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B UK MA-SPS V] % Was s TazssCrassVas s Tis M 50 & 6, PR IREE I IRIX - 5 I 540 A0 R AL 45 M I s«
BRI, 20t 40 h BREE G0 AR, BURRSEK/AN—8 2108 3.651.91 pm, FFEIERBPRITEI, £ 1500 °CHI SPS kadk,
BETEEEMW . AL A4S, Hh BCC 250 WTaCrVTix FVAEEL 47, W Ta. Cr fl V [1JR T L & 5 71k
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WHTEAREE. S8, B, BEE. &
PG AR R I S 2R AR SR L IR 2 B Fe SR
R A A S A o v T e o 5 B AR R R S R R . —
W, Oy 73— R Em R, AN RE— &
FITEREM S HIAS & & M3 5 A RIPHO, (HIE AR R 58
Ayl R A HE M BR

=44 (High-entropy Alloys, HEAs) 1% it %
FE IR AR B R Lh B S5 BE R LLIR Gl i, B — e 4 &
SR e Re, WimsRAE . SRR S
REFIR B A e 2 2010 48, Senkov 250%1¢ YR
AEZBEIUEHEH 4 T NoMoTaw &4 1A =il & 4

(Refractory High Entropy Alloys, RHEAs), & i &
N 4455+185 MPa, = TAT—4iynEMEl. fiz, W5
BNV R BT — RZFI 58 RHEAs, HA RS sV
BI(Ti, Zr, Hf). VJE(V, Nb, Ta). VIE|&K(Cr, Mo,
W)LLK Al Siv Co. Ni ZdEdiign®. Hil, #FE
Z & RHEAs %545 Nb 2 Mo, 1fii Nb Al Mo £t
1% B AT HE () 7 74 RS BAT KA A i O, SR
JERRE B FIAL TR . 2019 4F, El-Atwanil™®=% FH 45k 5t
PO ARG T U Tegik i WTaCrV &4, 2 HIE =R
F11050 K 2K 3 MeV Cu™ B 1Xf & &b AT4m e, fmit 5
(R S R R IR AR S LR I AR R, B4R
Y RIFMPUER B MERE. 2017 4F, Waseem KA LIKIE
oy AU S B PR B g BRI % T AN R T L)
W, TaCrVTi(x=32-90 at%)*IF1 WTaCrVTi(x=0, 4 1 7
at%) 25 4 . Horft W, TaCrVTi #l WTaCrVTi; R G 5

eIl =E R

PR 5 AR 2, 43531 v 2314 MPa. 2069 MPa 1 793 HV .
714 HV. 2021 4F, KimPU25Sg i e gl il 4 1 25 5 1
ELf) WTaCrVTi w6 4. %64 = K46 5% A 1588
+128 MPa, JMiAF &Ny 23.4+5.7%, 1073 K T L4550
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AR E, PR T AR R AR HE R AR IR A .
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a7 B L AR A AT o MA 1 — B TE B REER BEHL L 3EAT
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IR TFHA A4l T BABSEI T kR g0k
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REERIMITE R, AR MA 454 SPS il 4% WTaCrVTi
A S, WEFCERESE [R5 & &M RIS, Fifs. oo
RO A LA 4 JE & AL R A IR,
HXT B S0 SRR TRAE. &S RHEAs 1%
FPERE AR L S 00 BE il

