =620, UTS =730, e~12
Litwa et al. CoCrFeNiMn FCC H~320 HV
(137]

https://encyclopedia.pub/entry/20558 7/55



Additive Manufacturing of High Entropy Alloys | Encyclopedia.pub

Result
Source Alloy Composition Microstructure (Grain Size) UTS (MPa), YS (MPa), BS (MPa),
dp (Mm), € (%), H, CS (MPa), C
(%)
Zhang et al. .
[138] CoCrFeNiMn FCC YS~729.6
Kim et al. (139 CoCrFeNiMn FCC YS =752.6
Chol'ﬁit al. CoCrFeNiMn Fcc
CrCuFeNi, FCC
A|0_5chUFeNi2 FCC
Su et al. [141]
A|0_7SCrCUFeNi2 FCC + BCC/B2
AICrCuFeNi, FCC + BCC/B2
o _ _ H = 622 HV, BS = 530, 8, =
CoCrFeNi + Ti coated FCC + diamond particles N
Peng et al. diamond '
142 FCC + Cr,C3 + diamond
o _ H = 615 HV, BS = 925, &, =
CoCrFeNi + diamond particles
0.48
Wang et al. CoCrFeNiMn Fcc H = 164-370 HV
Sun et al. Aly ;CrCuFeNi FCC
[144]
Alg 5CrCuFeNi FCC
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Microstructure (Grain Size) UTS (MPa), YS (MPa), BS (MPa), S

Result

Source Alloy Composition
Oy (mm), € (%), H, CS (MPa), C
Result
. e - Microstructure (Grain
ource oy Composition
4 ) Size) UTS (MPa), YS (MPa), € (%), H, CS (MPa), C
(%)
Peng et al. [158] CoCrFeNiMn FCC YS =196
Wang et al. 159 CoCrFeMnNi FCC (65) UTS = 497, 205, H = 157.1HV
UTS =1073,YS =769, =0-1.2
Kuwabara et al. AICOCrFeNi BCC & FCC
160 YS =944-1015, CS = 1447-1668, C =
14.5-26.4
Wang et al. 161] AlCoCrFeNi BCC -
Fujieda et al. 162] CoCrFeNiTi FCC + Cubic UTS = 1178, YS=773,£=25.8
Popov et al. 1631 Al, CrMoNbTag 5 BCC
Pen(i:)51et al CoCrFeNiMn FCC -
Result
- AT - Microstructure (Grain
cheme oy Composition
Y ) Size) UTS (MPa), YS (MPa), € (%), H, CS (MPa), C
(%)
Guan et al. .
o CoCrFeMnNi FCC (13 pm) YS =517, =26
Melia et al. CoCrFeMnNi FCC (~4 pm) UTS = 647-651, YS = 232-424
[165]
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Result
- Ao - Microstructure (Grain
cheme 0 omposition
y t.omp Size) UTS (MPa), YS (MPa), € (%), H, CS (MPa), C
(%)
Li et al. [166] CoCrFeMnNi FCC
FCC (30-150 pum) +
Gao et al. [167] CoCrFeMnNi ( Hm) UTS = 620, YS = 448
BCC
Xiang et al. . _
[168][169] CoCrFeNiMn FCC UTS = 400-600
FCC (3.68 + 0.85
Che‘i‘goet 2 CoCrFeNiMn ( UTS = 660, YS = 518
pm)
Qiu et al. 121 CoCrFeMnNi FCC UTS =891, YS = 564

) CoCrFeMnNi + WC
Li et al. 1721 FCC UTS = 550-845, YS = 300-675, £ = 9
(0-10 wit%)

CoCrFeMnNi + TiC
Amalzset al FCcC UTS = 550-723, YS = 300-385, & = 32
[173] (0-5 wt9%)
I CoCrFeMnNi FCC (24 pm)
G“af7ft al YS = 888-1100, H = 197-657 HV
AICoCrFeNiTig 5 BCC (7 um) + FCC
Wa”gset al CoCrFeNiMog FCcc UTS = 532-928, ¢ = 37
Zhou etal. M8 oo aNinb, (x = 0— FCC UTS = 400-820, YS = 220-750
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Microstructure (Grain

Result

Scheme Alloy Composition
y t.omp Size) UTS (MPa), YS (MPa), € (%), H, CS (MPa), C
(%)
0.2)
Gwalani et al. AlxCoCrFeNi (x =
o FCC
0.3-0.7)
Nartu etal. Alo sCoCrFeNi Fcc YS = 410-630, £ = 18-28
AIXCoCrFeNi (x =
Mohanty et al. FCC +BCC H = 170-380 HV
0.3-0.7)
Vikram etal. AICOCrFeNi2.1 FCC & BCC YS = 309-711, H = 278 + 11-316 + 14 HV
lani et al.
Gwalan' €tal AlcrFeMoVy (x=0-1)  BCC (68-165 um) H = 485-581 HV
Guan et al. -
182 AICoCrFeNiTig s BCC (12 pm) -
Malatji et . AICTCuFeNi BCC & FCC H = 350 HV,
; I AICoCrFeNiCu
Dada et al. — —
e H = 600 HV, H = 850 HV
AITiCrFeCoNi
Moorehead et
NbMoTaw BCC .

al 186
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Microstructure (Grain

Result

Scheme Alloy Composition
Y ) Size) UTS (MPa), YS (MPa), € (%), H, CS (MPa), C
(%)
unce etal TizrNbMoV BCC -
Dobbelstein et ]
o1, 158 TiZrNbHfTa BCC H =509 HV,,
P l. .
egu;e; eta CoCrFeNiMn FCC -
Li et al. 229 CoCrFeNiMn FCC -
CoCrFeNiMn
Vacuum arc melting
1 impact Laser shock VS =20, WS = St
eenin
Tong et al. (1241 . ? FCC YS = 427.4, UTS = 570.7
3 impact Laser shock
_ YS~435, UTS~600
peening
_ YS =489.9, UTS =639.9
5 impact Laser shock
peening
Shen et al. o UTS =2155-2499, YS = 142-713,H =
CoCrFeNi (SiC FCC + Cr;C3 (1 pm
192 ( )X =3 ( K ) 139-310
CoCrFeNi BCC (102.27 pm) YS =318, UTS =440, € = 8.56
Cai et al. 193]
AICoCrFeNi BCC (18.75 pum) YS =383, UTS =533, =10.6
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Result
Sch Alloy C i Microstructure (Grain
cheme oy Composition
LASILE size) UTS (MPa), YS (MPa), £ (%), H, CS (MPa), C
(%)
YS =1252, CS =1282,¢ =15
NbMoTa BCC YS =1200, CS =1350, € =23
NbMoTaTi BCC + a-Ti YS =1350, CS =1380,e=11
Zhang et al.
[194]
NbMoTaNi BCC YS =1750, CS =2277.79,¢ =15

the most

NbMOTaTiooNips R o481 30 7 R S 2 g eI LT 18140

[150][151][152][153][154][155][156][157][158][159][160][161][162][163][164][165] 1000 °C is 1699.75 MPa, 1033.63 MPa by SLM

[85][861[101][L10][111][112][113][114][115] 116111 7][118][110][122] 1363 HEB SN PII[143][146]148][149][151][154]
155 127 [102][124] [128] [24][87][120][121][123][142][147][156]
157 131 [89][90][92] [38][126] i [141]
Péfgetaf ©° @ 2 2 155 1 x YS = 37/3-476, CS = 473-508. £ = 06— T €Nl
+
1441 pos x 20l sCoCrEeNT 152, FEL 15 o3 2 62.95, H 9208551 s 06 062r1.4M0gs
151 o5 25 02 12 [132][133]
Kuzminova et ¥ = 456551, UTS18®R8H658, H = 209— [162
o CoCrFeNi Fcc and
o5 al. (1261 o5 162 [1647E631H¥6][167][168][169][170][171][172][173]
[174][189][190][191][192][200] 192][193][196 0.3 [195] 0.2 175 Nby 176
x ETERAETT ;1 laolisn e 05BN a2
197, (o [184][185] [186] 187 194 Nbo N
[—Malatjl et al. ECC + BCC H = 310-38% HY 0.2NI2.1
[199] [97 Hiesal treated (800—
1100 °C)
still under
ither FCC
Donggget al AICoCrFeNi, FCC + BCC YS = 388, UTS = 719, £~27, H = 221-228
20 15 40 20 5 rties was
[90][101][111][114][122][127][202] attributed
Zhou et al. 199 CoCrFeNbg ,Ni» ; FCC + HCP (Laves YS~340, UTS~735 ippens In
C14) + Nbrich i '
&lition treatment (2 [L17] carbide = YS~239, UTSLEYR32IL60I[162][165|[175][183]
h,1258FC) 171 also been
YS~896, UTS~1127, e~17
MAIUUIT ITHIIUIUC. it 151 v 1 smmr v ssavawmars VVILLD AIVE 11AD JTCIHE Al QITQ Ul HHILTITOL 1VI°L 1Hial |y cocalvliiIici o |ate|y Who

expect microstructure refinement and mechanical properties enhancement 42I[L111][142][146][154][155][203][204][205][206]

