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Research progress on additive manufacturing of refractory high entropy alloys

LONG Juncheng, LI Yansheng, WU Yuan®

(State Key Laboratory for Advanced Metals and Materials, University of Science and Technology Beijing, Beijing 100083, China )

Abstract: The rapid progress in aerospace engineering places an urgent demand for advanced structural materials that exhibit
outstanding mechanical properties under ultra-high temperature operating conditions. While recently developed refractory high-
entropy alloys (RHEAs) hold promising application prospects, they are still confronted with challenges, including room-temperature
brittleness and elemental segregation, which present significant hurdles in manufacturing processes. Additive manufacturing (AM)
technology offers distinct advantages in fabricating RHEAs, such as suppressing elemental segregation, refining microstructures, and
enabling the production of components with complex geometries, thereby revealing the substantial research potential. This paper
firstly introduces the main technical methods for AM-fabricated RHEAs. Subsequently, it systematically summarizes their
microstructural features, elemental distribution patterns, and phase composition characteristics, along with an overview of their
mechanical performance at both room and elevated temperatures. To address critical process challenges, such as cracking and
porosity in AM-produced RHEAs, we not only review recent research achievements but also propose innovative strategies that
combine composition optimization and grain boundary engineering to enhance the AM process. Finally, this paper makes prospects
for further enhancing the room-temperature plasticity and high-temperature strength by introducing grain boundary strengthening
elements or high-entropy ceramic strengthening phases through additive manufacturing technology in the future, as well as for the
preparation of large-sized RHEAs complex components by suppressing cracking and residual stress.
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Fig. 1

Shows LPBF (laser powder bed fusion) manufacturing process and LDED (laser directed energy deposition) process

(a) schematic diagram of the LPBF single-layer powder melting process[m; (b) schematic diagram of the LPBF powder spreading
processm]; (c) LPBF sample example[m; (d) schematic diagram of the LPBF thermal process[m; (e) schematic diagram of

the LDED process and sample examplem]; (f) schematic diagram of the multi-nozzle powder feeding process in LDED

TR R 4 M3 A 5 24 A T 2 B0 5 VK i 25 2 AL,
TE 38O VE R B B4 i 0T 18 2 % AL
LDED % AR i 7] 38 12 22 W W 26 45 i 1 S 2 AP oo
ZRARMF AR SR (E 100) ™Y, Fr B
FERVR 3 TUBUS AN T SR 0 R
PR T R A3 Y LR A RN L T M
HIRLBEMRARES,, 3% BAT S0 2R

5 LPBF # AR A, LDED T. 2 M OG R BE B
PR SO A S RE 7 5 G AR
S ARCAEG, {EL I T B 725 1 AR % (U B
Al ik 300 cm’/h) P75 R 19 % H0 % (10~
10* K/s, LPBF A3 3 M 10°~10° K/s™), W 7E
—E TR LR AR 1 S B L 1,
F I RS i RHEAs ORI 77 %, Dobbelstein
i BA 2 2% 52 JF ' LDED %1 % WTaMoNb RHEAs
RS, FHTIUR A 8 K HEAT R & 4k, Il £
WIS T2 I 48 H 55 51 HL 9 RHEAs BUFE .
Li 55 48 1, AR T 255 B gIUGE G 1) 45 119 RHEAS
UL KA 40 2, LDED 45 AR #4519 MoNbTa
B G IR AR T 25, R HI R R R
P TR0 T B3 A BB U8 B AT . Gou 4
% B, LDED j #2 th & % 5 15 R I 5 34076 28
A B F AT RHEAs (R4 24500, Su %5 sl ad
LDED $ A 5 55 il £ 4 6 72 WA BF . JE 248011
AIMoNbTaTiZr RHEAs, i#F— A F S5 45 A il 25 1
/33%5] RHEAs W1 .

[24]

2 EMHISEEESREEENRNAR

2.1 PRGEHISE

L5557 RHEAs 1% SoRoiLk, BAEAE— &
TR TEZMRAT o SO b i B AR A T
(1) 58 6 8 S 22 R VA B 2 Y, Ho
M 2 2 RS VR | 2 SR MU R R A, B T
I 365 4 4 2 A 10 50 9 P 6 A O 2L 2,
WEE T T A A 4 oML B R A MR AT
@%B’é [34]O

AR RHEAs A9 Stk RT3 3 /)N T H 50U
Bl P 2(a) P (0) B SRR R T 0k
33 54575 NDMoTa 44 [0 SOl 41, 3bh o1
LA R R SF O 13~ 18 pm, /N T 2541
UV ok RSF (112 pm) o Zhang %5 5% % 10 T
LDED il £ i TiHINbV MW B & £ 5% 5k
FE S 24 5 ok R SF, & B LDED i B¢ 1 & i
ROt e/ (196 um) |, 1 85 245 FF 5 29 4 240 um
(E 2(e) ), Cai %57 JR 8, LPBF $ Al % 1
NbMoTaW RHEAs fki Y Ky 5.8 um, 142 T45
BALE B EW/N (200 pm), B 2(d) 7 ()7 4y
)45 R R R 4> RHEAs 3 1 T 47 B3 7 ] (9
EBSD 1%, 35 8L (10 ok R 25 5, 32 i
TR REMOCIE T, B4 25 v B A
DX 3R 5 0 0 5 DX T At o X P 52 i
] S BRI, R X



18 o= M

5 46 3

As-HT@240 pm

As-LENS@196 pm

Area fraction

2 EBSD E& K RiE S RAE

(a) B4 B U412 (b) i gl d121 5" (o) TIHENDY MERS B A 2 a4l

L R s 2L SRESE TR EE s (d) A THISNALS [ NbMoTaWTiNi Mk i & 4t 21"
()43 Ti25Ni25 (9 NbMoTaWTiNi MEki i & 4 e 41
Fig. 2 EBSD images and grain morphology characterization (a) microstructure of laser metal direct depositionm]; (b) microstruc-
ture of arc melting[m; (c) comparison of as-cast and additive manufacturing microstructures and grain statistics of TIHfNbV
refractory high-entropy alloy[%] ; (d) microstructure of NbMoTaWTiNi refractory high-entropy alloy with composition of

Til5Nil5 [37]; (e) microstructure of NbMoTaWTiNi refractory high-entropy alloy with composition of Ti25Ni25"
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Fig.3 Comprehensive influence of thermal gradient and solidification rate on solidification microstructure (a) ) , schematic dia-
gram of the formation of alternating dendritic and equiaxed microstructure during printing process (b) al , schematic diagram of so-
lidification mechanism in the local melt pool within the blue circle in Fig.(b) (c)[m , schematic diagram of grain morphology evolu-
tion during multiple thermal cycles (d) wal , relationship between the area fraction of equiaxed grain zone and columnar grain zone

and deposition rate (e) sl , calculation method of the area of equiaxed grain zone and the area of columnar grain zone (f)

[43]

equiaxed grain microstructure (g)[m , grain size distribution shown by the inverse pole figure in

Fig.(g) (average grain size is 162.3 um) (h)
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Fig. 4 Energy spectrum (a) and line scan analysis (b) of elemental distribution of additive manufactured NbMoTaW alloy

[19]

