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Fig. 1 Characterization of NbMoTaW alloy powder. (a) NbMoTaW powder morphology; (b) particle size distribution
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Fig. 2 Schematics of test process. (a) Diagram of SLM process; (b) diagram of scanning strategy
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Fig. 3 Forming and densification analysis results of (NbMoTaW),, ,C,sample. (a) Forming quality observed by optical microscope

(OM); (b) forming quality observed by SEM; (¢) 3D-CT result and pore volume distribution
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Fig. 4 XRD pattern of (NbMoTaW),,, .C, RHEAs

1002309-3



RTRNE -FFEIEX

By BT BN kR R R . W 6 (a) L (b) TR,
(NbMoTaW),.Cos RHEA WA K& 0 5 5L, 40
73.6% (1l AL 43 80) , ~F ¥ f ok ROSF 2 10,6 s i
NbMoTaW RHEA [ ¥ & 5t 55 5 W) >k 54.8 % (i #14

) T2 ok R S 18.4 um, F W C A &1L A 5
B =M A Rl | A O T AU AN O 1 4/ N
(NbMoTaW ),;C,; RHEA 2 Bl HY 5 5 i JLAa) a0 2 437

{100}

{110}

{111}

{100} {110} 0.02

{111}

£ 515 5 10 81/2024 &£ 5 B/ E#Hx
FECGND) 3, i 5(c)  (d) iFs o ¥ (R i) 7
PIHC) 22 (KAM) 340 ge 1h 45 R an & 6 (o) ir s o
(NbMoTaW ) ,,.C,; RHEA ) KAM ¢ 4 {§ K 2.3°,
0°~1° /) | FR 5 b 3 /N, 2 S 4.6% ; NbMoTaWw
RHEA 1 KAM {0 1.4°,0°~1° 0 1 25 He 2
292%, R CM A & LA IS T GND M

K5 (NbMoTaW),, ,C,RHEA [ EBSD FIfERAL(EDS) AL . (a) (NDMoTaW )y, C, s [ S [ (IPF) 5 (b)NbMoTaW )
IPF; () (NbMoTaW )y, -C,. i KAM B F1 EDS [ 5 (d)NbMoTaW £ KAM [ f1 EDS &
Fig. 5 EBSD analysis and energy dispersive spectrometer (EDS) characterization results of (NbMoTaW),,,_.C, RHEA"". (a) Inverse
pole figure (IPF) of (NbMoTaW),,;C,:; (b) IPF of NbMoTaW; (¢) KAM and EDS images of (NbMoTaW),,C,; RHEA;
(d) KAM and EDS images of NbMoTaW
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Fig. 6 EBSD statistics results of (NbMoTaW),,, .C,RHEA. (a) Grain size distribution; (b) grain boundary misorientation distribution;

(c) kernel misorientation distribution
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Fig. 7 TEM characterization analysis results of (NbMoTaW),,,,C, samples”’. (a) TEM micrograph, TEM dark-field image, and
corresponding SAED spots of NbMoTaW; (b) TEM micrograph, TEM dark-field image, and corresponding SAED spots of
(NbMoTaW),, ,C, RHEA; (¢) STEM morphology and EDS analysis result; (d) TEM image of (NbMoTaW),,;C,; RHEA at
grain boundary; () HRTEM image of (NbMoTaW )y, -C,; around dislocations; () HRTEM image of (NbMoTaW),,,C,; at grain

boundary
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Fig. 8 Analysis and characterization of mechanical properties of (NbMoTaW),, ,C, sample. (a) Compressive stress-strain curves of
(NbMoTaW),,, ,C, RHEAS; (b) fracture morphology of NbMoTaW; (c) fracture morphology of (NbMoTaW ),,.C,

# 1 NbMoTaWTi, RHEAs b2 i 53 5T 8050 %, %)
Table 1 Chemical compositions of NbMoTaWTi, RHEAs

(atomic fraction, %)

Element Nb Mo Ta W Ti

NbMoTaW  25.00 25.00 2500 2500 0
NbMoTaWTi, . 24.24 24.24 2424 2424  3.03
NbMoTaWTi,,,, 23.53 23.53 23.53 23.53 5.88
NbMoTaWTi,,,, 22.22 2222 2222 2222 11.11
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Fig. 9 XRD patterns of NbMoTaWTi, RHEAs
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B 10 NbMoTaWTi, RHEAS f3 W41 SUE 5 . () NbMoTaW Ti, 5 (b) NbMoTaW Tiy 05 (¢)NbMoTaW Ti, oy,
Fig. 10 Microstructures of NbMoTaW Ti, RHEAs. (a) NbMoTaW Ti,,,;; (b) NbMoTaW Ti,,;; (¢) NbMoTaW Ti,
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Abstract

Objective NbMoTaW refractory high-entropy alloy (RHEA) exhibits excellent mechanical properties at ultra-high temperatures,
making it especially suitable for high-temperature heat-resistant load-bearing component applications; however, its room temperature
brittleness limits its application in aerospace and other fields. Moreover, the high hardness and brittleness of RHEA at room temperature
make it extremely difficult to process, and hence the formation of precision and complex parts of RHEA is particularly difficult, further
limiting its application. Therefore, improving the formation and plasticity of NbMoTaW RHEA is an important research topic.