(207][208][209][210[211][212][213[214] ' j ot 5], L1 jntroduced nano TiN ceramic particles in a CoCrFeMnNi matrix, which
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[113] Result llowed by
Microstructure (Grain

Scheme Alloy Composition . ( . im). Song
1221 Size) UTS (MPa), YS (MPa), £ (%), H, CS (MPa), C oped with

%
213 (%) . YS and
96 h aged (650 °C) = NiMn and
Similarly,
HEA 10 to 675
Zheng et al. CoCrFeNiMn FCcC 23 6 YS =330, UTS = 630118 i that TiC
205 » UTS of

T ST ooy T TG T T S-Syt SAEIA120] 1o

enhance the mechanical properties of HEAs. Peng et al. 142 added diamond particles into CoCrFeNi and found
out the bending strength was 925MPa. Park et al. 1481 added carbon into CoCrFeNiMn ((CoCrFeNiMn)gqC;) and
noticed that the YS and UTS were ~741 MPa and ~874 MPa, respectively. Similarly, Kim et al. 123 also added
carbon into CoCrFeNiMn in a ratio (CoCrFeNiMn);gg-xCy (X = 0.5-1.5). The YS for x = 0.5, 1, 1.5 was measured to
be 653, 752 and 753 MPa respectively. The UTS for x = 0.5, 1, 1.5 was found to be 766 + 318.5, 895 + 22.3 and
911 # 125.1 MPa, respectively. Shen et al. 192 discussed the effect of SiC particles added to CoCrFeNi. They
noticed that adding SiC particles changed the microstructure from the FCC phase to the FCC/Cr,C; dual phase.
The hardness and YS improved significantly from ~139 HV to ~310 HV and ~142 MPa to ~713 MPa, respectively.

Various HEAs have exhibited significant improvement in their mechanical properties after AM synthesis as
compared to the as-cast structures of the same compositions 8288 zhou et al. 2 reported that arc-melted
CoCrFeNi had the YS of 225 MPa whereas SLM-manufactured CoCrFeNi had the YS of 656 MPa. Brif et al. (88
observed that SLM-manufactured CoCrFeNi showed noticeable improvement in YS from 188 MPa (as-cast) to 600
MPa and in UTS from 457 MPa (as-cast) to 745 MPa. Peyrouzet et al. [82 showed that the YS of Aly 3CoCrFeNi
increased from 275 MPa (as-cast) to 730 MPa and the UTS from 502 MPa (as-cast) to 896 MPa when
manufactured with SLM. The UTS of as-cast Aly 3CoCrFeNi was 522 MPa and it was increased to 878 MPa with
SLM processing 29, Arc-melted AlpsCoCrFeNi had the YS of 334 MPa and the UTS of 709 MPa 21, SLM
increased the YS up to 579 MPa and the UTS up to 721 MPa 22,

Moreover, the CS of AICrCuFeNi was 2052 MPa when fabricated with SLM and 1750 + 15 MPa 213l with arc-
melting. The hardness of AICoCrCuFeNi improved from 500 to 710 Hv (1281 by using SLM. The YS of AIMgScZrMn
manufactured with arc melting, SPS, and SLM is 188 + 2.3 MPa, 231 + 3 Mpa and 394 Mpa respectively 123,
Agrawal et al. 131 reported that the YS of as-cast and SLM-printed Fe,oMn,oC0,0Cry5Sis was 420 + 20 Mpa and
530 + 40 Mpa, respectively. The YS of CoCrFeNiMn was 2.5 times higher (around 518 Mpa) 7% with DED in
comparison to that of cast parts (209 Mpa) (218 at room temperature (RT). Furthermore, the as-cast AICoCrFeNi
had the UTS of 956 MPa, and the EBM specimen had the UTS of 1073 MPa 189, Similarly, Fujieda et al. [162
reported that EBM-synthesized CoCrFeNiTi showed the improved tensile strength of around 1178 MPa, which is
much stronger than various commercial high corrosion resistant materials such as duplex stainless steel: 655 MPa,
super duplex stainless steel: 750-800 MPa and Ni-based super alloys (i.e., Alloy C276: 690 MPa, Alloy 718: 1275
MPa).
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Refractory HEA NbMoTaW has shown a drastic reduction in grain size when made with AM. The average grain size
of BCC phase was 200 um in as-cast sample 217 and 13.4 um in SLM-processed sample. Additionally, this alloy
did not follow the rule of mixtures. Instead, it showed the cocktail effect for the hardness of the final structure. The
hardness of Nb, Mo, Ta and W was in the range of 85-410 HV but the final hardness of SLM processed NbMoTaW
was measured to be 826 HV [132]. Senkov et al. 218l commented that NbMoTaW did not have any abrupt hardness
changes at high temperatures, consistently exhibiting better hardness properties than superalloys. Moreover, SLM-
processed NigCr,WFeqTi (UTS =972 MPa, YS = 742 MPa, € = 12.2%) had ~93% increase in YS, ~50% increase in
UTS, and ~77% increase in tensile ductility as compared to the vacuum arc melted samples (UTS = 649 MPa, YS
=385 MPa, € = 6.9%) [134I[135]

In summary, various studies have successfully manufactured SLM, EBM and DED techniques. They have also
shown that the properties of HEAs could be altered by changing the input parameters for AM process. For

example, CoCrFeNiMn was manufactured with SLM by multiple researchers [E2[86]1101][110][111][112][113][114][115][116]
(117][118][119][122][136][137][138][139][140][143][146][148][149][151][154][155] and many of them acquired different mechanical

properties for CoCrFeNiMn by changing input parameters in AM processes (refer Table 1, Table 2 and Table 3).

| 3. Applications under Extreme Environments

3.1. Nuclear Applications

Nuclear energy is contributing to around 13% of electricity demand worldwide 2121 with negligible carbon emission.
The safety, reliability and economy of these nuclear power plants depends heavily on the performances of
advanced structural materials under high-energy irradiation and elevated temperatures 2291221l Radioactive waste
handling units also require radiation-tolerant materials. Not to mention nuclear applications, radiation-resistant

materials are in great demand in medical and aerospace fields as well.

The typical range of operating temperatures of nuclear reactors spans from 350 to 900 °C as listed in Table 4 [222],
At high temperatures, several effects come into play such as thermal expansion, vacancy concentration, diffusion
rate, phase transformation, precipitation, recovery, recrystallization, dislocation climb, creep, grain
weakening/migration/growth, oxidation and intergranular oxygen dispersion. With conventional alloys, design
strategies for nuclear reactor materials were mostly concerned with tuning the microstructures by various heat
treatments, precipitation, cold working and solute atoms to get desired properties. HEAs, though, introduce the

concept of modifying compositional complexity of the structural materials to make them suitable for nuclear

applications.
Table 4. Core outlet temperature of different gen-IV nuclear reactor coolant 2221,
Reactor System Core Outlet Temperature (°C) Coolant
Super critical water-cooled reactor 350-620 Water
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Reactor System Core Outlet Temperature (°C) Coolant
Sodium-cooled fast reactor =550 Na liquid metal
Lead-cooled reactor 550-800 Pb, Pb-Bi liquid Metals
Molten salt reactor 700-800 Fluoride salts
Gas-cooled fast reactor ~850 Helium gas
Very high temperature reactor >900 Helium gas

Currently, reduced activation ferritic/martensitic steels (RAFM) (e.g., F82H, EUROFER 97), are the most popular
option for irradiation-resistant structural materials. Oxide dispersion strengthened (ODS) RAFM steels (i.e.,
EUROFER 97 reinforced with 0.3 wt.% Y03 particles), C/C, SiC/C, SiC/SiC, refractory metals/alloys (W, Cr), V
and Ti-based alloys are also being used 2232241 HEAs are considered to be potential candidates for nuclear
applications [106][225][2261[227] e et al. (228 mentioned that HEAS are potential candidates for structural materials of
the 4th generation nuclear reactor. Previously, the irradiation responses and defect behaviors (229)[23Q] " ntrinsic
transport properties 239 “jrradiation induced structural changes [231] of HEAS were reviewed. Building upon these

reviews, this section mainly focuses on ion irradiation resistance of HEAS.