TEM-EDS measurement results of additive manufactured NboMoTaWV alloy (c)[m , high-magnification EBSD images
of additive manufactured NbMoTaWTiNi alloy (d) and surface scanning analysis of elemental
distribution in microcrack regions (e)[m
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Table 1 Summary of room temperature compression properties of refractory high entropy alloys fabricated by additive manufacturing
Component Preparation technology ~ Yield strength/MPa  Compression plasticity/%  Reference
TigyHE Nby Vi LDED 1034 22.5 [36]
Nb,sMo;sTasW;sTi;oNijo LPBF 2124 9.1 [37]

Nby; g75M0y3.125Ty 375W30625T11sNijs  LPBF 2261 9.6 [37]
Nb g 75Moy; 55Ta3 75 W6 25 TingNing LPBF 2513 11.4 [37]
Nby5.6sM0g 375Ta 12sWa g75TipsNiss  LPBF 2060 11.9 [37]
VNbMoTaW LPBF 2154 (extension) [48]
WMoTaNbNiTi LPBF 2085 21.8 [35]
WMoTaNbTi LPBF 1047 13.1 [63]
(CtMoNbV)46Cy LDED 1471 3.5 [64]
NbMoTaTiNi LPBF 1728 21.8 [35]
TiZrVNbAIMo, LDED 1095 28.0 (23]
Nb,Ta;Mo,(Ti,Ni), LPBF 1285 27.1 [65]

F2 WM RHEAs SR PP REEERICE
Table 2 Summary of room temperature tensile property data of refractory high entropy alloys fabricated by additive manufacturing

Component Preparation technology Yield strength/MPa Elongation/% Reference
TiZrHfNb, g LDED 782 13.1% (31]
TiZrH{Nb LDED 1034 18.5% [31]
Nb;Ta;Mo(Ti,Ni); LPBF 1184 4.4% [65]
Nb,Ta,(Ti,Ni), LPBF 671 9.2% [65]




22 oz

L7 S S

5 46 3

IR E WA 4P as i Mo Jt 2, B Moy, &4
HLm i B S vk, e IR P B S R
4359 1438 MPa Fll 5.1%, i Mo 02 Ak
5 LPBF F AR PR FEIVE T, SEBL T s s B e )
PEMERE B & A 1 4 . Xu 257 AT LPBF 45K
£ NbMoTaW &4 H RN C TR, 5l A ALY
B AH, FT EDZSAE i O B0 5K 96.5%, Pt ok Ji
ik 1782 MPa, JR45 584K 7.2%, LA ST 10 T2
PERE
3.2 BiRNFMHRE

AR T2 R e, T 1) SEPR TR R
£V %t RHEAs B 2 564 . Duan 25 %} LPBF
il £ B W3sNbysTa g £ 0 4 0847 = 1 456 T
R, ZIZAETE 1600 °C BHEHF 640 MPa 1)

o 1000} @)
=
% 800+
[%]
o
» 600+
g
T 400} —RT
Q —673 K
2 200 — 773K
i — 873K
0 1 1 1 1 1 1
0 005 010 0.15 020 0.25 0.30
Engineering strain
2400
2000
< 1600 |
=
@
© 1200 -
®
g
= 800F Sample size: ¢2 mm x 4 mm
Strain rate: 1 x 1073
400
O 1 1 1 1 1
0 2 4 6 8 10 12

True strain/%

EHESRIE . Zhang 25" 138 LDED #il##9 HINDTIV
RHEAs 7E 2 1100 °C T~ , Ji# iz 5% & 15 680 MPa /&
A7, Wi JE KR 15% (1 5(a) ), FFESE ER
TS A R K AR AR S % /K 22 RHEAs T ELAT 505
e L 5 B S, FEFE S(b) HRXTEE T A A 5
43 IR 2 HoAth RHEAs B 1 i 1 # £ fE . Ouyang
A1 o H B T & R b 7 (CrMONDV)eC
RHEAs #4725 10 2 1000 °C 14 55 15 358 /5 Tl Hs i
B, 45 R B R IZ A 4 TE 1000 °C T i i 5 B AL ik
787 MPa, & 5(c), (X TZAE 4 S5EMIER
Hopth A4 5 A 4 TR 1A PE R, R AR S
SRS LT 7R3 A i B R o A R, X HE T+ RHEAS
14 T B ELA B B ROR, Ry il AT R Y RHEAs
PR T 5 RS

1200

(b) Y This work < FeCoCrNi @ LPBF
o o Hastelloy X @ LPBF  » Alrs(NDTiZrezs
s 1000F % A TA15 @ SEBM ¢ ZrssTiagNDzoAlkoVs
o > v Inconel 625 @ LPBF  ® TisaaVzsZriuNbisMoo,
2 gool ° o # Inconel 718 @ WAAM © HITIZiNbTa
< ‘l' HfTiZrNbTa
<2} > * *
S 600 F
[0 <
= A by ™
7} s A A
o 400r < 4 <,
Q2 v ‘e
> 200} ¥ . NE
> . ¥
0 1 1 1 1 1
200 400 600 800 1000 1200
Temperature/K
— 300 (d) =% - This work
< -® - 316L + 10%TiB, (LPBF)
o ~4& - IN718 alloy (EBM)
< 250+ =¥ - IN625 alloy (LPBF)
e ~& - K536 superalloy (LPBF)
-E S Metal addltlve « - Hastelloy X alloy (LPBF)
z manufacturin =P - TiAl based alloy (EBM)
9
"’o 200 -® - NiCo based superalloy (DED)
— *- N ~® - Haynes 282 alloy (EBM)
et -
= > # - Al-Cu-Ce-Zr (LPBF)
E .. Koo @ - GRCop-84 alloy (LPBF)
o 150 B ~+ - Stellite 6 alloy (WAAM)
= ” *:‘\‘\’k =2 - Ti-62428 alloy (LPBF)
€N s o T W T L5 =% « Nb-Mo-Ta-Ti-Ni (LPBF)
ke] 100 S e e fQ\ \*$ Ni-Co-Cr-Fe-Al-W-Mo (LPBF)
] S N =
2 . so et Tk
B Uy <
(8] sl 3 ~N N
£ sy wo i
A pigat, B
@ [ e S By -
& ~o - g W e X N,
"W g W R

0 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600
Temperature/'C

B 5 Bl HENDTIV AS R EE FRGR R 2k (a) ', Bkt v HENDTIV 5 E 58 B 2R A4 (10 85 T AR B e (b))
(CrMONbV)ooC, FEIRIEAHIZE (¢) ', (CrMONbV)ooC, 5 AL b1 165 A 4 iR AN [ S5 R 45 it MR 2 o e (d)

Fig. 5 Different temperature compression curves of additively manufactured HfINbTiV (a)m], comparison of high-temperature

yield strength of additively manufactured HfNbTiV with similar alloy systems reported previously (b)[(’g], wide-temperature range

compression curve of (CrMoNbV)g,C, (c)[m, comparison of different temperature compression yield strength of (CrMoNbV)geC,

with those of other additively manufactured alloy specimens (d) o4l

4 EMHIEEESEE SERRIPEER

T RHEAs T2 HA S0 A SR | s
B A AR 0] ZE R, HAE B i X o AR e A R

N F1 5% A% AR MERS 4 8 B B 3 [, W, Ta %5
Wi 4 B T B AR B AE R e, SR T
e 70T o ) 22 A B S M R R A
ST IR R RAL | A R S B L T



