$51% M3 wREREMBSIRE Vol51,  No3
2022 4 3 A RARE METAL MATERIALS AND ENGINEERING March 2022

Hf 2 2% NbMogsHf. TiZrCrAl ¥IA 5 S £HLA
y @Ak k=i ap=Al

gaker, K

kY, KR, RAAR, 3OF, K

(PR MR AR E M Sk E MRR 5 TR EE, DU B#R 610031)

# E: RHESIEAFHERIUER 756 % T 5 P4 U4 8 NbMogsHF,TiZrCrAl (x=0, 0.25, 0.5, 0.75, 1, JFE/R L) Xk
B A S, T HE WG SR R IR 45 REH: RN Hf 540N Hf 1)& SRR H S B 2 i bee
A Cbeel A bee2) 1 Laves AHFI . TERGIN HF &4, becl AR EEE & Zr. Cr Ml Al JLEK, bee2 M EEE 4 Nb.
Ti I Mo JT&. MR Hf &4, beel M 3 ZE & Hf. Zr. Cr. Mo 1 Al JGEK, bee2 MHH EZE & Nb fl Ti JuE.
Bt HE SR f3n, beel ARAYA ELZEHIIN, H beel A1 bee2 ARSI H A P K. 1Ak, beel AL bee2 ARIA T &
MR RE, ELREE HE SR sgn, WitHmeEE S & S Y SN B Ao B % . SR, &47E 1200 C R R4 S8R E

B AR

KA AN S S MOAL: JeEtEee: HF JTE: Laves A

REESES: TG146.471 XERFRIRED: A

MEHS: 1002-185X(2022)03-1024-07

L2 W R A AR B AW A 0o} il FA s 3 4 2 1
THEEMER, BIEERAREE . EERP A b
AN R K 28 M- B DU FCI . 4% B8 O B iR & S PO o
I 1400~1500 C, i ol — AR 2 KB LR AL I Fr
) AR B 4l HAS AR P A PR (2 1150 °C),
B R G O AN RE 5 AT R TS TR AU I R S 7
SREV, R, ARAEE TR — R B AR I RE T L
MEIREBREG G 4

AR, BT R A SN BT IS S i & 4
HEAB IR WS KRR 1 2 B2 E AT
2 RERA, M s & 4 % UL HEL Nby Tis Zr. Mo
Crv W. V M Ta & E mc s E NV EARMITR, Tl
5~13 Fhi&EmmAm, HEMITERN & EE 5%~35%
RT3 802 TP, T FRAR A 4 08 1 DL R 5t A 42 110
PERE, AlL Siv B Fll C &5 70 3 A7 I A3 A8 I 21 HE AR 1w )65
H 48 5l Mk 2 Mot RIENEELRIES S
SHALL, WEEHEE ST ESITRRAF R BE
S (A Vet B R R ek s A A i
ML FEEH bee FE RIS, Hoh, KL
mEAEEAEAREMNERMSE®RE, W
Nb2sMO0gs TazsWos Ml VooNbxMO0z TaxoWao 45 RIS 7E
1600 “C R REARAF ik 405 F1 477 MPa 47T 46 i IR 5

ks H#A: 2021-03-15
EEWEB: EXBEARRFH4(51701167)

R Senkov ZMIIF K 1 AIMogsNbTagsTiZr &4, 1E
RN R T 2000 MPa 14T 45 JE R SR EE . R,
— B R A S R I AL R B M, 40 Mathiou
208145 1 MoTaNbZrTi MK i & 4 LbA% 45 Inconel 718
A e BA B S