1 SSWHREEE

SIS TRM BN WA (4l 99.98%, 1~5 um), Ta
¥y (4 99.9%, ~325 H), Crfy (4 99.5%, >325
H), V(4 99.5%,>325 HOF Ti ¥y (4l 99.99%,
>300 H)o %M WossTapssCrassVassTis i1 B HLFRE, ¥
AR ARZEN 500 mL ANEBANEREEGE . S T b G BREE
I FE A E RN, TR 5 Wtob ) 2 B A Jy it AR 7
13 10 mm A1 6 mm B A RS HOBRAL B BE BRAE R BE A
Fi, HBECA 1:3, BREIEEN 15:1. EBREEPY 2 B E
54 0.05 MPa. /£ QM-3SP4 7 (i 5 g KA 3 A 26 A7)
1T EEREENL EHATHIIR A 10, Ey 250 r/imin, BREE
IFE] 23504 1 he 5 hy 10 he 20 h A1 40 h. 5 ER BRI A]
i 40h, —JiH, EE&MARBRRKAETEBE, JFK
ERG R B ER SRR GERE [, SEUHMERA L 50%. 5
—JH, GEMARIEEL R, SREBBME. B
V& S5 R RAE E S HEAE 80 °C R4 10 ho

N A &4 5 Mk K 7E H A& SinterLand (1)
LABOX-1575 Z it HL 55 & T e 4 b ik AT e 4, DA
100 C/min [ THE % 1500 °C, 7£ 50 MPa [t /7 F{#
10 min, SRJGEEIPAEN. BAIRSRIRE AR AL,
AN 20 mm, EEHN4 mm. NTETRGR, AFEEK
PRI (AR KB 4E 15 2 & 410 4 Tie-x h (x h FRoREREE
I 8]

FFEARAFER BN SR A 600, 800 H <A #b
AR VGHATIT AL, SR 5 R B AN e 45 4%
S YIEICNEAE 4 mm, 5 6 mm [ R REAA R 45 R FE .

KH X BHEATEHML (XRD, X'pert PRO, fif>%) 43
VI RHGIARZL %, & HE 40 KV, B HLIE 30 mA, 4
A Cu-Ka; KRAEARMBTEHE (SEM, Nova
NanoSEM 450, fif=%). AERE{X (EDS) K HLFiRE X
SR B ML (EPMA, JXA-8530F PLUS, HA) 4
TSI AA A1 £ S5 A 5 A RN B 53 43 HT

KH TR RHR ML (Universal Material Tester,
Zwick 020, fEED MEKE SR mE; KA 4k KA
B4 (Wilson Hardness, 430SVD, 2£[E) ll5E & 41 f
FE, %8 15 kg, RIERTE 10 s, W& 5 KEHCEY
18-

HEYURMH ZY-300Z Y55 RSB RE 5 A S

P& pg, LRI BT R PEHE A T & . R
e R B S A 30 (D 7155 RHEAs I HR S
Ptheor’ /L\\ﬁﬁuF"

2 CA; #(1)

Ptheor = %
Pi
i p N TCI % B AN TT R TR E; Gl
Mo a . IHHAEENEILHEN 12.4 glom™
RIEARX (2 THREG SR EER,
Pq
12.4

R. = X 100%#(2)
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2.1 AEMARMERLEN
Bl 1 R4 T AN [ ) BR B 5 1A &k R XRD 1.
FAR AR XRD EiEAHLL, WL Tas Cr. V A Ti &
(AT ST WESS B I 2 (H B A BRES I R E K, &Koo E
(AT S WS FE A ISS ,  RREEREE 40 h JE0MKR, Cr
UV RTSERE I RR5S, AT N W ORI Ta.
[ EF , 97 55 U L B3 A A0 ) v A FE RS (R B 52« 2 T(110)
fmifl, AR¥E Bragg A% (3). (4) F1 Scherrer /A 3(5) Al
A3 BTHEHEREE 1 h 140 h i W AN Ta f°F 48 SR R <
i T O AR W, BRI 1 FR. BMRATH, &
IEEREE W AN Ta [ A% 5 205/ T 5 W R Ta (1)
B (4358 3.165 AF13.303 A), FEWHHA TR
AR WA Ta W o &4 o2 NS I BT A1
Mk, —i, SBITRINESBRIK, HE A S K
A EL. W, Ta. V. Cr Al Ti {5 2L RE S 2
Fim. fEZAEm AT, Vo Cry Ti I AT W
Ta, H Cr 1V RETFRE58/N, Fik, CrflVvESY
BB WA Ta o, AT R WA Ta fR S R SO Rt e
WG . LA, B BRES I (] (X84, Cr Al V R[] XRD
FTS IS8 B R TS, T W AT Ta AOAT5 U6 1) v £ P R A% o
2D (nkp)SinBniy = A#(3)

a = D(hkl)v h2 + k2 + lZ#(4)