YA A o ik 23

513 S 3
o, X LEBRIE P S A el R R R | e

A TSRS UIRG, AL b 3 T
oA S TR T A | TR O B A
i, CURCH RHEAs BB 3 450 i R ki 7™
41 FH

B8R 1 2 o B A 7 SR B
Rl TS H i 5 Y BB B R Pl T 4
Fy P R 5 5 AR X 8 05 1 e S S A 1 e
U L PR Al S 0 T A e 1 B 5 A X S K
S A — BT 72 AR BN F7 . T 2 T S i
52 KB, FERE S H) o B R T SR ik
%%ﬁﬂ#mﬁmrﬁ M S 5 A e

TRLBE R A SR BT RIS EE, s AR RS, LA,
I%ﬂﬁh*ﬁmﬁiﬁ%ﬁﬁ%ﬁ&&%%“
DA% B I 5K Sk % B A R 4 A 3 i T
B0 FRANIN 1 MRS 50 A 4 10 3 TR M i 1
Ve B G, A S T A e 2
50, S 4 E i RHEAS ifkE 9 G

S B8 1 3 T2 AT O AL R B

T, B TR AR I 1 550 A R 75 LA i 24
B AR S, 0 T O AR R b s e TR A 4 R
Ziz ., Zhu %7 5 A BT R4 T LPBF
% RHEAs " () i BE 3 K #4041 3% (] 6(a) |
(b)), % IO P B2 7 4 i 373 28 T 1G5 Ui
F L FEE B 3, 5 0 T R £ B K 1 I H1 4 o
Bl 6(c) . (d) % Ak K AR RIS 5, B
TR AE W R B 7 2 A A I A 4 e S R R
g T AR S A LR R S R R
Ik ZRB 2 S e, T S H0A Al L %
O S5 UL (I, SRR ) 5 EOU R BF5E
T LA 25 S F A 6(e) T BRIy VED
18 5 P 7 i K AH B9 & 3, 24 VED>333 J/mm’
F, S 4 AL 2%, RT3 R KR bl 14 b
o e 7 AR 1 RS BR E peE , ELWE VED [
IR, SERLEEE [ FF; 24 VED<333 J/mm’
i, AR A7 B S AR K 5 RHEAs 444
PEREAR DL TS, B 2908 B 2 B AR
R B, DR DR B 4% VED (87T 1 4 1

FB 0 T2ASE AR BGETE R R i BEA Sk B IR SRS S i & 4l
d (o) TR T
. '“‘ (e)
Temperature/K v Stress/Pa s 120 .9
2179 = . I 8.0 x 108 %
2000 : = *“ 5.3 x 10° %
1800 .ol =
1600 2.6 x10° 2
1S ~ -@- Heterogeneous model
1;88 A 2 —1.4 x 108 g °/° - Homogeneous model
B / e = EE—)
\ K ) ' _ © ]
I 1000 m: O L 29x10° =08 ] l Crack-free
800 N\ > 2 _5.6 x 10°
600 S S S
400 EEMDAEES -8.3 x10° 100 200 300 400 500 600 700 800
293 O erusosestomlviay |E0H . BT 1% 109 Volume energy density/(J-mm)

K6 VED =467 J/mm’ 3485 FRNR S (a) FIEY 713 (b), KKl Ze BokrAE B S ENR S (¢)
PRSI (d), SRR I VED Byt (e) '
Fig. 6 Simulated temperature field (a) and thermal stress field (b) under the uniform model with VED = 467 J/mm’, simulated
temperature field (c) and thermal stress field (d) under the heterogeneous model with unmelted Zr particles,
dependence of maximum stress on VED (e)

BEAN, PeAb A4 5k s[RI AL 1] DAREAR SR 43 10 77 LA
iz, Xu 47 76 LPBF &L B4 4 1
T, @ﬁaﬂa#%mﬁmﬂmwmﬁ i,
ARAFEAT UL RE) 1) S5 20 A1 2, A kil 2
" J% . Harrison %" % 3 LPBF ﬂﬂ%m/ﬁl 4B,
T 3 R O R A LA O G TR A AR, T
% W AR 3 A B T 244 M . Gibson 45
1€ LDED il % RHEAs B 53 H & B, AN A2 R

R IR (148 1 T AT SRR R AR B 1, ELJREE R /N
FRAUMGIE, LA HE S B 44

I 2 T B 25000 I 7 AR AR 28 0 5 A I )
A ] RE S BT B B0 25 Y. Zhang
4TS 5L AR 4 4843 BT LPBF 4 WTaMoNb
YA TR A 4 et TR PR 5 5 A S b R F1 4%
7, 45 5 2 T 25 TURZ B i, S0 1 R B AR
I T RE 0 % 5 ARG A AL, T HAE O



24 o= M

B W 5 46 %

TR ST, R 5 5 AR IR 25 7T 38 100 °C, 7~
A BRI Ty, 24 3 AR R A i B T i
B, FE A2 T A M L 42, 11 RHEAS ()= i
WA SR T X AR T 40 1 . Zhou 25 BF Y
HH, FIAEELAR OT A SRR AR R AN I 1 51 & 1T 24, 3
FEAR LR TR BB AN . Ak, Bk ik
WA HER R FEA AL, B8 A1 il RHEAs H &
KR EE"™

A 3 B R s 0 S 84 b i ok R v A T S A
R AT % . Xiao 45 B, 7ER B 3
% WMoTaNbTi &4: 1}, Ti TG Hm AT HEA 250 il
R T 24, 31X T T 7R B R i R 4 7T
(A TRORE D 4, 28 fif s 46 5 | 7S 1Y) 458 181 JF 24, W] it
i A . PR AIK T Ak X fE i F WMoTaNbTi
L4 HFLBRER, 1E Zhang 25 ™ B BF ST, i i
LPBF £ AR i1 IF4T Bt —Fh i A Jo 4 40 RHEAS,
FEARPEREZ W, B AN Ti ml s/ NRL R ST, B
TSI NI R IE R BB A ik S &, T (R BRI T AR
Ni g5 MR HOE L, X FEIHE T M AL
NiTa A, #1487 NbMoTaNi I NbMoTaTi
A4 AT NbMoTaTi A4 7E 2300 °C B H Bl
A, 7 AE o-Ti#Hl (25%) F1 NbMoTaTi BCC #H
(75%), & Ti 1 LIS — kA3 Ak 7 AR TR i Bt
N A5 fE 15 T NbMoTaNi &4 7F 1200 °C fif
IR AH, BARTE R FCC 450 Ni A, X3
H NbMoTaNi &4 HL A 38 5 A YRR v BBl 7 A [ I
JE R T sh b A T RE ), FEREEE S AR AR
M m g, Mk RS R, [, &
NiTa A HE D245 RE R AR, 72 i A b 7R 32 N
Iy 3 B AT T B R T AR R B, A o [E] 43 S
SEgwiE Y,

