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Table 1 Empirical parameters and melting points of TiVZrTaW_RHEAs
Alloy AS,, /- (K-mol)™ AH, /k]-mol /% VEC Q T/K
W5 12.600 -1.769 6.833 4.575 17.436 2448.36
W10 13.076 -2.678 6.779 4.650 12.278 2513.98
W15 13.312 -3.474 6.711 4.725 9.884 2579.59
W20 13.382 -4.160 6.630 4.800 8.509 2645.20
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Bl 1 TiVZrTaW AERE s 4 & 410 XRD B35 2% B 1a 1 (110)7 55 04 1O
Fig.1 XRD patterns of TiVZrTaW RHEAs (a) and magnified (110) peaks in Fig.1a (b)
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0.326200.32417.0.32003. 0.32043 nm, 3 B & 4 3L 44
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3.1.2  TiVZrTaW &2 69 ik UL 28 23

WE 2 Biow , TIVZeTaW & 4 0 flo0 20 23 52 390 B
SRR (DR X URTE & 6] (ID) X 4k . EDS & 3% 43 #r
R B XRIN WL Ta 0 R & 5, 10 A% 4 [R] [X 3803
PN Ze CR I B 4R . X R C R AT LS 32 B
T & AR IR S AR RS RS 2 L R
F5 1B R 0 0 2 (A WO Ta) 26 2k 36 [ 112 R & 45 4
T s AR ) FE A 78 3 T 7 A7 A A X BP0, 3 A
A it RIS i 1] X 358 b ) e 3 i T B G 7 K v 0 2 <
H N L 91 U W (TaVZr),,,  (x=5, 10, 15, 20, 25)"

100 um

100 pm

100 [im

B2 TiVZITaW (x=5, 10, 15, 20) 345 =& 4 SEM R FIl EDS 1 43 £ii &
Fig.2 SEM images and EDS element maps of TiVZrTaW _RHEAs: (a) x=5; (b, b—b,) x=10; (c) x=15; (d) x=20
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WNbMoTaZr, (x=0.1, 0.3, 0.5, 1.00" F1 WNbMoTaVZr,
(x=0.1, 0.25, 0.5, 0.75, 100524 4= v #7775 26 70 3= M
DIEE
3.1.3 TiVZiTaW & 469 7 1 dk

TiVZrTaW SMEA =y A 4 0 4 DR FE K s 4 178 B
73~ R 2 1] 3 B s, FARRE R e IR G (o) R FR
SR (o, ) MVIAPENIAR (e ) SRIGAE WA 2. KRR E &
HABRNMR T3 RE, X AT T N T A & 1 S s
BURIAEE SR . BEE W & SRS, & 4 i
FE 5 P AN S 1) BB s S RN AR A S
LT HaE, Kb W10 &4 R IR 1% rEee, 1
T 32 JoE R e 5 R R P 4 5310 4 535.7 HV . 1808.85 MPa Fll
7.22%. MET W5 & &1, W10 & & 16 | JE ik oa
FE AR 2 SR TE T 17.0%420.0% F190.5%, SEHL T =
HFEDEHRTE . X — AT Re S T WS =S
0 R AR RS B, JE D B T A A [ A SR AL
R H— T, W BB RS A SR X I AR
JFL o RV P B S o T A Ze oG 3R A B TR XA, £ 7
W10 B A 5 i R . REREE WS Bt —%
0N, A S SRR 5 R g — 20 hn ELg A BE
G EAREL T W5 &4, HAR G4 (W15 F W20 1) 77 2% 14
REMRARI B ATt . T W06 4, i —SiRE W&
BT B AR A S AE ] & AR IS & ST BN PRI,
T3 B0 4 10 153 350 50 M RN AOWL 46 ) B0 % i I 35 %