_ 0892
", W,9c0s0 i
K, Doy SERTHIEIEE, O 9T M, A0 X 5
LRATH A K (Cu 4, 0.15406 nm), av&iHs w8, d
NIRRT, Wog NI TE
HAh, HER2FH, METERE 1 hEE/RK,
EREE 40 h 519 W R Ta [ P38 S RSF DN, g AR
FRPETE R I A2 AR 5 BRI (] (R K, KR 98
ARTEAL KL X IR ARG, SRR FEEER . X

#(5)
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Fig. 1 XRD patterns of the powders after ball milling for different times

=1 EWHEME Ta HOFEHSEMNRT, RIBEHNRBET

Table 2 Average grain size, lattice constant and lattice distortion of W and Ta

W (110) Ta (110)
Average grain/nm  lattice constant / A lattice distortion/%  Average grain/nm lattice constant/ A lattice distortion/%
1h 324 3.161 0.12 328 3.301 0.02
40h 27.2 3.152 0.41 22.2 3.295 0.20

®2 ERTENETFESRR

Table 1 Atomic radius and melting point of alloying elements

Element  Atomic radius/A  Melting point/'C
W 1.39 3410
Ta 1.45 2996
Cr 1.28 1857
\Y 1.35 1890
Ti 1.47 1668

2 RA[FI A BR B J5 1) & e AR SEM B Fe
BREE 1 h BE S8 REEA LR R &S8R R 1 B 46 R0k:
FEAR, Horh W oy 1.5520.39 pm (1940 0] 22 T 44 BR 2 5k
Ta 4 3.5340.61 pm [FJIERTERRL, Cr A FLI FEARASOR
VR RS R Rk, Ti AN IR Bk, Bk
5 h)E, &RMATERERE, Fl—SE KK
k. BREE10h 5, &M ARRERERE, G&MAKE
B RST RN, HASHEII R R DR PR ASORL A % o
BREE 20 h J& , & 480 oK TR AN R PRI i — P 3 %2
X — P B R A RURL A 1 A 20 UL T 28 L 74 (1)
TEIR ISR BREE 40 h J5, A&k AR RET—5
Y18 3.65£1.91 pm, J 5 HLHEUR LS .

Kl 2 Zid A T BREE S 50 R 1) SEM B A
Fig. 2 SEM images of 6Tis powders ball milled for different times:
(@ 1h,(b)5h,(c)10h,(d)20h, (e) 40 h

P 3 /2 EREE 20 h #1140 h ()& &8 K 1 EDS i
JCER A Bl BREE 20 h Bk K, W R Ta JCR 73 A5
R¥IS), M Cry VAT TR BIREIR . BRE 40 h
PR, FANESBITERSMIS, REWICRREN
%o
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Fig.3 EDS images of alloy powders after different ball grinding times:
(@) 20h,(b)40h