The majority of the previous ion irradiation studies on HEAs are listed in Table 5 where phases, irradiation
conditions and important findings are summarized. These HEAs were studied under Ni, Au, Ag, Ar, He, Kr, or Xe
ions irradiation. The most popular strategy to design single-phase HEAs of high irradiation resistance used

elements having low activation or thermal neutron absorption cross section [232112331234][235][236]

Table 5. Summary of irradiation studies on HEAS.

Irradiation Conditions (Energy, lon,

Source Material (Fabrication) Phase
Fluence, Temperature)
2.6 MeV, Ag3*, 1.5x 1072 & 1.9 x 1073
Jawaha[‘g]m etal CoCrFeNiMn FCC T
dpa~ls™, 23-500 °C
Lu et al. [238] NiCoFeCr, CoCrFeNiMn FCC 3 MeV, Ni%*, 5 x 1016 jons-cm™2, 500

°C
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Irradiation Conditions (Energy, lon,

Source Material (Fabrication) Phase
Fluence, Temperature)
3 MeV, Ni?*, 3 x 1015 jons-cm™2, 500
Barr et al. 239 CoCrFeNiMn FCC o
1.5 MeV, Ni*, 4 x 1014 & 3 x 1015
ions-cm™2 (peak dose~4 dpa), 500 °C
Lu et al. (2401 CoCrFeNi, CoCrFeNiMn FCC
3 MeV, Ni*, 5 x 1016 jons-cm™2 (peak
dose~60 dpa), 500 °C
CoCrFeNiMn 54 3+
16 MeV, Ni°", 8 MeV Ni°", 4 MeV
Nil*&
Tong et al. [241] CoCrFeNi FCC
2 MeV Nil*, 0.1-1 dpa, 420 °C
CoCrFeNiPd P
3 MeV, Ni?*, 5 x 1016 jons-cm™2 (peak
Jin et al. 242 CoCrFeNi, CoCrFeNiMn FCC (P
dose~53 dpa), 500 °C
CoCrreMnNi Fee 1 MeV, Kr ions, 6.3 x 101° jons-cm™2
Chen et al. [243] ' C '
. 300 °C
Aly 3CoCrFeNi FCC
100 keV, He™, 2.5 x 1017, 5 x 1017 & 1
Wang et al. [244] CoCrFeNiCu FCC .
x 1018 jons-cm™2, RT
CoCrFeNi,
He et al. [243] CoCrFeNiMn, FCC electrons, 5 x 1018 e-cm™2.s71, 400 °C
CoCrFeNiPd

https://encyclopedia.pub/entry/20558

17/55



Additive Manufacturing of High Entropy Alloys | Encyclopedia.pub

Irradiation Conditions (Energy, lon,

Source Material (Fabrication) Phase
Fluence, Temperature)
CoCrFeNiMn, o 16 : 2
3MeV, Ni<", 5 x 10*° ions-cm™, 420,
Yang et al. [246] FCC 500 & 580 °C
CoCrFeNiPd
Yang et al. 247] CoCrFeNiMn FCC -, Heion, -, RT & 450 °C
o | CoCrFeNiMn,
Has ”[gio;]o etal FCcc 1250 keV, 1.5 dpa, 300-400 °C
CocheNiAlolg
Zhang et al. (249 CoCrFeNiCu FCC 3 MeV Ni2*, 10 ions-cm™2, RT
3 MeV, Ni%*, 1.5 x 106 (peak dose~17
- dpa) &
Yang et al. 259 CoNi, FeNi, CoCrFeNi
FCC 5.0 x 1016 (peak dose~53 dpa)
ions-cm™2, 500 °C
1.5 MeV, Ni2*, 1 x 1015 (peak dose~2
dpa) &
Abhaya et al. [251] CrCoFeNi FCC
5 x 1016 (peak dose~96 dpa)
ions-cm™2, RT
1.5 MeV, Ni?*, 1 x 10%3-1 x 1014
ions-cm™2
Sellami et al. 252 CoCrFeNi
21 MeV, Ni%*, 2 x 1013 & 1 x 104
ions-cm™2, RT
Chen et al. 253 CoCrFeNi FCC 275 keV, He*, 5.14 x 10%° jons-m™2,
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Irradiation Conditions (Energy, lon,

Source Material (Fabrication) Phase
Fluence, Temperature)
250, 300, 400 °C
CoCrFeNi
’ 3 MeV, Ni?*, 1 x 107 ions-cm™ (peak
Kombaiah et al. 224 FCC
. dose~100 dpa), 500 °C
Alg.12CoCrFeNi
3 MeV, Ni%*, 5 x 10 jons-cm™2, 580
Lu et al. 255 CoCrFeNiPd FCC °c
30 keV, Xe*, 2.6 x 10 jons-cm™2, 500
Tunes et al. (28] CrFeNiMn FCC .
o I 30 keV, Xe*, 9.3x10% ions-cm™
Edmondson et al. .
257] CrFeNiMn BCC
6 keV He", 6.4 x 10'® jons-cm™, RT
3 MeV, Niions, 5 x 10'-8 x 10%®
Fan et al. 2581 CoCrFeNi FCC _ .
ions/cm <, 580 °C
. - 275 keV, He?*, 5.14 x 10%° ions-m™2,
Chen et al. & CoCrFeNiTig 2 FCC
400 °C
Lyu et al. [259] CoCrFeNiMog » FCC 27 keV, electrons, -, RT
- o 2.5 MeV, Fe ions, 1.5 x 10*° ions-m™2,
Xu et al. (289 (CoCrFeNi)gsTitNbjAlz FCC
RT-500 °C
Cao et al. 261 (CoCrFeNi)gaTirAlg FCC 4 MeV, Au ions, 10-49 dpa, RT
Tolstolutskaya et al. Cro.18Fe0.4Mng 28Nip.14 FCC 1.4 MeV, Arions, 0, 0.3, 1 & 5dpa, RT

262
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) o Irradiation Conditions (Energy, lon,
Source Material (Fabrication) Phase
Fluence, Temperature)

Cro.18F€0.28Mng.27Nig 28

Cro.2Feg.4Mng 2Nig 2

3 MeV, Ni**, 4.2 x 103, 4.2 x 10* &
4.2 x 10™® jons-cm™2, RT & 500 °C

Kumar et al. (263] Feo.27Nig 28Mng 27Cro.18 FCC
3 MeV, Ni?*, 2.43 x 10'° & 2.43 x 10%°
ions-cm™2, 400-700 °C
Li et al. (264] Cro.18F€0.27Nig 25MNg.27 FCC Neutron, 8.9 x 10** n.cm™2.s, 60 °C
_ o651 Cro.2F€0.4Mng 2Nig 2+ Y203 + 1.4 MeV, Ar ions, 2.2 x 10%° ions-cm™2,
Voyevodin et al. 283 FCC
ZrO» RT
CuyCrFeTiV
Dias et al. [288] BCC + FCC 300 keV, Ar*, 3 x 100 at-m™2, RT
(x = 0.21-1.7)
3 MeV, Au ions, 6 x 10%° ion-cm™
Yang et al. 234 Alg.3CoCrFeNi FCC
(peak dose ~31 dpa), 250-650 °C
Gromov et al. 287 AICoCrFeNi - 18 keV, electrons, -, RT
AICrMoNDbZr,
pas 400 keV, He*, 8 x 10'° & 8 x 10'®
Zhang et al. 239 FCC _ -
ion-cm <, RT
(AICrMoNbZzr)N
Yang et al. @ Alg.1CoCrFeNi, FCC 3 MeV, Au ions, 1 x 1041 x 1010
ions-cm™2, RT
Alg 75CoCrFeNi, FCC + B2
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Irradiation Conditions (Energy, lon,