FRUE A R o A EL G T B AR LR, =S
AR A A B SR, (HRE R SR PR
RETE— B LRI T EAEM S IR SIS SN . T8
WA SWIITNEN DL R m S S A S i tkee, HF
B R PUEERER, BAh, ARG # STt
5 P T MR T A 4 Nb I Mo LA I 5 e M 35
WA, M E RS SRR AT RN, Ti
Zr A LA VT 2 M A I SR R 2R R R
I AR IBNE ), FrRE s R U e
NE B ER UM TTER, Cr AL AL g2 35N 2 s
E A EHRERL Jitk, BT RS SRS S R
0, AHFFER No. Mo, Ti. Zr. Cr fil Al st &R T
NbMogsTiZrCrAl Z:filifs 4. Bb4h, Hf JLEmAEA—FhaE
IS AEMEGER, P2 HMEIS A4S (0 Nb-Si 58 il &
&) PRI AHORSCERIR H, Wb HE AT
DIFEE RS Nb-Si SE &4 =R ik tERe, JFae
e R BUEA ERE Y. BIE R IE, TR

EE Ty SGHAE, 55, 1995 454, M4, PRI AMEERSEE TRk, I4)1 B#B 610031, E-mail: gihao_zeng@163.com



EE

B ISR, HF & B NbMogsHF TiZrCrAl M mi i & S 2H 20 R 15 P RE e i

= 1025 -

WA SR T mSE AR HE TR, (B 55 Hf T E W H
HAVRIEBE R FORIE LR = . A SE I 4s 1k
B, ¥ HE 7o 2 ] DU R 2035 NbMog s TiZrCrAl A4 1
HIRPUEAL R (FERE). HH XK Hf TERX HA LK
FIEPERE IR AN 2 . R, A TAEWEC T ASH HE
& 8% NbMog sHf TiZrCrAl (x=0, 0.25, 0.5, 0.75, 1, JEE/K
EO)AEE =M & 2R Ve R I o AR ST AT A
HE I 2 A 4 1) B A3 BT AT R R AR

o

1 £ 1§

S DAMEAR Ti (411 99.9% ). Mo B (4liF 99.6% ).
Nb Bt (4ifF 99.6%). Hf ki (4ifF 99.6%). Zr fi (4l
JF 99.6%). Cr ¥t (4lifF 99.6%) F1 Al K (4ifF 99.9%)
TERIEM B, @ H 2 E A RIS & T 5 4
S N NbMog sH, TiZrCrAl (x=0, 0.25, 0.5, 0.75, 1))
B EE (NGB EELN 2009 . i &%
AT 5 YR IR U R L oy 34 5), RIS )
WZ97 1000 A

K FH HL K AE LR T8I (1 75 v I e 08 3B 3R IR ~F
7 mm>7 mm>7 mm 5277 EEE S T A S AL b
FE LR o {5 F 240#~200041) SIC R ACKEs 37 77 BeRE b
BRITEE, HRATHIURA G . Bl 5K ST 5 BORBE RN TS
K CEEHR AT PR R T, kT & . it B kT
LUIEI R 7R N RSV EA N 6 mm, SR
9 mm ¥ [ A R T i R 48 i . {38 100041 SiC
WA AR RFE AR AT BET15,  FRB HNTE K 2.8
HATH B POE Y, RIEWT &M iR 4R 5 T
Gleeble-3500 #EBLFLLIRIGHL EHEAT, WA N 1200 C,
FHEHE N 10 Cls, BAHF N 0.005 s, K L
N 60%. ffiH HR-150A 245 A IR T & 4
EETE AR RN IS IREEFE M (HRA ). 7EMNAA 41
1 IRHE I, AR SR E 8 ANAS[) 1) IX deldh A7 I
B LA R m B S R RE S, TR 2 5
SFEMEE R G SR E . {4 KEYSIGHT G200 Nano
Indenter 442K e JRASCNS B 4 1 4L Ao b 8 47 25 4
JE 3K N VR B4 500 nm, ARG ] 2 s.

i Empyrean & X SR ATHHM(XRD)X & 4 HIAH
HBGHAT 78T X SPERATHOCR A ARG, EHEA
40 kV, EHFA 40 mA, FIEEE N 5 Imin,
I 20290, {# ] JSM7800F Y49 v 55 0 4% Ak b
A IR R i AR AT TR AL UM B 5 0 b, A g i
(EDS) 13 Xf & 4= 1t 41 & #1 3E AT B o 4 b .
PhotoshopCC 2019 X} & AT M & &4 it, REflRk
SYIA AR 3 Tk T ST, FRBCFAEE AR
BMOGHER. N THETHA, KA NbMogsHf,-

TiZrCrAl (x=0, 0.25, 0.5, 0.75, 1)E/E =15 & 470wl a4k,
w4 )y Hf0, Hf0.25, Hf0.5, Hf0.75 F1 Hfl.