WFFE 2B, MEKE NbDMoTaW m a4 & i T 1)
EEFF MR IR Wang 4 Hirr %
HH 3 2 pR 4807 S A P BT 11 55 T AR A I SR
LA TR UCEZ A SR IR, HixX— B
A 2 A s AU, Ol SiE 2% 4 4 I RHEAs
TR T ay R AR R B . SR, X a5
P2 52K | WM G A0 T v G TR 5 Tl RHEAs ok &
Z:ZH RHEAs, HIFRMLHIKIR + 0 2%, 7o 2 ik
— 3 R G ST H T 2L 2 1 o B e P £
UM, LS B M il i RHEAs i 2F 1%
B
42 FLESXREME

LG ARBERY R RIS RHEAs 584 il 1 1
rp 83 AR 6 A BB, FROAN AN 2R G 35 3k ™

T, EA 2 L MR R T PR . MR
WA At R R, AL S AR AR I Bk
VR Z A A et s AP SRR RS0
MR R og e e e fLIH . 76 LPBF T.294, &
B35 B 5 0 | R b T, B RE RSB A
W EOGRE R A S FE W, Mo 25515 5
TEE W AR UKL 5 4 b A, DT TS B A e A sl
FLIA o 330 S Bt A4 K 0 IR AR i P rh S AR A 4 T
JE, I BN AR T 2480 A 1 Sk

T I A A0 o 5 AL B e 3 5 VR A O %
ST SR, PR O T R G R
hFE VED H 28 0% WY 5=, Chen 2™ £
iF 5% WMoTaNbV RHEAs T. 2 2 i) & 3, H 4
S A 700 mm/s P VED 3 45, o 05 &2 FL IR ;
T 24 35 4 30 B2 B AIK 2 200 mmy/s B, LB I 55 Uk
A Gu M 4T R TR A 4 3 R LPBF i &
VNbMoTaW RHEAs ) HIRFAE, A& PR B 14 3 i
WA, RHEASs 75 i HUBS B K2 o Ho oK I0URE 1) 2 F
FE#a s, I3 S 800 mmy/s B, A i 26 1 40 A
5 WK B A AL BR S 2 M R R
600 mm/s 5 400 mm/s i}, fLFRTH R HZSOE & H
BB A ML, Preisler 2 B9 & BUAEAS
FH LDED J7 il % Nb-Ta-Ti-Zr & 40, B H
HRE B A AR A T A1 Nb Il Ta ORI L, 32
F TS RO R, OG0 R B R
KSR, BRI VR B B, WA T A2 AL T
SR, AESE VED TR 2L

SR, % TR 508 MU S FL, sl fe T
SBB I RIRA R . Zhou 25" 38, i
AT O RS FLB G . 7oK TARE R, b %
RS A R 4 U 72 2 1/ 340 PR
R BT TE 3 R i gt T AL 5 (L 25 A T
AR (1 T 3, b U R VRN, S T ) I
Vs Y5 S TR BE S 200 °C B, BES LR IS ALER
A BN RS FLBE, 5 B i ] L 2 HL S
LA AR S 5 E TOUEA TR A 5 T i 6, e ot 3 1
SRR ERA, WA A ROV, S8 b A A
B, T R 7L

LA, TR 3 3o 0 R e O 14
#F il i RHEAs ) #55 A$2 4L 787 77 0] . Pegues
4410 B 5% KW, 7 LDED i B rh 3| AT T 27T
RIFCE A AP . Dobbelstein 2 M£¢ 3
LPBF 7l 45 1) MoNbTaW MEks F 1 & 4 D v A
%, T 77 75 hk A b A 4 Ja Uk, 117388 ik 8 3
Y SEms, TSR S A SR R R AL



1

B AR M R £ S St I 2

5 BEEREE

WOER A S H R DL e OGO RE R,
b HE B A AR AR ST 1 O, LR R L TR
o BE [E T N SE AR O e, T A AR
RHEAs il 8 H (14 )543 I A T PRI X 5 1) A8, 7 1)
T BT B T v R A A T LA AR o 1 ) S5 F
SN . 528 T8 m A% H R, M
RHEAs [ 5&E B4V B4 TGS, "o
P FE S EMT HAE S 24, HLFEE RIS 90k
AL FEVE R, 270 T SRR T S m R A
fig. R T ASECG T, AR —41
FA AR A B 4 Sl A 2 21, DA A ) IR A3 45
ol B BE M R R o SR, RHEASs [ RE 5 &
T P B BOE i B i A T, B S BOR s R
fL. R A . BHarEEES e T2 GE
P54, SUAE B BT SERT H AR AR B, DA
il B A TP B, A H T RE N 2SS At . ROk, RR it
— TR AT A o 2 o R v 8 S B TR AL B S
PEE B, [RIBIF & 3 HL 2 TR Y v L e T R Y 4
M1 RHEAs, & T3 BT, KA nl & 556
LR 1)

C1) 740 0 A5 8 v U o 0 5 38 A 11 2 T
410 7 vk 22 B AEAE T LA AR IS ot %, 3
I ST RS AL BERILA &0 REIR T 2#
fE. Ak, ATRR A M E C 3 B T 1 &b AW
BrigTH b A5 A T, AIHBR IR AR N 15 S e 2
o, MR A G ST TEM: IR R = RS S
IR, AR, T IR A A A R T R
T Ak TC R PP, BRI T RO BT R o)
il SR A A 2 U

(2)3 3t 51 ABRILY) | A B Ak ) =5 P
sRAL A, 5 EE5E 0k RHEASs 76 # f 1R F 124 e iR
1, {5 H Ay A il 2 M 2 A S5 1 RHEAS )38
b KRR RELZ R RHEAs 3461 i i %
T M, TR M G T 20 0E fo | 3 Ty
Wil T2 M i 4 R IF & | ik Ak AH 20 A 5 25
IR 48 LA B LT B8 T 1 Y ) 2 1 i 1) LA L 3

(3) AR 1 F o 2 B R O AB il & L = K
RHEAs 30K, {HJ& KRS 400 24 10 i #5475 11 s
FORPREE, HoSA S B o Aok 75 76 48 7= 34 4 il i
RHEAs FF AL 51 bR 2480 iy B 6ih L, F S F 5
BUE KRR 8 2 3R S 2R 430 L K/NAE
PO, S TR SRS EE AT B 1 i &5 . 72

O RAEOCHE R i A, AR AR TR
O FH B R S 5 52 2 R o s AR HROR S

S Lk

[1] PEREPEZKO J H. The hotter the engine, the better[J].
Science, 2009, 326(5956): 1068-1069.

[2] TSAKIROPOULOS P. Alloys for application at ultra-
high temperatures: Nb-silicide in situ composites chal-
lenges, breakthroughs and opportunities[J]. Progress in
Materials Science, 2022, 123: 100714.

[3] CANTOR B, CHANG I T H, KNIGHT P, et al
Microstructural development in equiatomic multicompo-
nent alloys[J]. Materials Science and Engineering: A,
2004, 375: 213-218.

[4] PENG Z, SUN W, XIONG X, et al. Novel refractory
high-entropy ceramics: transition metal carbonitrides with
superior ablation resistance[J]. Corrosion Science, 2021,
184:109359.

[5] SENKOV O N, WILKS G B, MIRACLE D B, et al.
Refractory high-entropy alloys[J]. Intermetallics, 2010,
18(9): 1758-1765.