2.2 ASHIALRLEN

AR () ER BS J5 1) 6 &M R HEAT SPS s, 3k15
Hadk. B4 AEHEEN XRD Eit. fEATAMNE
SR, YIWERE] BCC AH. FCC #HAN Laves AHIAT
i, T R A AR AR T Ta (AT S IE R 8L R . BEEER
VAN [ AR REK: , BCC AH [0 AT 59 Ve o P R T 40 5, i S5 0
GG, KWL EAR LT 1M FCC AHAT Laves #IIAT
SV B FE IR Tk 55 . RN 2 E Ti6-40 h A4, FCC AH
A1 Laves AH AT LI 25, 341, E\ BCC AHATH
e ) o 7 S R AE B RS, U B R R ) R R L A
TR T RS, N TIESEiZA R SR A 4
FATHRE 3 (6)~(LL) X Z Ak R A KR £ ST T
TR SE NS 3 R . R A Gt T B VA
B2 R PR e BB 95110 8<6.6 . —22
kd/mol< AH,,;,, <7 kd/mol F1 11 J/(K mol)<AS,,;, <19.5
J(Kmol)., HAb, HHE4EVEC<6.87 I, FHEMEIAI K
BCC 4. & 3 Mt 4 REY], WTaCrVTis & &4 R
& T BCC G514 sl & 4 12648, XRD Al 45 SR
IESE T4 R,

eBCC *FCC vlLaves phase (TaCr,. TaV,. TiCr,)
[ ]
. 1 Ny . 3
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Fig.4 XRD pattern of the alloy obtained by SPS sintering of the

powder after ball grinding for different times

xR 3 Ti6 SEEEERRNANESH
Table 3 Parameters of Ti6 high entroy alloy system

AS/(J/K-mol)  AHmx/(kJ/mol) /(%) VEC Q  Tu/K

Ti6 12.7 -4.5 4.7 541 7.8 27709

n
ASpmix = —R ) (x/1nx) #(6)
i=1

n
AH, i = Z ANHJH* x;x; #(7)

i=1,i#j

1; 2
5= Zx~<1——l )#(8)
' 1 X

i=1

_ TmASmix

Q=-2"mx
|AHmix|

#(9)

n

T = ) % (T)#(10)

i=1

n
VEC = in(VEC)i #(11)
i=1

X, R (=8.31 JKmol) N ST EL, x NE i Fioc
RESETHET H AL, AHJY* 8 — el &4 iR
Hl, nRESTHSNET R, T, In tE&ER%
ELRIE AL, (T AR | NMETTIE R, (VEC) R |
G2 BN HL IR

7E4 Cr 1) RHEAs & W23 Laves AHFITE &
ROFBY, 3% RN Cr AT R 2 MR TR R E R K,
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AHT AB, B Laves MM, 1 TaCrye 534, Ti [
W, A 4R K TaV,y VTa, 1 TiCr, %5 Laves A
RO, st TRl a4, e m R AP A s KB B
I v A RS ) RIS 5 {5 B TR Bl s s 1] AL & ) i o 1)
e 3R 4 Z1ZEe A I =% Laves HHIARAEE K
1B, BT Tie MAsEA s, NI, %4400 Laves
HIT] BE£L4E TaCrp. TaV, #l TiCry.
T4 =T Laves HHRUFRAESE BIS
Table 4 Standard enthalpy of formation for the three Laves

phases

Laves phase TaV, TaCr, TiCr,
AHags!(kJ/mol) -88.0 -50.5 -56.7

5 N&HEERIPIE G SEM . HEm
W, A &eAREE, T ER. KHAKEN
RENEEMER, EATRAEX % EIITE 99.0%LL 1,
AEWTHERACH A, KEOH B FMEAH C. K5l
HAFERMZ, 7F Ti6-20 h f1 Ti6-40 h &4+, EHM
T A Do XM IEAT T EDS Kll, R5AHT
Ti6-40 h 5 EDS 45 R , &1 6 NiZ& &1 EPMA EIZ .
ZEAPIE A IR 1) XRD 25 FEn] 0, 2K 1 A A W
Ta. Cr A1 V KR HeEa 557 E, & BCC S5iM411)
WTaCrVTiy [E % ; K B A B &% TawCr M1V LK,
Ny Laves #H; Pkl C b Ti Ml O SER R, WHEKE
TEe#ER 1:1, H TiO A FCC 45K, Ak C A TiO;
Fl D AE Tafl. HES () ~ (o) "%1, &tk
BFE (1 hy 5 h 110 h) EREEFIR A 45 0 & 4 BTN
PALEMRE ], B Tio PR RESE &, KEHRK
Laves AH AN BT b 73 A 75 J 0 o Bl 5 3R BB I ) P 2 £
P TiO FRIT L7015, Laves A TR & Z b,
IR T & Tatll, &&MMMAHALS I HER[II5, W
K5 (d) Fir. £ Ti6-40 h &4+, WA S5 (e) FiR,
BCC tHIELL A, R th C RUKLII S 7 ARk, P
Wik R <] 4 1.0840.38 um. Laves #1142, TMi& Ta
FEIL, HIER. KA 5 Laves M8, X2
T TR BR B A BT Sk AR P2 SR RS 98/
TR MR A AT, XA R TR EREF, Laves A
FR) Cr A1V BT EL, I\ BCC AT, SEURE A Laves
R Cr VR, HIlE6aNE TaM.