™Y, FULER R, &8 K EDTERTY , LI H
BZERJIF R BEAN, T WS R 3G 0 S 508 =
FHSRALAE P 9858 (Zr & = BRAR 3 3058 A& B 1 B
6D 7T R 2 32 B ) 5 1 B ST A I — N8 A JR R
1P R TIVOTaW B &R REKRSH P, VEC S
HUE S MRARGEDI I ME B VIR DG . XFT bee MEME i &
&, BUETE 4.5 7 A5 I 45 RR % 4 Rr o B2 A M 1) R 4
Y, QS HUE W T TG SR R Y RS E B A 1 e
11, 0B ERREFLEZE. WEWITENES, &
R Z [ VEC AW BT 5 1) T 2 30 H AR I 1 < Q AN
B, UEIE R E B VA AR R 5 B AIC AR EME R
Bee  [R] I & WA AT, T Pt A I 3l SR P R AL RCR AR
AFTRE s BRICLASN , K8 5500 1R 58 2 5 R e i
T LR 7 5 TP 45 0 2 TR R A8, 38 T R i - 42 14 AH
FasE VLA B P M TR . FEA SR R, W i
R AH B BRI T SRR A R A .
T 7 M AFTE R BT 6 S 1 R E ML 1 [R] B £ 1 e
R R W10 & B AE PR35 — 5 o RIS, 51N T B i
5455 77 SR AR BRI« 2 0% w1 Q (f H BAT S o8
I A8 E 1, VEC IR AL IR BE BN, 398 Ak T RE
YR bee 45 MR E TG Bl 2 9, X Se R 3 A B T H 4+
RAFEEIE . BRI AE 22 R LI B RVE TR, W10 & <41
A R AR R ) F R
RIRTCTIVZITaW & 4 B PE AR TR AL, i B g 7Y

>600 536 a m2500 — W5 —WI10 b

] — WI15— W20
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g 172}
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Engineering Strain/%

K3 TiVZrTaW & < 24k PR RE A 2 il s 4 AR )-8 2% 2%

Fig.3 Vickers microhardness (a) and compressive engineering stress-strain curves (b) of TiVZrTaW RHEAs at room temperature

W5 FIW10 & G N T 5 5, 6 H W 24T 531 T SEM 4y
M, G5 R 4 R . W5 R W10 4 4 i _E #R 77 E i B
GBI ARRAERE, RIE SR A THaEW . HESH
7 AR 5 R 3 B DR B N ) SR b B R e, kT
T X S SPT R AR AR EE , B K 2L B BRIR I 2R AE , IX
FE R PERA R AR B R I T TR AE R I A 2 AN
HRRLLTE [ —AH A AH ELVC S T AR, 2B R MR U IR
B TS0, HOR R SR BB ARG . WS
B G FAEAE IR B TR R I 25 B, S Wt 6 4 53 30
PN MHEIAR, G LUt 77 X R . il 4 F 4d Fiow,

2 TiVZrTaW & & E R T REEMELGE HF 4
Table 2 Vickers
properties of TiVZrTaW _RHEAs at room temperature

microhardness and compressive mechanical

Microhardness/

Alloy Y o,/MPa 0,,/MPa e,/%
W5 458.0£24.5  1506.67+112.96 1670.99+£120.04 3.79+1.18
W10  535.7+12.8 1808.85+52.44  2050.3+65.42 7.22+2.03
W15  488.5+17.1  1659.39+76.16 1958.63£89.41 6.22+2.25
W20 47834224  1571.59+£57.57 1787.05+£66.90 5.29+1.55
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4 TiVZiTaW F TiVZITaW, , 75 4 1 BT 2L 3500 3% =) 3 JBOK P
Fig.4 Fracture morphologies (a, ¢) and corresponding magnified images (b, d) of TiVZrTaW, (a-b) and TiVZrTaW  (c—d) RHEAs