Source Material (Fabrication) Phase
Fluence, Temperature)
Al1 5CoCrFeNi, A2 + B2
Alg 1CoCrFeNi, FCC
_ . _ 3 MeV, Au ions, 1 x 10*-1 x 10%®
Xia et al. Alo.75CoCrFeNi, FCC + B2 _ .
ions-cm 4, RT
Al1 5CoCrFeNi B2 + A2
3 MeV, Au ions, 6 x 10° jons-cm™,
Yang et al. (268 Alo.1CoCrFeNi FCC
250-650 °C
Zhou et al. 289 AlyCoCrFeNi (x = 0-2) FCC + BCC 1 MeV, Kr?*, -, RT
AlCoCrFeNt, Fee MeV Kr & 200 KeV, electrons, 2 dpa
Zhou et al. 279 ' ' '
. RT & 150 °C
HfNbTaTizrVv Amorphous
Zhou et al. 271 HfNbTaTiZrVv BCC 1 MeV Kr?*, -, RT-150 °C
_ - _ 5 MeV, He?*, 1.6 x 10*%-4.4 x 10/
Moschetti et al. 272 HfNbTaTiZr BCC _ .
ions-cm™“s, 50 °C
Sadeghilaridjani et o 4.4 MeV, Ni%*, 1.08 x 107 ion-cm™2,
a1, 23] HfTaTiZrv BCC e
1.5 MeV, He ions, 5 x 10%°-1 x 10/
Li et al. 274 HINbTiZr BCC _ _2
ions-m <, 700 °C
Kareer et al. 273 TaTiVZr, BCC 2 MeV, V*, 2.26 x 1015 ions-cm_z, 500
%G
TaTiVCr, BCC
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Irradiation Conditions (Energy, lon,

Source Material (Fabrication) Phase
Fluence, Temperature)
TaTiVNb BCC ncepts
ZrTiHfCuBe,
100 keV, He ions, 5.0 x 107, 1.0 x _
Wang et al. 228 ZrTiHfCuBeNi, Amorphous s . . L759
10" & 2.0 x 10-" ions-cm ™, RT
ZrTiHfCuNi
.;etal.
Y. J.
" _ 3 MeV, He", 5 x 10™°, 1 x 10'° & 3 x
Luetal. @ Ti>ZrHfVo 5sMog.2 BCC . >
107" ions-cm™4, 600 °C
> of He+
Atwani et al. 221 Wo.38Ta0.36Cro.15Vo.11 BCC 1 MeV, Kr*2, 0.0006-8 dpa-s™*, 800 °C
2016, 6,
500 KeV He?", 5 x 10'°-3 x 10'/
Komarov et al. 278 (TIHfZrVNb)N - ) i
ions-cm <, 500 °C
igh
) sigma
SiFeVCrMo 1 Mater
Gandy et al. 222 - 5 MeV, Au?*, 5 x 10'% ions-cm™2, RT
SiFeVCr ]
sigma
in
— 5 MeV, Au*, 5 x 10*° jon-cm™ (peak g _
Patel et al. V2 5Cr1 2WMoCo0g o4 BCC Review.
dose~42 dpa), RT
- 2+ 17 17 — , Pao,
ot Mog sNbTiVCrg 25, 400 He“™, 1 x 10-'=5 x 10" ions-m™ <,
Zhang et al. 128 _ BCC stortion
Moo sNbTiVo 5Zr0.25 350 °C
Mog sNbTiVCrg 25, 400 keV, He?*, peak dose~10.5 dpa, ging
Zhang et al. 282 . BCC
Moo sNbTiVo 5Zr0.25 350 °C
2aling

behaviors of high-entropy alloy Al0.5CoCrCuFeNi. J. Alloys Compd. 2009, 486, 427-435.

14. Zhang, K.B.; Fu, Z.Y.; Zhang, J.Y.; Shi, J.; Wang, W.M.; Wang, H.; Wang, Y.C.; Zhang, Q.J.

Annealing on the structure and properties evolution of the CoCrFeNiCuAl high-entropy alloy. J.
Alloys Compd. 2010, 502, 295-299.

https://encyclopedia.pub/entry/20558

22/55



Additive Manufacturing of High Entropy Alloys | Encyclopedia.pub

1 _ o Irradiation Conditions (Energy, lon,
Source Material (Fabrication) Phase
Fluence, Temperature) tropy

. 2 keV, He*, 1.65 x 107 ions-cm™2, 950
1  Atwanietal. 28] WtaCrVv BCC tent

°C
]. Alloys

CUTTToOU: =9 TU; UOT; 99 T L.

L‘.z ZZWQgr ﬁ'élll:é{ri%r Effects of annealing treatment on phase composition and microstructure of
CoCrFeNiTiAlx high-entropy alloys. Intermetallics 2012, 22, 24-32.
]E.wi_lwear prgp.);egies of HEAs werﬁ.ﬂg?}]ﬁzijumostly \?/iH1ePin/ball_on a di&c set léﬂiWith antagonist materials such as

aase, arrales-iviora, ence o ormation and annealing twinning on the

Al,O,, steels (i.e., SKH51, GCrl5, 100Cr6), .SiaN4, SIiC, ZrO,, .1Cr18Ni9Ti, BN, inconel-718 and W For
2O et ¥ 150 4 Qabi I M So1'd

TiCr ure and texture evolution of face-Centere C ||g -entropy alloys. Acta Mater. ,
IUbr;l_%a(Bl?gngatg dry conditions were used but some studies also used H,0,, deionized water and acid rain (pH =
2). Previously, Tsai and Yeh et al. [284] Kasar et al. [282] Senkov et al. [288], Sharma et al. [287], Zhang et al. B8, Lj et
19. B, Menangetal. GENgnEapiabali YNNG Micsasiret W epikilion, sNaehanigalea it ¢osEaRiaABrs
will RRRBMO RO BEIINE Rdi &=t HEAIMQX soPHB Zs BontdByakhtitdh RitaP Yooy IREslia and

nitr@@@)é&*b@@ﬁﬁb/&@ﬂrr&ﬁ@??&nperature effects and oxide formation. Table 6 provides the details of the

RP9SHONE . HREAYREHTSE: MBI AT e ERd P EchalEa piipeflie ¥ CETEENSEFLSMAZLNTTEgON
coefiip L 9Ps VAL SBIIRS RRITPERASSBEE 68 THGIS:-entropy/compositionally-complex alloys after

annealing. Mater. Sci. Eng. A 2020, 772, 138812.
Table 6. Wear studies of HEAs.

21. Sathiaraj, G.D.; Pukenas, A.; Skrotzki, W. Texture formation in face-centered cubic high-entropy
Method, Medium, Antagonist

Source Composition Microstructure ]
5 Material, Temperature, Wear Rate
. . ). A
Pin-on-disc, dry, Al,O3, 600—800
Joseph et ]
CoCrFeNiMn FCC °C,RT, 0.5 x 1074-3.8 x 10™*
al. (291
2 mm3.N"tm™
Lett.
Ball-on-disc, MoS,-oil lubrication,
Wangize]t al CoCrFeNiMn FCC 2
2 GCrl5, RT-140 °C and
g. Addit.
i Ball-on-flat, dry, WC-Co, RT, 0.5
Xiao etal. CoCrFeNiMn Fcc /
[293] x1074-5.4 x 107 mm*N"tm™ .
e
Jones et al. ] Rotary tribometer, -, -, ~0.5 x
[294] CoCrFeNiMn FCC 1078 mmE-N-Lm-1 |
2 ng-
J.5

alloy. Mater. Sci. Eng. A 2020, 776, 139003.
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Method, Medium, Antagonist  :UN

Source Composition Microstructure ]
Material, Temperature, Wear Rate 1-117.
2 le
CoCrFeNiMn )
aling.
CoCrFeNiMnV . .
Zhu et al. FCC + HCP Ball-on-disc, dry, SizNy4, RT, 1.85
2 (298] L + x 1075-6.39 x 10~ mm3.N"1.m~1
CoCrFeNiMnNb (Laves) + o e
Eng. A
CoCrFeNiMnNbV
2 an
Ball-on-disc, dry, GCrl15, RT,
Deng et al. . _ —
- & CoCrFeNiMo, (x = 0-0.3) FCcc 0.33 x 103-0.53 x 1073
mm3-N~1.m~1 .
via
: CoCrFeNiMn FCC
2 Lindner et )
a1, (297 Ball-on-disc, dry, Al,O3, RT g
CoCrFeNi FCC 3ing
2 .
~  Shaetal. _ Ball-on-disc, dry, ruby, RT, 1 x
CoCrFeNiMn)N FCC + BCC
298 ( ) 107-1.4 x 10°* mm3N"t.m™!
3 -on-di i ture
~ Xiao et al. . Ball-on dISk, dl'y, S|3N4, RT, 0.47 ruc
CoCrFeNiMnC, (x = 0-1.2 FCC
(299] x( ) x 1075-6.5 x 1075 mm3N"2m1 loys
2
9 Zhdetal CoCrFeNiMn + TiN-Al,O5 FCC + TiN Ball-on-disc, dry, 440C steel, RT O the
[211]
.Eng. A
2 CoCrFeNiMn FCC . . e and
Ball-on-disc, dry, SisN4, RT-800 h
. . ' hot
Cheng etal Al sCoCrFeNiMn FCC + BCC °C, 0.5 x 1074-3.8 x 1074
[300] ‘
mm3-N-1.m™
q AlCoCrFeNiMn FCC + BCC
ZrNiMn
Joseph et CoCrFeNiMn FCC Pin-on-disc, dry, Al,O3, 25 & 900
al. [304] °C .
3 nith