N T FUER BE ] (R0 i 4 A BCC 2 )
SN, 3R 6 45 T AN [RIERES B[R] 41143 (& 4+ BCC AH I
FHILR TR, HEA, MBREREEHER (1~10 h),
BCC #HH 1 Cr &/, WA ERER I EK, Rl
FEERIE 40 h #5144, BCCHF R W, Ta. CrfllV
R 7 LSS R 1L . IR R i, A BT

[@>4 BCC 45K W Ta. Cr Al V R B HY #, I
TER 4 I R i BCC 4544 1) [ 95 4k o 1 = 3~ HCP
ZERII Ti G, fE s N A = R AL BCC
ik, 2 Ti REeFIREET W 4, itk BCC AHH
Ti TREMR. MWH, Ti BF RIFFSEEM, g
W, Ti 2 5RR PR O M AR Tio,

5 HAGEINE R SEM K&
Fig.5 BSE- SEM images of the different alloys: (a) Ti6-1 h, (b) Ti6-5
h, (c) Ti6-10 h, (d) Ti6-20 h, (e) Ti6-40 h

5 Ti6-40 h EEPEMENTTE S EHI EDS FHR

Table 5 EDS results for the elemental content of each phase in

Ti6-40 h alloy
Element (at%)
Area Phase
w Ta Cr \% Ti 0]
A 2449 2336 2454 2455 206 0 BCC
B 9.16 2694 4157 1799 079 355 Laves
& 1.08 142 2.98 6.81 38.11 49.60 FCC
D 195 9168 0.89 191 0.47 3.10 Ta-rich
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K 6 Ti6-40 h &< KT EPMA &%
Fig.6 EPMA image of the surface of the Ti6-40 h alloy

F 6 HEAEHBC HNETEETFAE
Table 6 Atomic content of each element in the BCC phase of the

alloys

Element (at%)
w Ta Cr \% Ti
Ti6-1h BCC 35.04 2429 16.79 2113 275
Ti6-5h BCC 3223 2623 19.75 1897 282
Ti6-10h  BCC 29.88 2349 19.75 2476 212
Ti6-20h  BCC 2593 2234 2566 2415 1.92
Ti6-40h  BCC 2449 2436 2454 2455 206

Alloy Phase

2.3 HUMERE

Kl 7 8 Ti6-40 h & &M= s R LK. =
LR S P 4 e ke B2 43 1) 4 2870 MPa 1 1954 MPa,
EIR B A 873.4 #7.6 HV. £ 7 FH 7 FA1FH
MA Fl1 SPS $i Al & B Fp & 4 5 HARSE 70 H % 1
WTaCrVTi &4 M 15 R AR CEHE . BHERmT A1, H
FASCH £ (1) WTaCrVTis &4 RGBS AL, [H
b A 1) 7% 1 BB S 2 AR T H B U7 141 4% 1 RHEAS.

