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Table 1 Oxidation properties of high entropy alloys at elevated temperatures

Alloy Time/h Oxidation product Temperature/°C
WMoCrTiAI'™ 50 Cr,0s, ALO3, TiO, 900—1100
AINDBTiZ!®! 50 AINbOy, TirZrOs, ALO3, NbO, ZrO,, TiO, 600—1000
Cro.sMoy sNbTiZr!') 20 Nb,Zr6017, TiO,, ZrTiO4 1000
AICINbTiZ ™ 100 CrNbO,, ZrO,, TiO,, AL,Os, ZrNb,0; 800—1200
CrMoNbTaVv!™! 25 Nb,0s, NbO,, CrTaOq, CrNbO4, TagVOys 900—1100
Ta-Mo-Cr-Ti-xAl (x=10, 20, at%)"! 24 Ta,0s, Cr,0;, CrTa0, 1200
Al-CrtMnFeCoMoW™" 100 ALO3, Cr,03, MoO;, WO3, CoCrO4, MnMoOy 850
AINbTaZr, (x=0.4, 0.6, 0.8)!" 50 ALO;, Nb,Os, Ta,0s 1000
AICrFeNiTiMng 5! 100 ALLO3, Fe,TiOs, TiO, 900
AITiNbMog sTag s 15 Al,03, TiO,, Ta,05 800, 1200
CrMnFeCoNi™! 96 Cr,03, MnOy, NiCr,0, 800
AITiCrvzr¥ 20 ALOs, Cr,03, TiO,, Zr0, 800
Cr-Nb-Ta-V-W! 48 Cr,03, NbyOs, CrTaO, 700, 800

1 % W

PL CrMoNbTiV, (x=0, 0.2, 0.4, 0.6, 0.8, JFE/R
t) MEIEE i E S RIS, LM R R AN
99.9% 1 i Bk FHHL . LB BB A DL R RORLIR 8% 4 ) -
¥ 5 MM BHZ BB R &S, WK 2 B, KA
JEEH 0.01 g MHETFRPFRE, 488 ERN 120 g.
K AE B FE 32 F IO MR i) 2 AN [A) V5 B IR S
MEeBiE, MAHZLUEHYIH RN 8 mmx10 mmx
10 mm PHORAFE AT e S HLAMMEE, UIEIH
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Table 2 Ingredients of CrMoNbTiV, refractory high entropy

alloys (g)

Alloy Mo Nb Ti \Y Cr

CrMoNbTiVos  34.94 33.84 17.43 14.84 18.94
CrMoNbTiVes  36.06 34.92 17.99 11.49 19.54
CrMoNbTiVos  37.25 36.07 18.58 7.91 20.19
CrMoNbTiV,,  38.52 37.30 19.22 4.09 20.88

CrMoNbTi 39.88 38.62 19.90 0.00 21.61
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Fig.1 XRD patterns of as-cast CrMoNbTiV, refractory high entropy

alloys

P EDS SN E, EDS 455U 3 . M 2 ]
LR, AV ILERSER S F CrMoNbTIV, YIS =i
BEHR T B WE IR L, BHEE V TR G 2N
BN, AERERALS R SR RIS, &6
F 3 X E S TR BT T, RILE S RA R
FIIEERE ) TERGRIXE, W 2a A 1 A4, &
2b FALE 1 B 2 AL E 1L 2d FFIALE 1R 2,
Bl 2e FALE 1 A1 4, XEEXIR Nb. Tiv Crv V JTH
SREEENL SURD L, Mo JLER R &R T,
SRETHMIERSE. A&NERRXE, WE 2a
AL E 3. B 2b AL E 2. B 2¢ RROALE 3. I 2d
FALE 3. K 2e FIOMIE 3, XEXEEILRSES

B2 #5745 CrMoNbTiV, MG =il & S MR E S
Fig.2 Morphologies of as-cast CrMoNbTiV; refractory high entropy alloys: (a) CtMoNbTi, (b, b) CrMoNbTi V5, (¢) CtMoNbTiV(4, (d) CrtMoNbTiVg,
and (e) CrMoNbTiVyg
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#F3 [E2HE%S CrMoNbTiV. R SHE & SUENLER S
Table 3 Chemical composition of position in Fig.2 for as-cast