tailored microstructure and outstanding compressive properties fabricated via selective laser
melting with heat treatment. Mater. Sci. Eng. A 2019, 743, 773—-784.
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3 - . Method, Medium, Antagonist ~ f high-
Source Composition Microstructure ]
Material, Temperature, Wear Rate
4 Al 5CoCrFeNi FCC on
, 266—
Alp.6CoCrFeNi FCC + BCC
4 AICoCrFeNi BCC ntropy
4 ; FCC + Y-0 rk, H.K.
L|u3(§£ = CoCrFeNiMn + Y203 . 2 Ball-on-disc, dry, GCr15, RT
(particles)
Y757.
4 Ball-on-disc, dry, SisN4, RT-800 3d
War&t al (CoCrFeMnNi)gsTis FCC + BCC °C,4x10°223x10° .3, 69,
mm3N~tm™
4 of
Ball-on-disk, dry, Inconel-718,
Zhar[;gﬁ?t =2 CoCrFeNi + (Ag or BaF,/CaF>) FCC RT, ~4 x 10°-40 x 105
mm3N"1m™
4 n
Pin-on-disc, vacuum (4 Pa) & air,
4 Gengetal CoCrFeNi FcC Inconel 718, RT, 0.6 x 1074-g x JN€tiC
10_4 mmS.N_l.m_l 15 AIP
4 Ball-on-disk, dry, SisN4, RT-800 Y
Zhar;%(aet = CoCrFeNi + (graphite or MoSy) FCC °C, ~1 x 107°-23 x 107°
mm3N"1m™
4 S.;et
sion
CoCrFeNiMo FCC . .
Zhou et al. 085 Slurry jet test-rig, HCI+NacCl, -, 6,
(207] 40 °C, -
Alg.5sCoCrFeNi FCC '
4 and its
52.
o Zhang%get - CoCrFeNiMo FCC Ball-on-disc, dry, -, RT
o 1
y. Mater.

Charact. 2019, 155, 109792.

51. Liu, W.H.; Yang, T.; Liu, C.T. Precipitation hardening in CoCrFeNi-based high entropy alloys.

Mater. Chem. Phys. 2018, 210, 2-11.
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5 - . Method, Medium, Antagonist . LU,
Source Composition Microstructure ]
Material, Temperature, Wear Rate /ater.
Huang et al. . .
E (309] FeCoCrNiSiy FCC + BCC Ball-on-disk, dry, GCr15, RT f
plasma.
i | coCrreNiMo FCC + FeS/MoS
g Cuetal } ?  Pin-on-disk, dry, GCr15,RT  Ire
ilm
Sulfurized at 260 °C for 2 h
5 1S in
Ball on disc, dry, GCr15, RT, 3.9
Li et al. (1] CoCrFeNiMog » FCC /
x 1074-5.4 x 1074 mm3N~t.m™1
£ 2s and
FCC + MoS,
[~
h (particles)
117,
1 0,
CoCrFeNiCu + 2% MoS, FCC + MoS,
) (particles)
E CoCrFeNiCu + 5% MoS, torsion
) ) FCC +WC ) )
Jiet al. 12 CoCrFeNiCu + 20% WC , Ball-on-disk, dry, SizN,, RT
o (particles) \nka
CoCrFeNiCu + 50% WC
FCC + WC
CoCrFeNiCu + 80% WC (particles)
€ ), N.P. A
FCC + WC
. ssure
(particles)
€ ni, B.;
Pin-on-disk, dry, -, RT & 600 °C,
Vem&ft al CoCrFeNiCu, (x = 0-1) FCcc ~1.3%x105-2.5x 1075 d
mm3-N-L.m-1 77 K.
Liu et al. ) ] Roller friction wear tester, dry, “ R
[314] CoCrFeNiB, (x = 0.5-1.5) FCC + Borides on of

W,gCrsV, RT

63. Asghari-Rad, P.; Sathiyamoorthi, P.; Thi-Cam Nguyen, N.; Bae, J.W.; Shahmir, H.; Kim, H.S. Fine-
tuning of mechanical properties in V10Cr15Mn5Fe35C010Ni25 high-entropy alloy through high-
pressure torsion and annealing. Mater. Sci. Eng. A 2020, 771, 138604.
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Method, Medium, Antagonist  yrin, K.;

Source Composition Microstructure ]
Material, Temperature, Wear Rate ature. J.
’ FCC + HCP ‘3
. ek, J.
J'angt al CoCrFeNiNb, (x = 0-1.2) (Laves) HCP Ball-on-disc, dry, BN, RT
Y
(Co,Nb) Pns.
€ Pin-on-disk, dry, Si;N,, RT-800 > €t
_ FCC + HCP
Yu et al. [316] CoCrFeNiNb, (x = 0.5-0.8) °C, ~1.8 x 1074-9 x 107
(Laves) Nl
€ Ll re and
i Co010CrqgFesgMnzg + graphene
L|u[§]al. 10 llot Isi ;02 098 \F:/to/ FCC Ball-on-plate, dry, GCr15, RT
nanoplatelets (0.2-0. 0) ressure
)8, 29—
FCC+ WC +
Wagt A C0,CrioFesMngg + WC (10 wi%) Ball-on-disc, dry, SisN,, RT
M23Cs
€ S.
oy.
CoCrCuTi M 5-10 FecrBec
0oCrCuTi)1gg—xMny (X = 5—
_ Derimow et ( )100-xM ( ) _ |
7 41, (319 ' FCC + HCP Ball-on-disc, dry, GCr15, RT '
(CoCrCuTi)1gg-xMny (x = 10-20) h
(Laves) n-
1 Guo et al. CoCrFeNiCuSig » (Tior C), (x = 0- ] Brooks sliding friction & wear The
320 FCC + TiC
1.5) tester, dry, RT al
7 BCC + Cry3Cq + ML-100 friction and wear tester, . High
Zhang etal. (o CrreNiTio s)Cy (x = 3-12 with) e g
(321] TiC e [RAT ~oNi.
7 CoCrFeNiTig 5 FCC , X.; Kai,
Erdogan et - _ Entropy
a1, 1322 CoCrFeNiTig5Alg 5 BCC Ball-on-disc, dry, WC, RT
7 CoCrFeNiTig sAl BCC
196,
137-140.

75. Zhang, F.; Lou, H.; Chen, S.; Chen, X.; Zeng, Z.; Yan, J.; Zhao, W.; Wu, Y.; Lu, Z.; Zeng, Q.
Effects of non-hydrostaticity and grain size on the pressure-induced phase transition of the
CoCrFeMnNi high-entropy alloy. J. Appl. Phys. 2018, 124, 115901.
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7 - . Method, Medium, Antagonist ~ Zhang,
Source Composition Microstructure ]
Material, Temperature, Wear Rate )yS.
_ CoCrFeNiMo FCC
7 ressure-
Liu et al. _ Pin-on-disk, dry, YG6, RT, 1 x 92
CoCrFeNiMoy (x = 0.3 FCC+o :
323 x ( ) 107°-8.5 x 107> mm3-N"t.m1
7 | :
CoCrFeNiMo, (x = 1) FCC+o+p
ierature
_ Moazzen et CoCrFe,Ni (x = 1-1.6) e Pin-on-disk, dry, AlS152100 steel,
oCrFeyNi (x = 1-1. + )
r ez . 20-30 °C, - by
8 Pin-on-disk, dry, SizN,4, RT, 0.292 tals
Yang et al. . . _ -
& CoCrFeNiMoSiy (x = 0.5-1.5) FCC x 1074-0.892 x 1074
3.N-L.m-1
g R t trends.
8 . (326] ) o L Ball-on-disc, dry, SizNy, RT, 4.4 x ligh
Li et al. CoCrFeNiyVy sTiy (x =0.5-1.25 BCC + (Co,Ni)Ti
ALILE ) (COMIT2 ) o5 37,5 x 105 mme.N-Lm-
8 high
Ball-on-flat, dry, 100Cr6, RT, 2.7
Islak etal. CrFeNiMoTi Fcc /
[827] x 1073-9.4 x 1073 mm3N"tm™
&
HT-1000 tribometer, -, WC, RT &
wen et al. CrCoNiTiV FCC + BCC + TiO 2017;
600 °C
: W I
A CuNiSiTiZr BCC CIS111Awear tester, dry, -, RT  alloy
8 _ _ BCC + HCP . 3.
(Fe25C025Nizs5 (Bo.7Si0.3)25)100-xNPx Ball-on-disc, dry, GCr15, RT,
Cheng et al. (Laves) + 15 % 106.3.6 x 106 xd by
m . 9.
(x = 0—4 wWt%) mm3-N"1.m™1
FCC
8 Ictures
ictive
Yadav et al. (CuCrFeTizZn),_,Pby FCC + BCC + Pb Ball-on-disk, dry, -, SAE 52100,
21 (particles) RT, 1.17 x 1075-50 x 1075
8o. bIi, 1., 1HUIIES, IVI., TUUU, 1. TTIE USE Ul TIYT-EHUURPY dlluys Il duuiuve anulacwaniny. Sei. Mater.