1E W10 & & R W 24 BB T #e i W 52 2 R 21 & [ A0
TRAERE IR MR RIS o XYL W10 & S 7E R4
Wi pl = T — e R AR M T WS A4, 5L
WM R T R SR T, X 5 4 i 280K 45 R A
_ﬁo
o S8 N AR A 3% [ WS W10 FIl WS & &3 AT
TEM 43 # LAHR 78 %8 11 28 JE WL, F TEM B 37 &8 AN
EDS I 3E WL 5. 3R W & SRR S A 22 3] T
Il g5 I %, H W10 F1 W15 &4 b A 8 25 B L W
A 1R JR SR T, A 1 BELAS RN AT FLA%R 5 5
HE T AE A 42 20 I HE e 48 5 P (R B Y R i, 7 ] —
RASET , R WS &SR LT 2EE8URHE , @& Sb
Fim, B G & BA 2 BN, X — 4 R 5 H ) 54
BESLIG 45 R —, X W10 W15 & &2 AL ik
17 EDS 43 #1 , R DU i 75 X 38 1 B T4 4 1) R Ak
T Ze A DX ek CRIVES A X g0 Hp AR 2D B 28 3 A or
o M Se~Sg e K I, J: 1 p IR A A5 4 5 AHBH
PHAEAL  IX — G R R AE S AR, 55 A AT Do
Tk BELAS S A4 o A 48 1A BRI R T A & 41 0 2 PE RS
DAFRFF, (EAE R A0S, W10 & & P B AL S0 i
A P MRS , RN L B A SR TPAT A 4
KA R T RS 2, HET A& S et K2 T K
SRR NS 6 G E R 4 R o T, WS A4
PLEEAH LT WS & & 50N 4R, (R A0 R PEAH SR AR AE B
Mot PR BT L, & & T0VE S AR AR A A,
BT UL B AR S T WS &4 (A T Wi0 &4
AT BT R B

3.2 NEEX(TIVZrTaW,),, N ¥ESHE EHFM
32,1 (TiVZITaW ), N, &4 9 48 4%
NEE— IR T A S I TIVZITaW, R & 4 155 5 F1 9
P RSB M RE R AL W10 & & N0 FE 5t B, i@ id 5
AN JCE N ST P Rk . R 3 AT E AR 2 1)
(TiVZITaW, ), N, (3=0, 0.5, 1.0, 1.5) & & &% 250 S 51
THEAE RS . B 6 N(TIVZITaW ), N, 75 452 9 XRD
Bl . rTOUE L NIJTERBRINETS 1k R E S WA
AR A B oA BRI JE A DU bee 4544 s SR 1T
WG N A S PRI, B85 A 2 A S 0 Y i A K e, EL
A I A AT S e B S S B, 25, W0,
NO.5N1.0 FIN1.5 & 4 FAR 1 di b o7 2050 08 0.324 17
0.32452.0.323 69 10.348 54 nm, AHE T RIBMN TR K
HEME W INN JC R & 4 550 & 8% % 50F i
K.
322 (TiVZITaW, ), N, &4 89 AL 20 42
(TiVZIrTaW ) 00 N, 57 8 TR0 4 23 B H 0 B
EDS A4 R W 7w, AlLLVEH, ZIERE &0
EHHHE MRS, AW . Ta 0 R EEEPER
X35k, Zr 76 2 1 BEAE AR A A (B) X 35, 55 1 2 o 25 SR A
Bho NE N 0.5% B, G 4k 45 H 40 4L s 1 3% n 2
1.0% I, & 4l S 45 MoRLAL , L EE AR 8 0 N0 &5 #4) 52
FHOK 10 N B i it — 2B 3N 21 1.5% i, & & 45/ FH X
AHA0 B R SR S5 AR AR B NS A . REI L, 7E SEM R R
FEAR NI B PTIEAH » 2R B N JC 3 BN a] 58 9 R 1755 54
WU IR . N PR AN TR IR INE TS
PUEKYTIE FITE B, BN 5 &5 = (1 N 1.5 & &1 T TEM
MIEDS 43 #7, ¥ 8 Jy TEM 3714 . &I rh ik K (3843 J2: Zr
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Planar slip

Crack

Dislocation tangle
1 pm 2 um

Dislocation tangle

200 nm

&
1 pm

5 PIARE N 3% ) TiVZiTaW & 4 (¥ TEM 8 /1 1 EDS THi 75 fii
Fig.5 TEM images and EDS element maps of TiVZrTaW_  RHEAs after 3% plastic strain: (a—b) x=5; (c—e) x=10; (f—g) x=15; (e) enlarged image

of red rectangular region in Fig.5d

&3 WI0F(TiVZITaW, ), N ¥EIESHE SHNER ST EENER

Table 3 Empirical parameters and melting points of W10 and (TiVZrTaW,),,, N RHEAs
Alloy AS, . /J-(K-mol)™ AH_ /k]-mol” /% VEC Q T /K
W10 13.076 —2.678 6.779 4.650 12.278 2513.98
NO.5 13.273 —6.165 7.74 4.650 5.39 2501.72
N1.0 13.411 —9.616 8.45 4.654 3.47 2489.47
N1.5 13.528 —-13.033 9.11 4.655 2.57 247721

