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Fig. 1 XRD pattern of as cast and solid solution OCr alloy
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Fig. 2 XRD patterns of as cast and solid solution Nbg,Mo,,Zr,,Al;Cr, alloy

SR HANEE A S P Laves BTSSRI, =
PR RIS ABRIIRS HOEHIEN

2.2 NbMoZrAl- ( Cr) &&HWER
B3R THESCrEREa S SEMAERLER , £
I T HESTIELASNDMoZrAIS £ i SRR B IE X

AR . HEISHAN, $535SNbMoZrAlE 2R
NEBR RER, MERSEEMRETDBER.
EESEEELT (BSE) , BEFFHESNTESH
=, SEXRDAM, SEHNEEXIEESND. Mojt
=, MEAKENKEEIKIEESAlL. Zrcx (E3c.
f) . E4FESS B AFRECrEENbMoZIAICHESE S



F

{EE Founory TTLIE TSR

Vol.73 No.9 2024

(d) -

E3 oCrHEEmBEESEMER
Fig. 3 OCr refractory high entropy alloy SEM image
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Table 1 SEM-EDS point scanning results of as cast
and solid solution OCr alloys at.%
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Table 2 Chemical composition of the as cast
NbMoZrAICr, alloys at.%

G4 [X 1k Nb Mo zr Al

a4 XK Nb Mo zr Cr Al

AX: Al-Zr 52.33 5.10 26.19 16.38
BIX: BCC 80.84 8.38 6.87 3.91
CIX: Al-Zr 49.08 4.90 28.32 17.71
DIX: BCC 76.77 8.21 11.19 3.83
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5Cr ID 21.56 2.70 48.46 1233  14.95
o-Zr 3.38 0.48 95.43 0.45 0.26
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ID 24.36 0.98 4097 2011 1358

10Cr

DR 76.94 8.42 4.02 7.81 2.81
15Cr ID 25.97 1.20 29.10 3344 1030
a-Zr 3.17 0.77 93.22 2.84 —
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Fig. 4 SEM images of as cast NboMoZrAICr, alloys
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Fig. 5 SEM-EDS element distribution of as cast NbMoZrAlICr, alloy
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Fig. 6 SEM microstructure of solid solution Nbg,Mo,Zr,,AlsCr, alloy
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Fig. 7 SEM-EDS mapping scanning results of solid solution Nbg,Mo,,Zr,,Al:Cr, alloys
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Table 3 SEM-EDS point scanning results of solid
solution Nbg,Mo,,Zr;,Al;Cr, alloy at.%

Ha X Nb Mo zr Cr Al
Al-Zr 18.90 3.76 44.69 22.89 9.76

5Cr  Laves  40.22 3.49 2.32 51.69 2.29
DR 78.43 8.45 551 5.33 2.28

Al-Zr  14.49 2.64 46.31 5.33 10.85
10Cr Laves  19.79 4.23 28.35 34.95 12.69
DR 76.75 10.89 3.95 6.25 2.15

Al-Zr 19.07 1.34 44.60 23.61 11.37
15Cr  Laves 19.64 2.30 19.08 50.43 8.55
DR 79.78 8.95 6.14 2.78 2.35
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Fig. 8 Compressive stress-strain curves of cast and solid solution OCr

alloys
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Fig. 9 Compressive stress-strain curves of NbMoZrACr, alloy
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Table 4 Yield strength, fracture strength and compressive
plasticity of as cast NbMoZrAICr, alloy

skt HIRIRE/MPa WRGRIE/MPa TRAEIETE/%
ocr 945 - -
5Cr 1153 1682 12.7
10Cr 1212 1671 134
15Cr 1305 1693 11.7
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MEREH, FEEEIRFTEUEERSTRE
ROHERR, 1D T S B BB a4 SR AU o

E9b N EAZSNDMoZrAICT, & £ I E 48 [ - [
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12.7%12=%122.1%, BR®EE FET£101 MPa;
10Cr. 15CraEME D RIRE T493%, EREE T
B 7£992~103 MPa, EfRIEE . WrsaE N E4E LM%
YT ES . EEXRDEE S, ZI5EMaE
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Table 5 Yield strength, fracture strength and compressive
plasticity of solution treated NoMoZrAICr, alloy

Sk RIRGRE/MPa WTRERE/MPa TRATINEI%
ocr 948 1613 19.4
5Cr 1052 1720 221
10Cr 1109 1431 16.2
15Cr 1213 1410 14.6

FEEZCruxY B B rLavestl, EAaEER
BB SHERBEN TR, RS, NbMoZrAICIx&&E
AECHBARIRDEIEI, RAEETRE/N, WUBEEE
AU N T ZB 4B 00

3 #hig

ANREFBAR T ANFAEEZECrERMSER
REIEXINDMOZIAIR S B & S HMA LT HF RN
2, HEE T —MESNERESEENOMEER
BREeE, HFNZARSESEEE. BMER. 1
FHREFRRMNFIHIT TIRITAR, RENTHRE
.