[6] SENKOV O N, WILKS G B, SCOTT J M, et al

of Nb,ysMo,ysTa,sWys  and
V,oNbygMoyoTayy W, refractory high entropy alloys[J].
Intermetallics, 2011, 19(5): 698-706.

[7] SENKOV O N, MIRACLE D B, CHAPUT K J, et al.

Development and exploration of refractory high entropy

Mechanical properties

alloys: a review[J]. Journal of Materials Research, 2018,
33(19):3092-3128.

[8] HAN Z D, CHEN N, ZHAO S F, et al. Effect of Ti addi-
tions on mechanical properties of NbMoTaW and
VNbMoTaW refractory high entropy alloys[J]. Inter-
metallics, 2017, 84: 153-157.

[9] ZHANGJ, HUY Y, WEI Q Q, et al. Microstructure and
mechanical properties of Re NbMoTaW high-entropy
alloys prepared by arc melting using metal powders[J].
Journal of Alloys and Compounds, 2020, 827: 154301.

[10] SHEN Y Z, WANG Z Q, WANG X Z, et al. Enhancing
mechanical properties of refractory multi-principal ele-
ment alloys via compositionally complex carbides[J].
Journal of Materials Science & Technology, 2025, 232:
191-201.

[11] GAO M C, ZHANG B, YANG S, et al. Senary refrac-
tory high-entropy alloy HfNbTaTiVZr[J]. Metallurgical
and Materials Transactions A, 2016, 47(7): 3333-3345.

[12 ] GUAN S, REN J, MOORAJ S, et al. Additive manufac-
turing of high-entropy alloys: microstructural metastabil-
ity and mechanical behavior[J]. Journal of Phase Equilib-
ria and Diffusion, 2021, 42(5): 748-771.


https://doi.org/10.1126/science.1179327
https://doi.org/10.1016/j.pmatsci.2020.100714
https://doi.org/10.1016/j.pmatsci.2020.100714
https://doi.org/10.1016/j.corsci.2021.109359
https://doi.org/10.1016/j.intermet.2010.05.014
https://doi.org/10.1016/j.intermet.2011.01.004
https://doi.org/10.1557/jmr.2018.153
https://doi.org/10.1016/j.intermet.2017.01.007
https://doi.org/10.1016/j.intermet.2017.01.007
https://doi.org/10.1016/j.jallcom.2020.154301
https://doi.org/10.1007/s11661-015-3105-z
https://doi.org/10.1007/s11661-015-3105-z
https://doi.org/10.1007/s11669-021-00913-w
https://doi.org/10.1007/s11669-021-00913-w
https://doi.org/10.1007/s11669-021-00913-w

26 o= M

B W 5 46 %

[13] XIONG W, GUO A X Y, ZHAN S, et al. Refractory
high-entropy alloys: a focused review of preparation
methods and properties[J]. Journal of Materials Science
& Technology, 2023, 142: 196-215.

[14] LI C Z, FERRY M, KRUZIC J J, et al. Review: multi-
principal element alloys by additive manufacturing[J].
Journal of Materials Science, 2022, 57(21): 9903-9935.

[ 15] SAENGCHAIRAT N, TRAN T, CHUA C K. A review:
additive manufacturing for active electronic compon-
ents[J]. Virtual and Physical Prototyping, 2017, 12(1):
31-46.

[16 ] ABDULLAH M R, PENG Z. Review and perspective on
additive manufacturing of refractory high entropy
alloys[J]. Materials Today Advances, 2024, 22: 100497.

[17] ZHANG H, XU W, XU Y J, et al. The thermal-mechani-
cal behavior of WTaMoNb high-entropy alloy via selec-
tive laser melting (SLM): experiment and simulation[J].
The International Journal of Advanced Manufacturing
Technology, 2018, 96(1): 461-474.

[18] LIU C, ZHUK Y, DING W W, et al. Additive manufac-
turing of WMoTaTi refractory high-entropy alloy by
employing fluidised powders[J]. Powder Metallurgy,
2022, 65(5): 413-425.

[19] ZHANG H, ZHAO Y Z, HUANG S, et al. Manufactur-
ing and analysis of high-performance refractory high-
entropy alloy via selective laser melting (SLM) [J]. Mate-
rials, 2019, 12(5): 720.

[20] KIM J, WAKAI A, MORIDI A. Materials and manufac-
turing renaissance: additive manufacturing of high-
entropy alloys[J]. Journal of Materials Research, 2020,
35(15): 1963-1983.

[21 ] BUHAIRI M A, FOUDZI F M, JAMHARI F 1, et al.
Review on volumetric energy density: influence on mor-
phology and mechanical properties of Ti6Al4V manufac-
tured via laser powder bed fusion[J]. Progress in Addi-
tive Manufacturing, 2023, 8(2): 265-283.

[22] HE P D, LIU Q, KRUZIC J J, et al. Machine-learning
assisted additive manufacturing of a TiCN reinforced
AlSi10Mg composite with tailorable mechanical proper-
ties[J]. Materials Letters, 2022, 307: 131018.

[23]LIU S E, DOU B, SUN S H, et al. Simultaneous
improvement in strength and ductility of 3D-printed
refractory high-entropy alloys by addition of molybde-
num[J]. Materials Science and Engineering: A, 2025,
928:148042.

[ 24 ] MOOREHEAD M, BERTSCH K, NIEZGODA M, et al.
High-throughput synthesis of Mo-Nb-Ta-W high-entropy
alloys via additive manufacturing[J]. Materials &
Design, 2020, 187: 108358.

[25] HAN C J, FANG Q H, SHI Y S, et al. Recent advances

on high-entropy alloys for 3D printing[J]. Advanced
Materials, 2020, 32(26): 1903855.

[26] GU D D, SHI X Y, POPRAWE R, et al. Material-struc-
ture-performance integrated laser-metal additive manu-
facturing[J]. Science, 2021, 372(6545) : eabg1487.

[27 ] HERZOG D, SEYDA V, WYCISK E, et al. Additive
manufacturing of metals[J]. Acta Materialia, 2016, 117:
371-392.

[28 ] REN J, ZHANG Y, ZHAO D X, et al. Strong yet ductile
nanolamellar high-entropy alloys by additive manufactur-
ing[J]. Nature, 2022, 608(7921): 62-68.

[29 ] DOBBELSTEIN H, THIELE M, GUREVICH E L, et al.
Direct metal deposition of refractory high entropy alloy
MoNbTaW [J]. Physics Procedia, 2016, 83: 624-633.

[30] LIQY, ZHANG H, LI D C, et al. Comparative study of
the microstructures and mechanical properties of laser
metal deposited and vacuum arc melted refractory
NbMoTa medium-entropy alloy [J]. International Journal
of Refractory Metals and Hard Materials, 2020, 88:
105195.

[31]GOUSY,GAOMY, SHI Y Z, et al. Additive manufac-
turing of ductile refractory high-entropy alloys via phase
engineering[J]. Acta Materialia, 2023, 248: 118781.

[32]SU B, LIJ, YANG C, et al. Microstructure and mechani-
cal properties of a refractory AIMogsNbTagsTiZr high-
entropy alloy manufactured by laser-directed energy
deposition[J]. Materials Letters, 2023, 335: 133748.