Methods In this study, two RHEAs, NbMoTaW,,, ,C, and NbMoTaWTi,, are prepared via selective laser melting (SLM). A
tungsten plate is used as the base material, which is preheated to 180 °C to reduce stress. The optimal SLM process parameters are
determined through multiple orthogonal tests to prepare samples with good surface formation and no macroscopic cracks. The relative
density of the samples is determined via industrial computed tomography (CT) analysis, and the phase composition of the samples is
analyzed using X-ray diffraction in the range of 10°~100°. A scanning electron microscope is used to analyze the surface topography and
grain distribution of the specimen [electron backscattered diffraction (EBSD) analysis test]. Prior to EBSD characterization, the surfaces
of the RHEAS are ground with different SiC sandpapers, finely ground with alumina (A1,0,), vibro-polished, rinsed with ethanol, and
air-dried. The compressive properties of the RHEAs are measured using a microcomputer-controlled universal testing machine with a
strain of 10 *s ' and a specimen size of @2 mm X4 mm. At least five samples are selected for compression performance testing, and the

average of the test results is calculated to ensure accuracy of compression performance.

Results and Discussions The (NbMoTaW),.C,; RHEA prepared via SLM has a higher dislocation density, and with the
continuous thermal cycling of SLM, a large number of NbC particles are precipitated at grain boundaries and dislocations (Fig. 7),
which produces a significant pinning effect, thus limiting the coarsening of the NbMoTaW RHEA grains during thermal cycling. The
changes in the microstructure of the NbMoTaW RHEA caused by microalloying of C improve its mechanical properties. A large
number of NbC particles can produce a significant precipitation strengthening effect, which significantly increases the strength of the
(NbMoTaW),,-C,; RHEA. In addition, the plasticity of the NbMoTaW RHEA also significantly improves after C microalloying.
This is because the microalloying of C atoms inhibits O segregation at grain boundaries, thus ensuring stronger bonding of the matrix
and inhibiting intergranular cracks. The microalloying of C with atomic fraction of 0.5% significantly improves the strength and
plasticity of SLMed NbMoTaW, and the compressive yield and fracture strengths of the NbMoTaW RHEA increase significantly
from 1183 MPa and 1214 MPa to 1695 MPa and 1751 MPa, respectively, an increase of 43.3% and 44.2% , respectively. Compared
with those of NbMoTaW, the yield strength, compressive strength, and strain of the NbMoTaW Ti,; RHEA increase by 20.7%,
30.7%, and 117.9%, respectively. The variation in yield strength and compressibility with Ti content is shown in Fig. 12(b). The
yield strength of the NbMoTaW Ti, RHEA increases rapidly after the addition of a small amount of T1 and gradually decreases with
the subsequent increase in Ti, whereas the compressive strain of the NbMoTaW Ti, RHEA increases approximately linearly with an
increase in Ti content. The results show that the addition of Ti can increase the grain boundary cohesion of NbMoTaWTi, RHEAs,
which can effectively inhibit the propagation of intergranular cracks and improve the plasticity of NbMoTaW Ti, RHEAs. Therefore,
with an increase in T1 content, the strength and plasticity of NbMoTaW Ti, RHEAs prepared via SLM increase at the same time.

Conclusions Combining LSM technology and the alloying method, two RHEAs, (NbMoTaW),, ,C, and NbMoTaWTi,, are
successfully prepared, and the brittle resistance of the NbMoTaW RHEA at room temperature is improved using the alloying method
with C and Ti. A well-formed (NbMoTaW),,.C,; RHEA with a density of 99.6% is prepared using SLLM technology. The results
show that the addition of C with atomic fraction of 0.5% results in the refinement of the grains of the NbMoTaW RHEA and the
precipitation of NbC nanoparticles. By microalloying of of C with atomic fraction of 0.5%, the yield and fracture strengths of the
NbMoTaW RHEA increase by 43.3% and 44.2%, respectively , and the plastic strain increases from 3.9% to 6.9%. With an
increase in Ti content, the yield strength, compressive strength, and plastic strain of NbMoTaW Ti, RHEAs increase significantly by
20.7%, 30.7%, and 117.9% , respectively. Moreover, a simulated part of a 100 mm <80 mm X 20 mm key component of an ultra-
hypersonic aircraft is successfully prepared via SLM.

Key words laser technique; refractory high-entropy alloy; selective laser melting; alloying; microstructure; mechanical properties
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