CrMoNDbTiV, refractory high entropy alloys (at%)

X Position Mo Nb Ti \'% Cr
1 4401 2395 1867 0 1337
2 2545 1987 316 0 2308
0y g 2073 2491 0 2693
4 3329 226 2221 0 2211
1 3701 2424 1924 439 1511
B 2 3210 2311 2099 434 19.47
0L 586 1612 399 428 2395
4 1454 1522 4344 383 2297
I 3298 2305 1958 844 1595
=04 2 1951 1703 3376 958  20.12
3 2690 2129 2088 871 2222
I 3558 2269 1731 1098  13.44
B 2 3486 2248 1740 1126  13.99
YOO 65 1979 219 1251 2215
4 1776 1863 2402 1291  26.68
1 2602 2034 1929 1577 1858
2 2082 1769 3197 1330 1622
=08 3 2034 1932 2018 1615 22
4 3302 2124 1683 1447 1444
5 2063 1642 2949 1833  15.13
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Fig.3 Oxidation kinetic curves of CrMoNbTiV, refractory high
entropy alloys at 800 °C: (a) 20 h and (b) 100 h

100 h J& (36 E 5508 0.84 A1 0.50 mg/em®, [KUt,
CrMoNbTi &4 7E CrMoNbTiV, (x=0, 0.2, 0.4, 0.6, 0.8)
HEPEMEE R, U CrMoNbTi & &bt Atk it
Retdf, HAESAL 70~100 h A, CrMoNbTi & 45
(AT S S Y A
2.3 SLEERITELERR

Kl 4 Fin iy 5 il CrMoNbTIV, MK =i i & S EA A
FALI ]S XRD B . B 4a Fis s CrMoNbTiV g
H4TE 800 CHAAIFIN G H) XRD B, w51, 1%
EET A A TiyCrNb;O,. VoNbsOjo TiO,
Al CrVNbOg, &4 %4k 30, 60 #1100 h, AL MIEH
KA. %A 30 h, VoNbeO o FITHIEEAR, BhiIX
FhEAL A B>, T TigCrNbyO,. TiO,. CrVNbOg
A AR e X HERE 60 h 44 100 h (1 B,
KRG 4EMN 60 h ERRIEMCETIRE. K 4b
N CrMoNbTiV 4 7E 800 C N A AL [A] ) XRD &3 ,
5 CrMoNbTiVg MM Sl A 2R, 1% & St EEA R
TiO,+ TisCrsNb;O,. V,NbsOj9 I CrVNbO EfH. K
4c. B 4d Fim N CrMoNbTiV,, &4 1 CrMoNbTiV,,
G4 800 CHEAAEII ] K] XRD EIHE, w%E1x 2 Fh
A4 EEA N TisCrsNbyOy. VoNbO o A1 TiO, B AL -

Kl da~ 4d EATXELE T, KEL CrMoNbTiV g Fl
CrMoNbTiVy ¢ & 47 E CrMoNbTiV4 AT CrMoNbTiV,,



+3198 - Wi B RS LR %53 4%
0 V,NbsO,  TiO, a 0V,NbO,y ¢ TiO, b
thi4Cr3Nb3OZ + CrVNbO z '_:T‘4C1'3Nb302 + CfVNb05
; i Foifd @
o .+
5 0| oo, ks, § 5 . %0 looﬁ ¢ 8 303 § ¢
2[00 0l Qo MWlodPeo v v 3 CrMoNbTiV, 100 h
> CrMoNbTiV(,-100 h
7
s +
8 Tt + o+
= [ :; ?)++<> 1—1— t + N T ¢ $+t ++ +8 § +
00 9 fllo 0¥ [0 dWe0 $ & 3 o ¢ <5?_<><><? 9P S o S ‘60}1
o b CrMoNbT1V0860h CrMONDTIV, ¢ ¢
90 of allo 08900 %‘io ¢y o 69 <><>1 <><><>z>v;>° <§><9§ 3039
] ] (}rMoNleV(,ﬂ -30 h ) CrMoN‘l;TlV06 30 h
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
¢ OV,NbO,, ¢ TiO, c 4 ¢ TiO, 0 V,Nb,O,, d $ ¢ TiO, v Ti,Cr;Nb,0, e
¥ Ti,Cr;Nb, oZ %l % Ti,Cr;Nb;0,
v v
5 09“5 00 ‘<> v§ $ 00 of off o3 oof¥ 33 ¥
< CrMoNbTiV,,-100 h 1% CrMoNbTiV,,-100 h
2
£ v
& b § § $ b
8 9 4} Q “I 01?0 v O OT J 5
£ s CMONGTY 60T 299 ‘ 33: Tt IR 3
= CrMoNbTiV,),-60 h
v
vy
o ol ovesd ods, ¢ 00 o ol ob¥oo0ty T¥ %
) CrMoNleV0 . 30 h CrMoNbTiV,,-30 h CrMoNbTi-30 h