[ 33 ] GRIFFITH M L, SCHLIENGER M E, HARWELL L D,
et al. Understanding thermal behavior in the LENS pro-
cess[J]. Materials & Design, 1999, 20(2/3): 107-113.

[34] LIU H S, JIANG Q, HUO J T, et al. Crystallization in
additive manufacturing of metallic glasses: a review [J].
Additive Manufacturing, 2020, 36: 101568.

[35] ZHANG H, CAIJ L, GENG J L, et al. Study on anneal-
ing treatment of NbMoTaTiNi high-entropy alloy with
ultra-high strength disordered-ordered transition structure
for additive manufacturing[J]. Journal of Alloys and
Compounds, 2023, 941: 168810.

[36] ZHANG Y Y, QIN B L, OUYANG D, et al. Strong yet
ductile refractory high entropy alloy fabricated via addi-
tive manufacturing[J]. Additive Manufacturing, 2024,
81:1040009.

[37] CAIJ L, ZHANG H, WANG L, et al. Design and coher-
ent strengthening of ultra-high strength refractory high
entropy alloys based on laser additive manufacturing [J].
Materials Science and Engineering: A, 2023, 886:
145681.

[38 ] ZHANG D Y, PRASAD A, BERMINGHAM M J, et al.
Grain refinement of alloys in fusion-based additive manu-

facturing processes[J]. Metallurgical and Materials


https://doi.org/10.1007/s10853-022-06961-y
https://doi.org/10.1080/17452759.2016.1253181
https://doi.org/10.1016/j.mtadv.2024.100497
https://doi.org/10.1080/00325899.2022.2031718
https://doi.org/10.3390/ma12050720
https://doi.org/10.3390/ma12050720
https://doi.org/10.1557/jmr.2020.140
https://doi.org/10.1007/s40964-022-00328-0
https://doi.org/10.1007/s40964-022-00328-0
https://doi.org/10.1007/s40964-022-00328-0
https://doi.org/10.1016/j.matlet.2021.131018
https://doi.org/10.1016/j.msea.2025.148042
https://doi.org/10.1016/j.msea.2025.148042
https://doi.org/10.1016/j.msea.2025.148042
https://doi.org/10.1002/adma.201903855
https://doi.org/10.1002/adma.201903855
https://doi.org/10.1126/science.abg1487
https://doi.org/10.1016/j.actamat.2016.07.019
https://doi.org/10.1038/s41586-022-04914-8
https://doi.org/10.1016/j.phpro.2016.08.065
https://doi.org/10.1016/j.ijrmhm.2020.105195
https://doi.org/10.1016/j.ijrmhm.2020.105195
https://doi.org/10.1016/j.actamat.2023.118781
https://doi.org/10.1016/j.matlet.2022.133748
https://doi.org/10.1016/j.addma.2020.101568
https://doi.org/10.1016/j.jallcom.2023.168810
https://doi.org/10.1016/j.jallcom.2023.168810
https://doi.org/10.1016/j.addma.2024.104009
https://doi.org/10.1016/j.msea.2023.145681
https://doi.org/10.1016/j.msea.2023.145681
https://doi.org/10.1016/j.msea.2023.145681
https://doi.org/10.1007/s11661-020-05880-4

1

B AR M R £ S St I il

Transactions A, 2020, 51(9): 4341-4359.

[39] YAN F Y, XIONG W, FAIERSON E. Grain structure
control of additively manufactured metallic materials [J].
Materials, 2017, 10(11): 1260.

[40 ] DINDA G P, DASGUPTA A K, MAZUMDER J. Laser
aided direct metal deposition of Inconel 625 superalloy:
microstructural evolution and thermal stability[J]. Mate-
rials Science and Engineering: A, 2009, 509(1/2) : 98-
104.

[41 ] SENKOV O N, JENSEN J K, PILCHAK A L, et al.
Compositional variation effects on the microstructure and
properties of a refractory high-entropy superalloy
AlMo, sNbTa, sTiZr[J]. Materials & Design, 2018, 139:
498-511.

[42] ZHANG Y S, WANG HM, ZHU Y Y, et al. High spe-
cific yield strength and superior ductility of a lightweight
refractory high-entropy alloy prepared by laser additive
manufacturing[J]. Additive Manufacturing, 2023, 77:
103813.

[43] WANG T, ZHU Y Y, ZHANG S Q, et al. Grain morphol-
ogy evolution behavior of titanium alloy components dur-
ing laser melting deposition additive manufacturing[J].
Journal of Alloys and Compounds, 2015, 632: 505-513.

[44] ZHENG D D, LI Z, JIANG Y L, et al. Effect of multiple
thermal cycles on the microstructure evolution of
GA151K alloy fabricated by laser-directed energy deposi-
tion[J]. Additive Manufacturing, 2022, 57: 102957.

[45 ] ISHIMOTO T, OZASA R, NAKANO K, et al. Develop-
ment of TiNbTaZrMo bio-high entropy alloy (BioHEA)
super-solid solution by selective laser melting, and its
improved mechanical property and biocompatibility [J].
Scripta Materialia, 2021, 194: 113658.

[46 ] SHI R P, KHAIRALLAH S A, ROEHLING T T, et al.
Microstructural control in metal laser powder bed fusion
additive manufacturing using laser beam shaping strat-
egy[J]. Acta Materialia, 2020, 184: 284-305.

[47] OZALP A, OKUYUCU C, KOC B, et al. Development
and directed energy deposition of high strength
HfsMo;sNbysTa,sTiy, refractory high entropy alloys[J].
Materials Characterization, 2024, 209: 113679.

[48] GUPF, QI TB, CHEN L, et al. Manufacturing and anal-
ysis of VNbMoTaW refractory high-entropy alloy fabri-
cated by selective laser melting[J]. International Journal
of Refractory Metals and Hard Materials, 2022, 105:
105834.

[499]MA CM, GUI Y W, WANG Y T, et al. Processing,
defect formation, microstructure, and mechanical proper-
ties of additively manufactured refractory metals: a
review [J]. Journal of Materials Engineering and Perfor-
mance, 2025, 34(9): 7265-7287.

[50] KOK Y, TAN X P, WANG P, et al. Anisotropy and het-
erogeneity of microstructure and mechanical properties in
metal additive manufacturing: a critical review [J]. Mate-
rials & Design, 2018, 139: 565-586.

[51] MILLS K C, MONAGHAN B J, KEENE B J. Thermal
conductivities of molten metals: part 1 pure metals[J].
International Materials Reviews, 1996, 41(6): 209-242.

[52] GU D D, GUO M, ZHANG H M, et al. Effects of laser
scanning strategies on selective laser melting of pure
tungsten[J]. International Journal of Extreme Manufac-
turing, 2020, 2(2): 025001.

[53] ZHOU X, LIU X, ZHANG D, et al. Balling phenomena
in selective laser melted tungsten[J]. Journal of Materi-
als Processing Technology, 2015, 222: 33-42.

[54] MELIA M A, WHETTEN S R, PUCKETT R, et al.
High-throughput additive manufacturing and characteri-
zation of refractory high entropy alloys[J]. Applied
Materials Today, 2020, 19: 100560.

[55] HUBER F, BARTELS D, SCHMIDT M. In-situ alloy

formation of a WMoTaNbV refractory metal high entropy

alloy by laser powder bed fusion (PBF-LB/M)[J]. Mate-

rials, 2021, 14(11): 3095.