(1) NbMozZrAlESIAEEZHEMo. NbjT=HY

SEE:

BCCEMMHEIIZEAI. ZrAYAI-Zri &E8184EA, Crit
ERINEHTHCr, (Nb, Zr) BllLavestB. BEECIR=H
1200, BTRARS GBS

(2) NbMozZrAI-Cra 23 =iEHWHE (1200 °C)
fa, EESHICrEY Bitr H 2K BB sk LavestE, 3£
S5AI-ZiBEERE . MaNEZERND. MostEMaL,
JLFAREAL ZritE, Bo-ZrBESEEAEERNH
x.

(3) HCroXEEXMIEM, $H5SNbMoZrAl-
CraSEREEIRIRE M I45 MPaiFiEFHEISCras
A91 153 MPa. 10Cr&£HRJ1 212 MPafl15Cr&£HI
1 305 MPa, NbMozZrAl-Cr&EHEREERFANEE
MRS BRI g2 .

(4) BECIITREZEME, EASNbMoZra
EWEHEEIRZBEMNI48 MPalXiiZE A E5Cr&as
A1 052 MPa. 10Cr&<AJ1 109 MPaf115Cr&&HI
1213 MPa; EiRPVHIEEEARUIRRSS, 5
[EIREEREE Tk, MR,

AXBIRIMCroRME RRAERARE
NbMoZrABIASEE RIBSEE, HRABEZEH
SRICHIIERIZ RS ERIERE, NS B AREMITE
RS BESRENINERRE.

[1] B|EFE, TEE, ZRE, & SEcESRMEEHREE ] &R, 2022, 43 (11) : 935-947.

2] F=ik, BXZE, TER, £ SETERSHESMRHE ) BEFTE, 2022, 14 (12) : 31-40.

[B8] KXEE SHESHIARSRARE [J]. =SV, 2022 (3) : 76-82.

[4] HHPE¥, ZR3EEN, EURKE, . AlCoFeNiMomiBa SHIEMIET R AFMRE [1]. 518, 2020, 69 (1) : 11-15.

[5] YEHJW, CHEN S K, LIN SJ, etal. Nanostructured high-entropy alloys with multiple principal elements: novel alloy design concepts
and outcomes [J]. Advanced Engineering Materials, 2004 (5) : 299-303.

[6] XIgR, =S+, W, £ 2ETaBESHRAR [J]. RS, 2006, 20 (4) : 4-6.

[71 ZHANG Y. Science and technology in high-entropy alloys [J]. Science China Materials, 2018, 61 (1) . 2-22.

[8] =¥, RITHR, @IS, % CrigFeCoNIAICKXSHE SAHRSNF RSN [I]. 41T, 2023, 51 (2) : 91-7.

[0] XUME, ZRE, XE, . Ti, (FeisCoxsNixnCris) 1o BBE BG5S NFMRE ). 51&, 2021, 70 (2) : 200-205.

[10] BB=F, HikE, RF, F. CrEECr MoNbTIZIREBHESHER SRR U] S /ERVEIE, 2023, 48 (1) : 18-23.

[11] EBRZE, FHB, £38, F. CraEXIFeCr NiMnCu, RS BESHIAR N MRESNG [J]. I5HHEREBaS, 2023, 43 (8) : 1089-

94.

[12] XUfE, &85, FLIER. %. FeCoNiCrMnERE N IERERMEIRIERED T V] BB RFFIR (BAREIR) , 2021, 40

(4) : 404-409.

[13] ==, B, KbkE, £ HSCNTIZIEBESNAR SRR V). WEEESERES, 2020, 48 (4) : 53-58.

[14] %18, BREKZE, XBIEHR, & BEESHAORITSHREARHE D). MEHARSMA, 2023, 17 (6) : 1039-1050.

[15] HE L, ZHANG M, WANG D, et al. Microstructure and mechanical properties of in-situ dual ceramic phase synergistic strengthened
CoCrMoNbTi ( B4C) | high entropy alloy coating [J]. Optics Laser Technology, 2023, (161) : 109172.