2 FR511E

2.1 AE&rMEEK

K 1 N4 NbMogsHfTiZrCrAl (x=0, 0.25, 0.5,
0.75, )HEME =& 400 XRD B3E . BT %0, W0 Hf
AU HE B96435 2 Ff bee B A (BRI beel A
becc2 ) 1 Laves AH 41 B¢ . Senkov %5 P31 IF K i
NbCrMogsTagsTiZr & < [ AH 4 1 5 AHIE FE i) & 4 2K
L, W 2 Bk bee FEAEMRAF Laves MMk, BEH HF
SR, NbMogsHf TiZrCrAl &4t beel 1 bee2
] 54 (1LL.0) i [T T X6T 7 ) A3 S W 1) 7 A A A% o £
Hf0. Hf0.25. Hf0.5. Hf0.75 f1 HfL &4, bcel MY
H s H 50 I 0.3335. 0.3362. 0.3374. 0.3380 A1 0.3385
nm, bcc2 AH i) faA% & £ s 7l 0 0.3221. 0.3235. 0.3246.
0.3260 1 0.3323 nm. BE# Hf SR, &4+ beel
F1 bee2 AHT Sk HHEE W K. X EER T Hf oo
RAFBKMETF12(0.1578 nm), [& ¥ T beel AT bee2
FHAR 2 {8 [ VAR PR A 5 800G K, 97 S e o) e K AE A %

PRIEAH I SCHR[L9] 7T 1, 240 Q Q=T ASmin/ AHumix,
To AEEIIHERIE R, ASwx NEEMRER, AHnx N
GRS FE 7 RS 22 (0) PR [E P A AR TR 1)
HIHYE P, TnASmix FTEAE 1 VA TR BRI EKE) 77,
1M AHmix 7T LAE AR B4R BB 77 . R, Q {8k,
I TE R [ Vs A B 3R B 78R . 2 Q=1.1, <6.6%H],
A& B DUE R E S A . 4S50 Q R RSF2(0)
AFELCIEE AR, A4l g HIEE RN EY. & 1
79 NbMog sHf, TiZrCrAl (x=0, 0.25, 0.5, 0.75, 1)#E44 =i
B EMIRIE R (Tr) s IREE(ASmin)» TRE K (AHmix)

ebccl  ebcc2  «Laves ——Hf0
—— Hf0.25
(110) ——Hf05
olls ——Hf0.75
S HfL
< o4 Sadkh w2 hr &
2
‘o Te . 2% N o
= [
2 - 18k o %a te o
£ 3
LUJ * ot % R
axe o R o % ) o |
20 30 40 50 60 70 80 90
20/(9

BI1 445 NbMogsHfTiZrCrAl (x=0, 0.25, 0.5, 0.75, 1)%&4:[f] XRD
i

Fig.1 XRD patterns of as-cast NoMogsHf,TiZrCrAl (x=0, 0.25, 0.5,
0.75, 1) alloys
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Table 1  Corresponding parameters of NbMogsHfTiZrCrAl