10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90 10 20 30 40 9/%0) 60 70 80 90

20/(°)

20/(°)

Bl 4 CrMoNbTIV, Ak i il 5 < 2 KA RN 1) ) XRD %
Fig.4 XRD patterns of CrMoNbTiV, refractory high entropy alloys after oxidation for different durations: (a) CrMoNbTiVs, (b) CtMoNbTiV,

(c) CrMoNbTiVy4, (d) CtMoNbTiV,2,, and (e) CrMoNbTi
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Fig.5 Porcelain boat of CrMoNbTiV, refractory high entropy alloys after oxidation for 100 h: (a) CrMoNbTiVys, (b) CtMoNbTiVs, (¢) CrMoNbTiVy4,
(d) CrtMoNbTiVy,, and (¢) CrMoNbTi
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Fig.6 Macro-morphologies of CrMoNbTiV, refractory high entropy alloys after oxidation for different time: (a) CtMoNbTiVs, (b) CrMoNbTiV s,

(c) CrMoNbTiVy4, (d) CtMoNbTiVy,, and (e¢) CrMoNbTi
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Fig.7 Height of surface oxide on CrMoNbTiV, refractory high entropy alloys after oxidation at 800 °C for 100 h: (a) CrMoNbTiVs,
(b) CrMoNbTiVy, (¢) CrMoNbTi V4, (d) CrtMoNbTiV,,, and (¢) CrMoNbTi
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Fig.8 Surface morphologies of CrMoNbTiV s alloy after oxidation for different durations: (a—a;) 30 h, (b-b;) 60 h, and (c—c;) 100 h

&4 [E 8 CrMoNbTiVs B E7E 800 CRUAFIREERA S
RIELFRSY
Table4 Chemical composition of positions in Fig.8 for CrMoNbTiV,s
alloy after oxidation for different durations (at%)
Time/h Position Mo Nb Ti v Cr (6]
1 0.03 1047 14.02 1.54 9.8  64.14
30 2 0.17 10.13 13.14 1.74 9.73  65.09
3 122 11.09 1557 6.87 10.71 54.54
1 1.05 16.78 525 507 287 69
2 027 978 1213 4.18 899 64.65
100 1 528 3.56 337 3132 192 5455

60

1500 nm

CrVNbOs « TisCrsNbs;O, A ¥ . {H CrMoNbTiV
GaHERE] VaNbeOo BORE A>T CrMoNbTIV 5
H%&,

K19 FT 7R CrtMoNbTiV o 4 MENE i & 4 AL fa 3R
HIEFA EDS sl &, s Rk s frs.
K 9a fizn, & 4%4E 30 h JE & A b AR ALY
ARARAEN, SECRD S (RLE D #7504, K
BAZEMNIIN VaNDbeO 9. AT 9a; A E 3 AL M1IRAREA AL
VIR i, KRIMFEER Ti 75&. Cr TEM Nb t&
R A . S PREXIRAIE 2 Kb n R RGEAT 2
B, RILZIo RS & i SRR AR, (H2 O ot