VR, SR, SRV XN R S WO A ] 1

K MORMERE 5 i T IR SR (1], O,

2024, 51(1): 153-168.

LI D C, ZHANG H, CAI J L. Development of refractory

high entropy alloys by laser additive manufacturing: regu-

[56

[

lating material properties and manufacturing proce
sses[J]. Chinese Journal of Lasers, 2024, 51(1): 153-
168.

[57]1 CHENG W, JIL F, ZHANG L T, et al. Refractory high-
entropy alloys fabricated using laser technologies: a con-
crete review [J]. Journal of Materials Research and Tech-
nology, 2023, 24: 7497-7524.

[58] WANG F, YUAN T C, LIR D, et al. Effect of Mo on the
morphology, microstructure and mechanical properties of
NbTa, sTiMo, refractory high entropy alloy fabricated by
laser powder bed fusion using elemental mixed
powders[J]. International Journal of Refractory Metals
and Hard Materials, 2023, 111: 106107.

[59 ] DOBBELSTEIN H, GUREVICH E L, GEORGE E P, et
al. Laser metal deposition of compositionally graded
TiZrNbTa refractory high-entropy alloys using elemental
powder blends[J]. Additive Manufacturing, 2019, 25:
252-262.

[60 ] RXFEER, SRAL, V00, 55, WOLHI M il BCC BExfEks
F A A AU PERERE ST (D). RO, 2022, 49(14):
1402105.

ZHAO Y Z, ZHANG H, CAI J L, et al. Microstructure
and properties of BCC-based refractory high-entropy


https://doi.org/10.1007/s11661-020-05880-4
https://doi.org/10.3390/ma10111260
https://doi.org/10.1016/j.addma.2023.103813
https://doi.org/10.1016/j.jallcom.2015.01.256
https://doi.org/10.1016/j.addma.2022.102957
https://doi.org/10.1016/j.scriptamat.2020.113658
https://doi.org/10.1016/j.actamat.2019.11.053
https://doi.org/10.1016/j.matchar.2024.113679
https://doi.org/10.1016/j.ijrmhm.2022.105834
https://doi.org/10.1016/j.ijrmhm.2022.105834
https://doi.org/10.1007/s11665-024-10566-8
https://doi.org/10.1007/s11665-024-10566-8
https://doi.org/10.1007/s11665-024-10566-8
https://doi.org/10.1179/imr.1996.41.6.209
https://doi.org/10.1088/2631-7990/ab7b00
https://doi.org/10.1088/2631-7990/ab7b00
https://doi.org/10.1088/2631-7990/ab7b00
https://doi.org/10.1016/j.apmt.2020.100560
https://doi.org/10.1016/j.apmt.2020.100560
https://doi.org/10.3390/ma14113095
https://doi.org/10.3390/ma14113095
https://doi.org/10.1016/j.jmrt.2023.05.037
https://doi.org/10.1016/j.jmrt.2023.05.037
https://doi.org/10.1016/j.jmrt.2023.05.037
https://doi.org/10.1016/j.ijrmhm.2023.106107
https://doi.org/10.1016/j.ijrmhm.2023.106107
https://doi.org/10.1016/j.addma.2018.10.042

28 o= M

y S S 5 46 5

alloy by laser additive manufacturing[J]. Chinese Jour-
nal of Lasers, 2022, 49(14): 1402105.

[ 61 ] DOBBELSTEIN H, GUREVICH E L, GEORGE E P, et
al. Laser metal deposition of a refractory TiZrNbHfTa
high-entropy alloy[J]. Additive Manufacturing, 2018,
24:386-390.

[62] BASAK A, DAS S. Epitaxy and microstructure evolu-
tion in metal additive manufacturing[J]. Annual Review
of Materials Research, 2016, 46(1): 125-149.

[63 ] XIAO B, JIA W P, TANG H P, et al. Microstructure and
mechanical properties of WMoTaNbTi refractory high-
entropy alloys fabricated by selective electron beam melt-
ing[J]. Journal of Materials Science & Technology,
2022, 108: 54-63.

[64 ] OUYANG D, ZHANG C, CHEN R S, et al. The microc-
rack inhibition and mechanical properties of an in-situ
synthesized refractory high-entropy alloy fabricated by
additive manufacturing[J]. Materials Science and Engi-
neering: A, 2024, 913: 147071.

[65] ZHANG H, CAIJ L, GENG J L, et al. Development of
high strength high plasticity refractory high entropy alloy
based on Mo element optimization and advanced forming
process[J]. International Journal of Refractory Metals
and Hard Materials, 2023, 112: 106163.

[66] HUANG R, WANG W, LI T,
AIMoNDHI(Ti refractory high-entropy alloy with superior
ductility[J]. Journal of Alloys and Compounds, 2023,
940: 168821.

[67 ] XU J, DUAN R, FENG K, et al. Enhanced strength and
ductility of laser powder bed fused NbMoTaW refractory

et al. A novel

high-entropy alloy via carbon microalloying[J]. Additive
Manufacturing Letters, 2022, 3: 100079.

[68 ] DUAN R, ZHAO Y K, XU J T, et al. Additive manufac-
turing of refractory multi-principal element alloy with
ultrahigh-temperature strength via simultaneous enhance-
ments in printability and solid solution hardening[J].
Additive Manufacturing, 2024, 91: 104340.

[69] ZHANG Y Y, YU K P, QIN B L, et al. Origins of
strength stabilities at elevated temperatures in additively
manufactured refractory high entropy alloy [J]. Materials
Science and Engineering: A, 2024, 915: 147225.

[70] SNEAD L L, HOELZER D T, RIETH M, et al. Refrac-
tory alloys: vanadium, niobium, molybdenum, tung-
sten[M]//Structural Alloys for Nuclear Energy Applica-
tions. Amsterdam: Elsevier, 2019: 585-640.

[ 71 ] PHILIPS N R, CARL M, CUNNINGHAM N J. New
opportunities in refractory alloys[J]. Metallurgical and
Materials Transactions A, 2020, 51(7):3299-3310.

[72] SUN Z, TAN X P, DESCOINS M, et al. Revealing hot

tearing mechanism for an additively manufactured high-

entropy alloy via selective laser melting[J]. Scripta Mate-
rialia, 2019, 168: 129-133.

[73] CHEN P, LI S, ZHOU Y H, et al. Fabricating CoCr
FeMnNi high entropy alloy via selective laser melting in
situ alloying[J]. Journal of Materials Science & Technol-
ogy, 2020, 43: 40-43.

[ 74 ] MERCELIS P, KRUTH J P. Residual stresses in selec-
tive laser sintering and selective laser melting [J]. Rapid
Prototyping Journal, 2006, 12(5): 254-265.

[75] ZHONG M L, SUN H Q, LIU W J, et al. Boundary liqua-
tion and interface cracking characterization in laser depo-
sition of Inconel 738 on directionally solidified Ni-based
superalloy [J]. Scripta Materialia, 2005, 53(2): 159-164.

[76 ] GYPEN L A, DERUYTTERE A. Multi-component solid
solution hardening [J]. Journal of Materials Science,
1977, 12(5): 1028-1033.