2015, 99, 93-96.
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- . Method, Medium, Antagonist  Vielting
Source Composition Microstructure ]
Material, Temperature, Wear Rate eg.
(x = 0.05-0.2) mm3Ntm™
S ures
Gou et al. . b " disc. d R
c (332] CoCrFeNi + WC + Mo2C + NbC FCC Ball-on-disc, dry, GCr15, 700 °C L an
C (CuCrFeTiZn)100-xPbx (x = 0-10) FCC + BCC lective
Yadav et al. .
(333] Ball-on-disk, dry, steel, RT
(CuCrFeTiZn)100-xBix (X = 0-10) BCC
c and
Cui et al. Al CoCrFeNiMn (x = 0-0.75) - MDW- 02 abrasive wear tester,
oCrFeNiMn (x = 0-0. +
c [334] X RT 9, Z.H,;
with a
, , , , 5, 74—
Gwalani et T FCC 4 B2 Pin-on-disc, dry, SizNg4, RT, 1.8 x
oCrFeNi +
al. (239 o 107°-11 x 10° mm3N"tm™
C <ruth,
Ball-on-plate, dry, SisN4, RT-600 ]gth and
Chegt al. Al sCoCrFeNi FCC + BCC °C, ~0.5 x 10745 x 107
3n~1 1 .
¢ LU 1g of in
erties.
Universal wear testing machine,
¢ Duetal dry, SisNa erties of
337 Alg 25CoCrFeNi FCC \_158
20-600 °C, ~1.5 x 1074-3.5 x '
¢ 107 mm®N~tm™ ally pure
. 2017,
Ball-on-block, deionized water &
c ) ) acid rain (pH = 2), seawater, i
¢ Chenetal Alo 6CoCrFeNi FCC +BCC . ainless
GCris, RT, 1.58 x 107"-6.52 x
1074 mm3N1tm™
1C
Jiet al. 239 Al3CoCrFeNi Jet erosion testing machine,
1C water and 15 wt% SiO> patrticles

CUIHIPIESSIVE SUETYU T Ul dll EYUITTIUIA CUCTFEIVITING TIYT-ENUUPY alluy piiiieu vy seiecuve laser

melting. Opt. Laser Technol. 2020, 127, 106147.
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1C - . Method, Medium, Antagonist  1SSON,
Source Composition Microstructure ) )
Material, Temperature, Wear Rate :|ective
(350-600 mm), RT
1C opy
. Alp.3CoCrFeNi FCC
1C Haghdadi et 03 _
o1, 340 Scratch testing, dry, -, RT
' AICoCrFeNi BCC —An
1C Fa”[ﬁ]t el Alp 3CoCrFeNi FCc Pin-on-disc, dry, -, 900 °C  'OVs E.A.
)21, 77,
Ball-on-block, dry and deionized
1€ wuetal. _ _ / ~, erdam,
342 Alp.1CoCrFeNi FCC water, SisNg, RT, ~0.2 x 10™"—
1.86 x 1074 mm3N"tm™
1C rrlands,
) FCC
Alg.1CoCrFeNi
1C Of
i FCC + BCC (B2
Nair et al. AICoCrFeNi (2 Ball-on-disc, dry, WC, RT
BCC (B2) + A2 + i
1C AlsCoCrFeNi (B2) review.
o]
11 loy via
Pin-on-disc, demineralized water
Kumar et al. . & (demineralized water + 3.5
Alp.4CoxCrFeNi (x = 0-1 - i
11 [344] U ( ) wt% NaCl), EN-31, RT, 0.81 x  high
1074-1.86 x 104 mm3Ntm™ 1gth
1.
11 iIMn high
M@al. AICoCrFeNi BCC + FCC Ball-on disc, dry, SisNg, RT g
11
| AICoCrFeNi fia
wu et al BCC Pin-on-disc, dry, SisNs, RT
AICoCrFeNiTig s
11 ‘

heterogeneities in the ultrastrong selectively laser melted carbon-doped CoCrFeMnNi alloy.

Mater. Sci. Eng. A 2020, 773, 138726.

115. Li, B.; Qian, B.; Xu, Y.; Liu, Z.; Xuan, F. Fine-structured CoCrFeNiMn high-entropy alloy matrix
composite with 12 wt% TiN particle reinforcements via selective laser melting assisted additive
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Method, Medium, Antagonist

Source Composition Microstructure ]
11 Material, Temperature, Wear Rate
n.
Ball-on-disk, dry, deionized water
Zhao et al. . o 5
(347] Al gCoCrFeNi FCC + BCC + 0.5 wt% NaCl, RT, ~2 x 10—
11 7.5 x 107> mm3.N-tm™ ntation
1dit.
Pin-on-disk, engine oil (SAE
Aly 4Co,CrFeNi (x = 0-0.5 FCC + BCC
11 Kumar et al. 04X ( ) Grade:20W-40), EN-31 steel, RT,
348 -5 -5
2.1 x107-11 x 10
Alg 4Co,CrFeNi (x = 1) FCC
mm3-N1m™1
11 y made
Alo 8COCFFeNiCUO 5Six _
: ‘ FCC + BCC1 + -, -, CGry5, RT, 0.9 x 1076-1.19 x
12 Lietal 24 156 s
BCC2 107° mm=-N"+-m~
(x = 0-0.5) L
12 (AlCOCfFeNi)loo_X (NbC)X . . . J
Reciprocating tester, dry, N4Sis,
Li et al. (206 FCC + BCC b ° $asle 1
(x = 0—30 wt%)
12 tures
Ball-on-plate, dry, 100Cr6 steel,
Kafexhiu et _ . / l. Mater.
AICoCrFeNi, ¢ BCC + FCC RT, 7 x 107°-11 x 1075
al. 3301
mm3.N"t.m™1
12 of
8, 75,
Ball-on-disk, dry,
Miao et al. _ FCC (L12) + BCC  Al,04/SigN,/SiC/GCr15, RT-900
[351] AICoCrFeNi, ¢ . .
12 (B2) °C, ~1 x 107-4.2 x 10 s and
mm3.N"t.m™1 g
MM-200 wear testing machine, ;
12 ve et al. 1252 AICoCrFeNi, ; + TiC (0-15 wt%) FCC + B2 + TiC J mic
dry, -, RT .
vical
12 Wang et al. (AICoCrFeNi)N BCC + nitrides Ball-on block, dry, deionized ANix
23 (AIN,CrN,Fe4N) water & acid rain (pH = 2), SizNy,
SMS.
127. Yao, H.; Tan, Z.; He, D.; Zhou, Z.; Zhou, Z.; Xue, Y.; Cui, L.; Chen, L.; Wang, G.; Yang, Y. High

strength and ductility AICrFeNiV high entropy alloy with hierarchically heterogeneous
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Method, Medium, Antagonist