PR A SR ML ) LS [ SERA . 28 T AH SR AL AN
didhsmit, Horp AR R EE R . Bk, FA
BCC 45411 W Ta. Cr f1 V 7t RS BCC 45 #41 [H
k. SRTIX 4 BRI R TR EROR, HELLE R
BISIME SR . BRI MA 854 SPS J5 il 4% Tie &4 3F
INGE B TilO, ] DU 45 57 b i i T i, i
H A B R R A A [ 7 B A AR . vk, WTaCrVTi
GEE RIS R BAAE SRR G R E R CR,
K5 Laves FHF1 TiO AH, F=AR4T 4L, [l 52 Sk
gh, PRASAIESFIRO R, FAEs AHRER .. &

JEE R Ti JuE AT DU & & 1 ki gk, Seaign
o LR . Ti6-40 h &4 BA B MR H L5/,
ik, HAEARGMESEES BHEE. SR,
Ti6-40 h A& HIPuE 8 RIS, X ArgeR i A,
Ti6-40 h & &R S TiIo RAERML, &4 iR
PUESREE PG, (HEEIREA 1954 MPa [ SR PUE
SREE, P EA R R SRR ERE .

Kl 8 4y Ti6-40 h & L4 LUESE . & eIk
PR TTRCIRAERE 0 28 S AR ER T (AR1d 8 A, B H I
VKFEHUIRTERE ChRidoh B) (SR Wi R FAE. AT, &

MW R O T R R RIR G

—RT
— 800 °C

B

O Il Il Il Il Il
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7 Ti6-40 h &4 =R EE(800 C) L4728 1K

Fig.7 Compression curves of the Ti6-40 h alloy at room
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R7 REIFESI&HNTaCrVE S NFMERE

Table 7 Mechanical properties of WTaCrV alloys prepared by
different methods

e B

WREE B
E 3

T IMPa /% (soh(/)lpf)/ {;;iil}% X
\A\//TTa‘ifr MAS* SP 2870 152 1954 173:2 3{;
T
O Iﬁj’zfé 2314 - . 793 [19]
V\\’/TTaiSr gﬁ%i 2069 - 586 714 [20]
WTgyTi %ﬁ% 1588 234 1210 -2
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Fig.8 Fracture morphology of the Ti6-40 h alloy

3 &g

(1) BEEEREER AR, &8k KR
BTSN, ARSI, SRR . S
40 h BREEJ5 MR, BURL RS RAN—%, 4N
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Cr 1V [ 2 W 1 Ta #1582
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Microstructure and Mechanical Properties of WTaCrVTi High-entropy Alloy Prepared by
Mechanical Alloying and Spark Plasma Sintering
Chen Shijie!, Zhang Shirong®, Xue Lihong™*, Yan Youwei
(1. State Key Laboratory of Materials Processing and Die and Mould Technology, Huazhong University of Science and Technology, Wuhan
430074, China)

Abstract: Mechanical alloying combined with spark plasma sintering was adopted to prepare W3 5TazssCrassVassTig high entropy alloys.
The effects of ball milling times on the elemental distribution and micrsstructure of the alloys were explored. It is found that the powder after 40 h
of ball milling has a homogeneous particle size with about 3.65 + 1.91 um, and presents an equiaxed particle morphology. A dense uniform alloy
can be obtained after the powder sintered by SPS at 1500 °C. The relative density is above 99.0%. The WTaCrVTiy solid solution with BCC
structure is continuously distributed, in which the atomic ratios of W, Ta, Cr and V are close to the equiatomic ratios. A small amount of laves
phase is distributed in the matrix. The TiO particles with FCC structure have an average size of 1.08+0.38 um and are uniformly distributed in the
matrix. Its room-temperature compressive yield strength, high-temperature compressive yield strength and microhardness are 2870 MPa. 1954
MPa and 873.4 +7.6 HV, respectively.

Key words: W alloy; Mechanical alloying; Spark plasma sintering; Microstructure; Mechanical properties
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