[77]ZHU P, YU Y, ZHANG C, et al. V(sNbgsZrTi refrac-
tory high-entropy alloy fabricated by laser addictive man-
ufacturing using elemental powders[J]. International
Journal of Refractory Metals and Hard Materials, 2023,
113:106220.

[78] XU JY, DING Y T, GAO Y B, et al. Grain refinement
and crack inhibition of hard-to-weld Inconel 738 alloy by
altering the scanning strategy during selective laser melt-
ing[J]. Materials & Design, 2021, 209: 109940.

[ 79 ] HARRISON N J, TODD I, MUMTAZ K. Reduction of
micro-cracking in nickel superalloys processed by selec-
tive laser melting: a fundamental alloy design appro-
ach[J]. Acta Materialia, 2015, 94: 59-68.

[ 80 ] GIBSON I, ROSEN D, STUCKER B. Additive manufac-
turing technologies: 3D printing, rapid prototyping, and
direct digital manufacturing[M]. New York, NY:
Springer New York, 2015.

[81] LI X, ZHANG M, QI JF, et al. A simulation study on the
effect of residual stress on the multi-layer selective laser
melting processes considering solid-state phase transfor-
mation[J]. Materials, 2022, 15(20): 7175.

[82] ZHOU L, CHEN S Y, WEI M W, et al. Microstructure
and properties of 24CrNiMoY alloy steel prepared by
direct laser deposited under different preheating tempera-
tures [J]. Materials Characterization, 2019, 158: 109931.

[83]1 SADHU A, CHOUDHARY A, SARKAR S, et al. A
study on the influence of substrate pre-heating on mitiga-
tion of cracks in direct metal laser deposition of
NiCrSiBC-60%WC ceramic coating on Inconel 718[J].
Surface and Coatings Technology, 2020, 389: 125646.

[84 ] ZHANG H, ZHAO Y Z, CAI J L, et al. High-strength
NbMoTaX refractory high-entropy alloy with low stack-
ing fault energy eutectic phase via laser additive manufac-
turing [J]. Materials & Design, 2021, 201: 109462.


https://doi.org/10.1016/j.addma.2018.10.008
https://doi.org/10.1146/annurev-matsci-070115-031728
https://doi.org/10.1146/annurev-matsci-070115-031728
https://doi.org/10.1016/j.msea.2024.147071
https://doi.org/10.1016/j.msea.2024.147071
https://doi.org/10.1016/j.msea.2024.147071
https://doi.org/10.1016/j.msea.2024.147071
https://doi.org/10.1016/j.msea.2024.147071
https://doi.org/10.1016/j.ijrmhm.2023.106163
https://doi.org/10.1016/j.ijrmhm.2023.106163
https://doi.org/10.1016/j.jallcom.2023.168821
https://doi.org/10.1016/j.addma.2024.104340
https://doi.org/10.1016/j.msea.2024.147225
https://doi.org/10.1016/j.msea.2024.147225
https://doi.org/10.1016/j.msea.2024.147225
https://doi.org/10.1016/j.msea.2024.147225
https://doi.org/10.1007/s11661-020-05803-3
https://doi.org/10.1007/s11661-020-05803-3
https://doi.org/10.1016/j.scriptamat.2019.04.036
https://doi.org/10.1016/j.scriptamat.2019.04.036
https://doi.org/10.1016/j.scriptamat.2019.04.036
https://doi.org/10.1108/13552540610707013
https://doi.org/10.1108/13552540610707013
https://doi.org/10.1016/j.scriptamat.2005.03.047
https://doi.org/10.1007/BF00540987
https://doi.org/10.1016/j.ijrmhm.2023.106220
https://doi.org/10.1016/j.ijrmhm.2023.106220
https://doi.org/10.1016/j.actamat.2015.04.035
https://doi.org/10.3390/ma15207175
https://doi.org/10.1016/j.matchar.2019.109931
https://doi.org/10.1016/j.surfcoat.2020.125646

1

WA S M A £ G P >

[85] GE J G, MA T J, HAN W T, et al. Thermal-induced
microstructural evolution and defect distribution of wire-
arc additive manufacturing 2Cr13 part: numerical simula-
tion and experimental characterization[J]. Applied Ther-
mal Engineering, 2019, 163: 114335.

[86] WANG Z Q, WU H H, WU Y, et al. Solving oxygen
embrittlement of refractory high-entropy alloy via grain
boundary engineering[J]. Materials Today, 2022, 54: 83-
89.

[87] SHIJY,MA SY, WEIS, et al. 3D pore structure charac-
terization and hardness in a powder bed fusion-processed
fully amorphous Zr-based bulk metallic glass[J]. Materi-
als Characterization, 2020, 162: 110178.

[88 ] CHEN L, YANG Z W, LU L K, et al. Effect of TiC on
the high-temperature oxidation behavior of WMoTaNbV
refractory high entropy alloy fabricated by selective laser
melting[J]. International Journal of Refractory Metals
and Hard Materials, 2023, 110: 106027.

[ 89 ] PREISLER D, KRAJNAK T, JANECEK M, et al.
Directed energy deposition of bulk Nb-Ta-Ti-Zr refrac-
tory complex concentrated alloy[J]. Materials Letters,
2023, 337: 133980.

[90 ] PEGUES J W, MELIA M A, PUCKETT R, et al. Explor-
ing additive manufacturing as a high-throughput screen-
ing tool for multiphase high entropy alloys[J]. Additive
Manufacturing, 2021, 37: 101598.

Wk H 9= 2025-07-30; 50 H #H: 2025-09-16

FEGIH  FZR T ER R (52225103); FZKH
IRBbA R G- R T H (U2441262)

ISR : RIM(1979—), T, Wi, BF5E 0L, BF5 07 i) 4k
RE A RS 1 2 ROE IR AR LG SR AL, B R M
ks JEIT TR VE D2 B 30 50T 4 JE AR 4 [ i SR =
(100083 ), E-mail: wuyuan@ustb.edu.cn

(ALirdm: EARW )


https://doi.org/10.1016/j.applthermaleng.2019.114335
https://doi.org/10.1016/j.applthermaleng.2019.114335
https://doi.org/10.1016/j.applthermaleng.2019.114335
https://doi.org/10.1016/j.mattod.2022.02.006
https://doi.org/10.1016/j.matchar.2020.110178
https://doi.org/10.1016/j.matchar.2020.110178
https://doi.org/10.1016/j.ijrmhm.2022.106027
https://doi.org/10.1016/j.ijrmhm.2022.106027
https://doi.org/10.1016/j.matlet.2023.133980
https://doi.org/10.1016/j.addma.2020.101598
https://doi.org/10.1016/j.addma.2020.101598
mailto:wuyuan@ustb.edu.cn

	1 难熔高熵合金的增材制造技术
	1.1 激光粉末床熔融
	1.2 激光定向能量沉积

	2 增材制造难熔高熵合金的微观组织
	2.1 微观结构特征
	2.2 元素分布及相组成
	2.3 增材制造难熔高熵合金组织的梯度变化

	3 增材制造难熔高熵合金的力学性能
	3.1 室温力学性能
	3.2 高温力学性能

	4 增材制造难熔高熵合金面临的挑战
	4.1 开裂
	4.2 孔隙与未熔粉末

	5 总结与展望
	参考文献