Source Composition Microstructure ]
Material, Temperature, Wear Rate
12 s of
RT, 2.8 x 10757 x 107 2lting.
mm3N"tm™
12 s and
Ball-on-block, dry, simulated K
i rainwater & deionized water,
Llu&al' AICrCuFeN:i> _ .
a Si3Ng, RT, 2.163 x 10 °-0.23 x
12 103 mm3N1tm™ i new
.9, 476,
Kong et al. ) MMS-2A roller friction wear
3 Al1 gCrCuFeNi» BCC
1 (255] ' tester, dry, -, RT t
Malatji et al. . . .
123 (197] AICrCuFeNi FCC + BCC Ball-on-disk, dry, SiC, RT Jh-
9, 12,
Ball-on block, dry, deionized
13 water & acid rain (pH = 2), SisN4, 1h-
War[‘figt . Al 3CoCuFeNiy FCC + BCC ) 4(p ) D )
RT, 1 x 10™-12 x 10 nuf.
mm3Ntm™
13 factured
Ball-on-flat, distilled water, WC- Eng. A
Xiao et al. . 6 5 '
[357] Al,CoCrFeNiSi (x = 0.5-1.5) FCC + BCC 12Co, RT, 6.7 x 107°-5.5 x 10
mm3Ntm™
13 ied
ci. Eng.
Liu et al. o Pin-on-disk, dry, ZrO», RT, 1.3 x
AlCoCrFeNiSiy (0-0.5 BCC
358 «(0-05) 1074-5.1 x 1074 mm3N"tm™
13 iened
194,
Hsu et al. ) FCC + boride ) )
(359] Alp 5CoCrFeNiCuBx (x = 0-1) o Pin-on-disk, dry, Al,O3, RT
precipitates
13 e
09380.
Chen et al. Alg 5CoCrFeNiCuTix (x = 0-0.2) FCC Pin-on-disk, dry, Al,O3, RT
360 .
13 perties
FCC + BCC 1g,
Mater. Sci. Eng. A 2020, 789, 139672.
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13 - . Method, Medium, Antagonist  al
Source Composition Microstructure ) )
Material, Temperature, Wear Rate sjty
Alg.sCoCrFeNiCuTix (x = 0.4-1) FCC + BCC +
14 Alg.sCoCrFeNiCuTix (x = 1.2-2) TioN Wilde,
ed high-
344,
LOb[(Zlif]t al AICoCrFeNiITi BCC Ball-on-disc, dry, Al,O3, RT
14
pd.
Ball-on-plate, dry, 100Cr6 Steel,
Lobel etal. AICOCrFeNiTi BCC b g
RT
14 al
5
FCC + BCC
14 AICoCrFeNiTiy (x = 0.5-1) FCC + BCC + Primig,
TioNi Cavitation erosion tests, Distilled
Wugg al AICoCrFeNiTiy (x = 1.5) ? 10fa
water+ 3.5 wt% NaCl, RT ) 196
- FCC + BCC + ' ’
AICoCrFeNiTiy (x = 2) o
Ti,Ni + ordered
14 BCC S,
Ball-on-disc, dry, WC, RT, 0.25 x 5505.
Al,CoCrFeNiTi
14 Erdogan et X B 10%-1.78 x 10 mm3Ntm™, A .
al. [264] FecrBee 0.25 x 1074-1.78 x 1074 )
' (x = 0-0.5, y = 0-0.5) ' ' alloy
mm3-N~1.m™1
perty
i Ball-on-disc, dry, SisNg4, RT, 0.3 x
14 Xinetal Alg 2G04 sCrFeNiy Tigs + TIC Fcc o mee
365 0Ze 1oT0S 1075-12.6 x 105 mm3N-1.m™1
)y by
Ball-on-plate, dry, AlISI 52,100
14 Gouveaet Al ,C0; sCrFeNiy sTi FCC teel, RT, 1.6 x 108-7.5x 1075
01 5CrFeNiy 5Ti steel, RT, 1.6 x _7.5 x
a1, 13661 020015 15 Addit.
mm?2-N~1
14 Chuang et Al,Coq sCrFeNiy 5Tiy FCC Pin-on-disk, dry, SKH51 steel, FeMniI
al. 3671 RT, ~4 x 1074-1.8 x 107* 6,

149. Jin, M.; Piglione, A.; Dovgyy, B.; Hosseini, E.; Hooper, P.A.; Holdsworth, S.R.; Pham, M.S. Cyclic
plasticity and fatigue damage of CrMnFeCoNi high entropy alloy fabricated by laser powder-bed

https://encyclopedia.pub/entry/20558

33/55



Additive Manufacturing of High Entropy Alloys | Encyclopedia.pub

Method, Medium, Antagonist

Source Composition Microstructure ]
Material, Temperature, Wear Rate
15 re and
(x=0-0.2,y = 0.5-1) mm3-N"tm™ aser
15 Ball-on-disc, dry, SisNa, RT, 1.36 NN
e - x 1076-6.96 x 107° er.
AICoCrFeNiTigp.g BCC + B2
[268] mm3-N"1-m"1, 0.7 x 10746 x
107 * mm3N1tm™
15 r Bed
18.
Pin-on-disk, H>,O», SiC & ZrO», .
15 Yuetal. B8 AICOCrFeNiTig 5 BCC1 + BCC2 - selective
1= SRV-Trib ter, dry, Al,O3, 22 nand
-Tribometer, dry, , 22—
L°b§'7§t al AICOCrFeNiTio s BCC (A2 + B2) e 'd
900 °C
[
1z . | Pin-on-disc, Dry, Al,O3 py alloy
c e Al 6CoCrEeNiTi BCC n
RT-500 °C . 2021,
15 AlCoCrFeNiTip 5 .; Liss,
Yu et al. 872 Pin-on-disc, dry, SisN4
AlICoCrFeNiCu 1, 807,
AlICoCrFeNiCu FCC + BCC1 . . -
15 VU ot . B3 Pin-on-disk, H,O,, 1Cr18Ni9Ti
uetal.
steel & ZrO,/SiC ceramic, RT
AICOCIEeNiTip 5 BCC1 + BCC2 e ' alloys
3,
Jin et al. ] Ball-on-disk, dry, WC, 200-800
15 (374] AICoFeNiCu FCC + BCC e K.: et al.
alloy
Ball-on-disk, dry, SisN420-600
15 Zhusfst al AICoFeNiCu + TiC (10-30 wt%) FCC + BCC °C, ~0.1x 107°-6.5 x 10°
mm3-N"1m™ 168,

160. Kuwabara, K.; Shiratori, H.; Fujieda, T.; Yamanaka, K.; Koizumi, Y.; Chiba, A. Mechanical and
corrosion properties of AICoCrFeNi high-entropy alloy fabricated with selective electron beam

melting. Addit. Manuf. 2018, 23, 264-271.
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1€ - . Method, Medium, Antagonist  alloy
Source Composition Microstructure ]
Material, Temperature, Wear Rate
1€
Al sCoCrFeNiCu FCC
y
Pin-on-disk, dry, SKH-51 steel,
W“;; al Al (CoCrFeNiCu FCC + BCC /
RT
1€ _ 2lting of
Al, oCoCrFeNiCu BCC
)1188.
1€ cturing
van etal. ICOCrFeNiSi + Ti (C GC + FCC ll-on-disc, dry, GC
377] AlCoCrFeNiSi + Ti (C, N) BCC +F Ball-on-disc, dry, r15,RT, -  ared net
1€ Ball-on-disc, dry, WC-6Co, 200~ -;
Li et al. (78] AICoCrFeNi + Ti (C,N) + TiB, FCC 800 °C, 2.69 x 107°-8.66 x 07> .dditively
mm3-N"1.m™1
1€
AlCoCrCuFeNiSij 3 FCC + BCC loy by
Kumar et al. Pi disk. d RT
[379] in-on-disk, dry, -, RT, -
AlCoCrCuFeNiSig g FCC+BCC +ao
1€ 3, 77—
Pin-on-disk, dry, SizN,4, 25-800
Xi l. -
1€ Xnea Alg 2C0; sCrFeNiy 5Tig 5 FCC °C,1.21x 105-6.7x 10 .
mm3-.N"1.m~t eposited
1€ Ball-on-disc, 3.5%NaCl &
Karakas et ) .
| (381 Alg 07C01 26Cr1 goFe1.42Mn1 35Nig 1 FCC 5%H,S0y, -, RT, 16.26 x 10°~  using
al.
77.84 x 107 mm3-N"t.m!
17 icture
el e e C.( Pin-on-disk, dry, SisN,4, 25-800 loy.
i 01 5CrFeNiy 5Ti + b=
Xin et al. 0.2-015 1511 (05+x) T Lx e °C, 3.12 x 106-12.59 x 10-5
[382] 0)
mm3-N"1.m™1
17 ZoNi
Manuf.
Zhao et al. AICrCoFeNiCTay (x = 0-1) BCC Pin-on-disk, 3.5%NacCl & air,
[383] ; =B
SigNy, RT, 1.67 x 107°-2.22 x
17
es with

WC addition. J. Mater. Sci. Technol. 2019, 35, 2430-2434.
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17 - . Method, Medium, Antagonist  al.
Source Composition Microstructure ]
Material, Temperature, Wear Rate