3 pm

B9 CrMoNbTiVo4 & & E A R 8] J5 IR TH B30
Fig.9 Surface morphologies of CrMoNbTiV,4 alloy after oxidation for different durations: (a—a;) 30 h, (b-b;) 60 h, and (c—c;) 100 h
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Table 5 Chemical composition of positions in Fig.9 for CrMoNbTiV4

alloy after oxidation for different durations (at%)

Time/h  Position Mo Nb Ti A% Cr (6]

1 0.64 20.08 3.01 24 144 7243
30 2 041 10.03 1238 0.16 923 67.34

3 0.45 7.3 11.01 049 693 73.82

1 1.95 3032 232 212 0.7 6259
60

2 0.61 985 12.18 2.62 8.83 6591

1 0.53 25.65 425 327 213 64.16
100

2 0.13 866 1035 1.05 791 719

N 67.34at%, KTHLE 3 41 73.82at%, HTRPIRE
PR AERE, 50 TRBMEME S, ALK
FEFIR

W 9b fis, A4k 60 hJE, & &RmAgkE:
A, ANFRIEARE Y, W ob, FiR, WHETA
AARIRLE 1 b, RILZEAY EEH Nb TR
O TR, Nb Ju&R & EIL 30.32at%, HETHRSE
KT 3at%, LAY SECREMIH SRR X E
2 AT R, ORI AL S AL 30 h S E 3 b Ay
FIRARTE, 598 VoNbeOo, Ui W B 45 S AL 1T A2 1 1
17, BERETFEX AN LK.

W 9c from, AL 100 h J5, & 421 IS 401
ERREAYD, ST OR SN, KIS AT B

1500 nm

R FE TP BT VNbeOyo, X <5 3% 1 I 3 3 4T W
%, RIEHIRYIBEE ST AR A K, Rl
GALEARIE G SN R B &SR, BINEG4
FAHEMEEEN, G E&MbtEERE. X 9¢; F
A& 2 AT HEIE, RIS %A 30 i1 60 h & &K
Ay ARIE, AR O iR S ER G, 5K 9a i 2 41
TR EAME, YR ASRIEE NS .

K] 10 2 CrMoNbTi M =i & 4 7E 800 CH A
[ I 1) J5 I R TH T30 R EDS SRR, s
mFE 6 ffion. HIE 102, /T A1A 4 %40 30 h J5 K0 H L
KIS, XA 10a, HAOAIE 1 AL E 2 ArA ST
FNT, RIXH AL S GRS B AR, HWNE—F A
. E4 60 h G, GE&RmNEALYER, WK
10b, o IALE 1 2 S AL &, (L8 2 2 F8IX
WG R Ay, ALE 3 PR X, X 3 ANMLE MR o
1, RIALE 141 O & E&E TALE 3 41 O 7t
AoRE, ME3ILANO TREESTAE 2 4M O T
FOE, EMIZFERGEIGES O TRRMAEE
AN )38 BT o

H&AM 100 h J5, RINHIBRLEMLY), W 10c
e XE 10c, FERILEMINE 1 AE &7
BT, RIGZEA T Ti uE &8 24.53at%, HEMTT
FOEWIRAD . MALE 2 A m M, KR
)5 HE TR A & 2R 1P X3 1) S A R R
v, 45K 4e b XRD HiE, ZEMAY N TiO,
Ti,CrsNbyO, IR G EAD . X P AN & ST ANET
B BARIFHR & &N E, IEETRNT S 648
0 % ) S A T3 =TS e K K A e

K10 CrMoNbTi AL ANF I [a] Jo )2 T T 30
Fig.10 Surface morphologies of CrMoNbTiV alloy after oxidation for different durations: (a—al) 30 h, (b-b1) 60 h, and (c—1) 100 h
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Table 6 Chemical composition of positions in Fig.10 for CrMoNbTi

alloy after oxidation for different durations (at%)

Time/h  Position Mo Nb Ti Cr O
1 026 10.77 9.86 8.77 70.33
% 2 047  12.23 10.9 9.41 66.98
1 1.16 247 17.17 4.14 75.05
60 2 227 1406 2213 16779 445
3 0.81 9.88 11.72 10.76  66.82
1 0.93 0.22 24.53 1.65 72.67
100
2 0.79 6.73 15.29 7.81 69.37
3 4

1) CrMoNbTiV, (x=0, 0.2, 0.4, 0.6, 0.8) HME4Am
W56 & AL N — RO AL T 858, TERC T L
RUE SR 2R, HAARR M EE R AR e, v
LR T RS G SNAS M ICR N .