(x=0, 0.25, 0.5, 0.75, 1) alloys

ASmix! AHnix/
Alloy T/ C Q ol%
J{Kmol)*  kJmol®
Hf0 1790 14.6 -17.5 172  7.666
Hf0.25 1809 155 -17.4 1.85 7.760
Hf0.5 1826 15.8 -17.2 192 7.822
Hf0.75 1843 15.9 -17.1 196  7.856
Hfl 1857 16.0 -16.9 201 7.873
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RGNS HOB N AT A, &4+ Laves FHIR AT
RE LA K ZMORE T 30 AR 7E bee B, (HER T H R
SEARVIN, TR A BELE £ 42110 BSE & A W82 3% AH 1977
fE, X5 Guo ZMIRTFas RIA 5P, Hoh, wE
Hf & &3, beel AH MR SFATE &A B 38 n (18
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ZEA UL BT R T R, W HE JGER I RSUE A &M
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K 2  #% NbMogsHfTiZrCrAl (x=0, 0.25, 0.5, 0.75, 1) & 41 BSE i F
Fig.2 BSE images of the as-cast NbMog sHf,TiZrCrAl (x=0, 0.25, 0.5, 0.75, 1) alloys: (a) Hf0, (b) Hf0.25, (c) Hf0.5, (d) Hf0.75, and (e) Hf1
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FEHI EDS K 24
Table 2 EDS analysis results of two bcc phases in NbMogs-
HfTiZrCrAl (x=0, 0.25, 0.5, 0.75, 1) alloys (at%o)

Alloy Phase  Cr Hf Al Nb  Zr Mo Ti

bccl 236 - 196 145 232 7.1 120
Hf0
bcc2 113 - 140 308 64 139 236
bccl 242 65 171 141 190 86 104
Hf0.25
bec2 6.2 28 132 311 102 53 311
bccl 224 114 162 138 172 92 98
Hf0.5
bcc2 42 96 135 268 128 51 300
bccl 206 141 162 135 155 98 103
Hf0.75
bcc2 57 108 126 263 138 53 255
bccl 205 168 16.0 125 168 84 45
Hf1

bcc2 38 138 125 247 122 45 285
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Fig.3 Load-displacement curves of nanoindentation test of bccl and

bcc2 phases in alloys with different Hf contents
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Fig.4 Rockwell hardness of NbMogsHfcTiZrCrAl (x=0, 0.25, 0.5,
0.75, 1) alloys
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Fig.5 Stress-strain curves of NbMogsHf,TiZrCrAl (x=0, 0.25, 0.5,
0.75, 1) alloys during compression at 1200 ‘C
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Fig.6 SEM images of the edge of the compressed samples: (a) Hf0, (b) Hf0.25, (c) Hf0.5, (d) Hf0.75, and (e) Hf1

& 7 NbMogsHf,TiZrCrAl (x=0, 0.25, 0.5, 0.75, 1) &4 7E 1200 “C K 4ii)5 () BSE [ f7
Fig.7 BSE images of NbMogsHfTiZrCrAl (x=0, 0.25, 0.5, 0.75, 1) alloys after compression at 1200 ‘C: (a) Hf0, (b) Hf0.25, (c) Hf0.5, (d)
Hf0.75, and (e) Hf1
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Effects of Hf Content on Microstructure and Mechanical Properties of
NbMog sHf, TiZrCrAl Refractory High-Entropy Alloy

Zeng Qihao, Zhang Song, Xu Yonggang, Zhang Ruwei, Guo Yu, Zhang Zhuolin
(Key Laboratory of Advanced Technologies of Materials, Ministry of Education, School of Materials Science and Engineering,

Southwest Jiaotong University, Chengdu 610031, China)

Abstract: Five refractory high-entropy alloys with nominal composition of NbMogsHfTiZrCrAl (x=0, 0.25, 0.5, 0.75, 1, molar ratio) were
prepared by vacuum non-consumable arc smelting. The effects of Hf addition on the microstructure and mechanical properties of the alloys were
studied. The results show that the microstructures of the alloys with and without Hf are composed of two bcc phases (namely bccl and bee2) and
Laves phase. In the alloy without adding Hf, the bccl phase is mainly rich in Zr, Cr and Al elements, and the bcc2 phase is mainly rich in Nb, Ti
and Mo elements. In the Hf-added alloys, the bccl phase is mainly rich in Hf, Zr, Cr, Mo and Al elements, and the bcc2 phase is mainly rich in Nb
and Ti elements. With the increase of Hf content, the amount of bccl phase gradually increases, and the lattice constants of bccl and bee?2 phases
both increase. In addition, bccl has a higher hardness than bce2, and with the increase of Hf content, the hardness of the two phases and the
hardness of the alloy both show a slight increase trend. However, the compressive strength of the alloy gradually decreases at 1200 <C.
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