10° mm3Ntm™

17 ‘actured
icity
Ghanbariha e b e Pin-on-disk, dry, WC, RT, 1.11 x
oCrFeNi + Zr +
et al, 284 ? 10°-2.52 x 103 mm3N-Lm?
17 ng, X.;
for low
AlyCrFeCoNiCu (x = 0-0.5 FCC
P . ( ) -, dry, GCr15, RT, 6.64 x 107/
i etal
. 2.26 x 10°* mm3Ntm™
17 AlxCrFeCoNiCu (x = 0.5-2) FCC + BCC eNiNbx
- i Nanoindenter G200, dry, CGr15 ;
17 caletal AICITIV, AICITIVSI BCC g ree, R.
&AlL,O3, RT, -
ay
- Chandrakar :
17 AICOCrCuFeNiSiy (x = 0-0.9) BCC Pin-on-disk, dry, -, RT, - nerjee,
et al. (287
ntropy
- AICrFeNiSi BCC . .
17 Erdogan et _ anigrahi,
188 Ball-on-disc, dry, WC, RT, -
al. [388] _ ) high
AlCrFeNix (x = Cu,Co) BCC + FCC
18 e and
D“agt al AICoCrFeNiCu . Pin-on-disc, H20z, SisNa, RT
18 Alg.5CoCrFeNiCuVy (x = 0-0.2) FCC ring of
Chen et al. _ Pin-on-disk, dry, Al,Os, RT, 1 x  -hnol.
AlgsCoCrFeNiCuVy (x = 0.4-0.8 FCC + BCC
390 0 X( ) 104-2.7 x 1074 mm3N-Lm?
18 AlpsCoCrFeNiCuVy (x = 1-2) BCC y
loy.
Gu et al. i : :
(391] AlxMog sNbFeTiMny (x = 1-2) BCC Pin-on-disk, dry, Al,O3, RT
18 s of
~7 T 7 7 7 T Q44_
948.

184. Dada, M.; Patricia, P.; Mathe, N.; Pityana, S.; Adeosun, S.; Lengopeng, T. Fabrication and
Hardness Behaviour of High Entropy Alloys. In Proceedings of the TMS 2020 149th Annual
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- . Method, Medium, Antagonist ~ 020; pp.
Source Composition Microstructure ]
Material, Temperature, Wear Rate
1€ he
Pin-on-disk, dry, SKH51 steel,
Hsu etal AICOCIFe,NiMog s (x = 0.6-2) BCC + 0 51.
RT
18 1ang,
. Ball-on-disc, deionized water,
"'a”ggft al AICTFe,Ni,Wg ;M0g 75 BCC Al,Og, RT, ~5 x 1076-22 x 1076
Int. J.
ORI Al FeCuTiNi, (x = 0-2 F B Trib RT
[394] >CoCrFeCuTiNiy (x = 0-2) CC + BCC ribometer, -, -,
1€
Kanyane et - BCC + TiSi, Ball-on-disc, dry, stainless steel, .
18 205 AITiSiMoW additive
al. [293] (ordered FCC) RT _
lit.
Ball-on-disc, dry, GCr15 steel,
C
e | BCC+ (Ti,V)sSi ALE
ruang erel AITISIVCT o t5 3 37,
recipitates
precip 2x107°-25x%x 107
mm3.N"t.m™
19 of laser
Manuf.
B2 (NiAl) + Ball-on-disc, dry, SizN4, RT & 800
Zhans%?et al. AR | ( | ) | Y, SigNg
(397] (Ti,V)5Sis + TiN °C
1€ e
ties.
W + AINi +
_ I AICoCrNiW . = .
. { e . .
10 Hneta 1998TE14EE0 Pin-on-disc, dry, AISI 52100, RT g0
AICoCrNiSi
BCC
1€ tory
Yadav et al. AICrFeMnV BCC Ball-on-disk, dry, SAE 52,100 :turing.
=2 steel, RT, 1.02 x 1075-7.02 x
(AICrFeMnV)ggBiyg BCC + AlV3 + Bi 1075 mm3-N-L.m=1
1¢
(AICrFeMnV)goBil0 + 10 wt% TiB, ~ BCC +AlV; + Bi + sition. J.

TiB,

196. Kuzminova, Y.O.; Firsov, D.G.; Dagesyan, S.A.; Koneyv, S.D.; Sergeev, S.N.; Zhilyaev, A.P,;
Kawasaki, M.; Akhatov, I.S.; Evlashin, S.A. Fatigue behavior of additive manufactured CrFeCoNi
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Method, Medium, Antagonist

Source Composition Microstructure ]
10 Material, Temperature, Wear Rate
(AICTFeMn\V)goBiro + 15 Wt% TiB, ~ BCC + AlV3 + Bi + . Int. J.
TiB>
1€ 1the
Additive
Bhardwaj et ) ) )
| [400] AlITiZrNbHf BCC Pin-on-disk, dry, CGr15, RT, -
al.
1€ igh-
Zhao et al. Ball-on-disc, dry, SigNg4, RT, 1.85
AINbTaZry (x = 0.2-1 BCC + HCP
20 (404] x( ) x 1074-2.41 x 107 mméNLm™ d
)yased
Tuten etal TiZrHfNbTa Amorphous Ball-on-disc, dry, Al,O3, RT
2C 1oz R erties of
» Solid
TiZrHfTaV, Ball-on-disk, dry, SizN4, RT-500
POI[E al. BCC °C, ~1 x 10748 x 1074 ugust
TiZrTavw mm3N1m™
2C neous
Vo ot a1, 1404 - . Nano-scratch, dry, diamond ~ trength-
e et al. iZr
indenter, RT
2C »on
Pogrebnjak . . Compd.
¢ 1. 1405 (TiZrHfNbV)N FCC Ball-on-disc, dry, Al,O3, 20 °C
etal.
2C Of TIC
TiZrHfBeCu sma
TiZrHfBeNi .
2 Gong et al. Amorphous Nano-scratch, dry, diamond
[406] -
ndenter, RT
TizoZrooHf20BeogCuigNiig I
2C Tils.gZrs1.2NilpBe22.5CU12 5 IbC

Jatings

prepared by Taser cladding. J. Alloys Compd. 2019, 788, 485—494.

207. Chen, S.; Chen, X.; Wang, L.; Liang, J.; Liu, C. Laser cladding FeCrCoNiTiAl high entropy alloy
coatings reinforced with self-generated TiC particles. J. Laser Appl. 2017, 29, 012004.
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2C - . Method, Medium, Antagonist -
Source Composition Microstructure ]
Material, Temperature, Wear Rate ).
2 h, dry, di d
Zhao et al. o Nano-scratch, dry, diamon .
TiZrNiBeCu Amorphous uticle-
[407] . indenter, RT
21 _ hanical
Ball-on-disc, dry, 100Crg steel,
Jhor[?ﬁ‘]at A TiZiNbCISi)C, (x = 36.7-87.8 at.%) FCC RT, 0.2 x 1073.3 x 1076
21 mm3-N~tm™ r of in-
by
) Ball-on disc, dry, 100Crg steel,
Mathiou et )
21 . 1409) TiZrNbMoTa BCC + HCP Al,03, RT, 0.154 x 107-0.199 x \|_q_
al.
107 mm3:N1m™1 Mater
21 Petroglou et Ball-on-disk, dry, 100Crg steel, TaTiv
MoTa,NbVTi (x = 0.25-1) BCC RT, 0.19 x 1076-0.38 x 1076
al. [410] WS
g.N_l.m_l
21 Ball-on-disc, dry, 100Crg steel & fure and
i all-on-disc, dry, re stee
Po“'ﬁft al. MoTaNbVW BCC / ° .
[411] Al,O3, RT
21 :1.4
_ Ball-on-disc, dry, 100Crg steel & )
PO”'&JH al MoTaNbVW BCC Al,Os, RT, 1.05 x 1074-4.89 x
21 1074 mm3:N1m™1 3
\cta
BCC + hexagonal - e e
Poulia et al. . . all-on disc, ary, l'e Steel,
21 T MoTaNbVTi C14 Laves + cubic ALO,, RT ,a”oys_
C15 laves
21
Ball-on-disc, dry, E52100 steel & li
Alvi et al. : . > allcs
414 MoTaWVCu BCC SizNy4, RT-600 °C, 2.3 x 1075 x
102 mm3:N1m™
21 e 2012
488, 294-303.
220. Yvon, P.; Carré, F. Structural materials challenges for advanced reactor systems. J. Nucl. Mater.
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