2) CrMoNbTiV, MEtE s &4:48 800 “C/100 h S fkik
HiE, ¥V SEM 08 KE 0 i, AE&REEREEMN
24.80 pm FFEE]3.37 um. BV 2K, EHEHE
RENIED, GRS, Ebal )4k
B, VEEBK AR, S ED.

3) CrMoNbTiV, MM S & 4 AL B S, Adb
PN . CrMOoNbTiV g f1 CrMoNbTiV, ¢ & &AM 2
FFALHE VoNbOjo. TiO,. TiyCrsNbsO, 1 CrVNbOg %84k
), CrMoNbTiV,4 Al CrMoNbTiV,, & &2 E T
V,NbgOyo+ TiO, Al TiyCrsNbsO, 24LH, & V JLEM
CrMoNbTi &4+ N TiO,+ TiyCrsNb;O, Fl/b & MoOs %
.

4) CrMoNbTiV, MEE = & LA H 5, &4
FMHAE AT IREEFITE VNGO o S8 LY, BN SAAL E 3L
=W, BRAEENPUAIERE. BV SE TR, A2
HMIERIR EAL IR ETH %, CrMoNbTi &4 HIELE |
U TiO, A1 TiyCrsNb;O, 2k, XA 42 BB 2R 3
ROR LT, P rERE I BAE
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Microstructure Characteristics and Oxidation Properties at Elevated Temperature for
CrMoNDbTiV, Refractory High Entropy Alloys

Xu Qin', Wang Qi?, Zhao Jiading', Yin Yajun’, Chen Ruirun’
(1. School of Mechanic and Electrical Engineering, Henan University of Technology, Zhengzhou 450001, China)
(2. National Key Laboratory for Precision Hot Processing of Metals, Harbin Institute of Technology, Harbin 150001, China)
(3. State Key Laboratory of Materials Processing and Die & Mould Technology, School of Materials Science and Engineering,
Huazhong University of Science and Technology, Wuhan 430074, China)

Abstract: CrMoNbTiV, (x=0, 0.2, 0.4, 0.6, 0.8) refractory high entropy alloys with different contents of vanadium were prepared, and the phase
constitution, microstructure characteristics and oxidation properties at elevated temperature of 800 °C were investigated. Results show that the
as-cast CrMoNDbTiV, alloys with different contents of vanadium exhibit single body-centered cubic (bcc) crystal and form dendrite structure. After
oxidation at 800 °C for 20 and 100 h, the mass gain of CrMoNbTi alloy is 0.25 and 0.50 mg/cm?’, respectively, while the mass gain of
CrMoNbTiVyys alloy is 1.49 and 3.36 mg/cm?, respectively. The mass gains of CrMoNbTiV, alloys are decreased with decreasing the content of
vanadium, and the surface of oxidation layer also gets smoother. The surface height differences of CrMoNbTiV,s and CrMoNbTi after oxidation
for 100 h is 24.80 and 3.37 um, respectively. The oxidation products of alloys with different contents of vanadium are different, and the V,NbsO,9
needle shape oxidation products can obviously reduce the oxidation resistance properties of CrMoNbTiV, alloys. Reducing the addition of
vanadium can promote the formation of compact oxidation products of TiO,, CrVNbOs and TisCr;NbsO,, and therefore improve oxidation
resistance properties of CrMoNbTiV, alloys at elevated temperatures. V,NbgO19, CrVNbOg and V,0s in oxidation layer of CrMoNbTiV, alloys are
reduced with decreasing the content of vanadium. The oxidation layer of CrMoNbTi without addition of vanadium consists of compact TiO, and
Ti4Cr3Nb;O,, and therefore the oxidation resistance is significantly improved.

Key words: refractory high entropy alloy; microstructure characteristics; phase constitution; oxidation resistance properties; elevated temperature
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