[16] RAABE, D, TASAN, et al. Design of a twinning-induced plasticity high entropy alloy [J]. Acta Materialia, 2015 (94 ) : 124-133.

[17] BEE, EE, RE55, & PUMIEYTAI05C0CFeNiB0.2SHE S HREER D IEEERIS2IN [J]. $51&, 2011, 60 (1) : 24-27.

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

[19] R, ZEk, EHE, T HESHESHMRIHHMAR

MEREIRIERE [J]. MUSFTRIIR, 2022, 42 (6) : 33-47.



—tt rE

[20] 5K, &N, HEZ. F ZAWEESHSSAMRER ] 7SR, 2022, 36 (14) : 5-26.

[21] SENKOV O, RAO S, BUTLER T, et al. Microstructure and properties of Nb-Mo-Zr based refractory alloys [J]. Nternational Journal of
Refractory Metals Hard Materials, 2020, 92 (1) : 105321.

[22] BRfE, BSF. ©F. & BIIT TEIIND,,TigAlsZrHf TaMo W IR SIS SAM SRR [J]. SEMGIE, 2023, 48
(9) : 42-48.

[23] BEEF, ERK, BHF, £ SIRRLGEMAIZINDMoZASHEESMUARR DFIEEEIN [J]. RFERIFRAR, 2022
(S01) : 056.

[24] FEMe, STRXK, BI3E, . AIRJAI (x) Mo (0.5) NbTiVSi (0.2) SIFESAEEFMEREEIN [J]. SHEERERAES, 2023, 43
(7) : 871-875.

[25] BEZ. REP. SiEE, £ HFEINDMoCITIAI-ISIB (1=0, 1) HASHESHHMALRSRANITAHME [J]. REHA,
2020, 49 (6) : 224-235.

[26] BXFRHK, FRAE. AlL,Co CrieNiEBESAVBRAFAIENE N 148E [J]. M4 T2, 2023, 51 (5) : 104-111.

[27] k&, 2%, IR, % AIZEXICoFeNi,V, SHE S HNIERINFIERERIFIND [J]. 518, 2021, 70 (9) : 1047-1053.

[28] FANAC, LIJH, TSAI M HJM C. On the phase constituents of three CoCrFeNi, (x=Cr, Mo, W) high-entropy alloys after prolonged
annealing [J]. Materials Chemistry Physics, 2022 (276 ) : 125431.

Effects of Cr Addition and Heat Treatment on Microstructure and
Mechanical Properties of NbMoZrAl Based High Entropy Alloys

WANG Tao', SHI Jie', PAN Hu-cheng', SHANG Hong-yu*, TENG Chang-qing?, ZHANG Wei"? YANG Ji-
jun®, WU Lu?
(1. Key Laboratory for Anisotropy and Texture of Materials(Ministry of Education), College of Materials Science and Engineering,
Northeastern University, Shenyang 110819, Liaoning, China; 2. The First Sub-Institute, Nuclear Power Institute of China, Chengdu 610041,
Sichuan, China; 3.Key Laboratory of Radiation Physics and Technology, Ministry of Education, Sichuan University, Chengdu 610064,
Sichuan, China)

Abstract:

In this work, the high entropy alloys(Nb;,Mo0,,Zr,,Al0)100..Cr.(x=0, 5, 10, 15, at.%)were prepared by vacuum
arc melting. The effects of Cr content and high temperature heat treatment on the microstructure and
mechanical properties of the alloys were studied by means of X-ray diffraction (XRD), scanning electron
microscopy (SEM), energy dispersive spectroscopy (EDS) and universal testing machine. The results show
that with the addition of Cr element, the Cr,(Nb, Zr) type second phase is precipitated in the alloy, and with
the increase of Cr element content, the volume fraction of the second phase increases and the dendrites are
refined. After high temperature heat treatment at 1 200 °C, more Cr elements diffuse and precipitate into the
interdendritic region to form Laves phase, which is interlaced with Al-Zr phase. Therefore, with the increase
of Cr content, the compressive yield strength of NbMoZrAl-Cr alloy gradually increases from 945 MPa of 0Cr
alloy to 1 153 MPa of 5Cr alloy, 1 212 MPa of 10Cr alloy and 1 305 MPa of 15Cr alloy. The main mechanism
of strength improvement is second phase strengthening and fine grain strengthening. The relevant results
would provide reference and basis for the design of new refractory high-entropy alloys.

Key words:
refractory high entropy alloy; high temperature treatment; mechanical properties; thermal stability; second
phase
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