EEMGEE A RO R ek, aTUUERI, 1% AR BT R B9 N S 4 Ui HE X Bk
HSEMMALSE S Fronss RALL, HIFARMMBIN  HRTEM E {5 F A 5 TEM 70 #r 4 8. il i 2 b il &
M) LB, RN RIS S IR i SRR M B IFFT BME , &A% 2% 8010 3R 23 ) A
NEIE) . W8 HEATHE B W RS SRR — 0.2283 £110.2490 nm. {# A () HHEPI A bee HiZ 18]
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Bl 6 (TiVZiTaW10),,, N HERE 05 & 600 XRD i
Fig.6 XRD patterns of (TiVZrTaW10),,, N RHEAs

RIS O
_2(% B aﬁ)
6—7% Y, (8)

100 pm

T

Kba, May 73508 aFB A H 8 (a,>ap . tHE
S5 504 0.0867, 3 B FEARN 55 A 2 8] 4776 2 A% 7
™. fEGeR M, I S A R T A5 7 57
TH] Ah 27 76, SRR SR AR T e S, SB35 AR AR
SE D F RSB I AR T, T ER & S 1 R AR S
323 (TiVZITaW, ), N, A& 69 7 F 1 it

TiVZrTaW , 1 (TiVZiTaW, ), N, & 4 (3=0.5, 1.0,
1.5 TE 23 1A 4 P 5 5 R0 R 48 TR 87 - I il 2%
WIE 10 AT , Fo o FCRE P et JIR o A% IR 5 P58 0 4 2 7
SEIGH AR 4 fioR . @IS TiVZiTaW, &5 & &5t
ALK I (TiVZITaW, ) 0 N, 5 46 1 BR T NOLS 4 46 10
HRERART W10 &4, HARE S M BV E SR E I H
JIT I iR, H A N5 B < FRORE B2 Jes e o 58 A/ B8 48 5 31 ik
F]605.8 HV.2008.66 MPa Fl1 11.25%. K8 Zr & #%5
AR Y AT AE 1 B L 5 R ) 5 A R A [

7 (TiVZITaW ), N, (=0, 0.5, 1.0, 1.5) ¥ <) SEM [ f F1 EDS [ 73 Afi

el

Fig.7 SEM images and EDS element maps of (TiVZrTaW,),,, N, RHEAs: (a) y=0; (b) y=0.5; (c) »=1.0; (d, d —d,) y=1.5

K8 (TiVZITaW, ), N, ;74K TEM [ [y R EDS Titi 73 17 [&]
Fig.8 TEM image and EDS element maps of (TiVZrTaW )., N, s RHEA
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Table 4 Vickers microhardness and compressive mechanical properties of (TiVZrTaW, ), ,, N RHEAs at room temperature

Alloy Microhardness/HV o/MPa o, /MPa e,/%

w10 535.7+£12.8 1808.85+52.44 2050.3+65.42 7.22+2.03
NO.5 523.4+26.3 1796.32+47.02 2074.9491.1 8.60+0.30
N1.0 554.4+38.8 1885.03+67.93 2273.2442.1 12.05+0.73
N1.5 605.8+£23.2 2008.66+53.50 2422.6+87.9 11.25+0.75
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i EAR /N & 4
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(TiVZITaW, ), N, & & 16 R 250 2 8t 5EAE 7T RN
(935 NAL S AT 0, £ < o W 73 o R [ s 1 25 2
W AH | AW B G BT A R A S ISR

AR TR — PRI AR BEE N S8R A R
1, VECAEN & 84 1% Ja THUR A LT, (H 2 B4R A2 L

TR AE L RE A SRR AA 28k, N1s&E
HA e 10 AR 5, R 2 2 AL S R R I 45 2R
BN B 2% 51 B R B RAL 5 AR S S A A
BLRCHI SCHR I 24K 5 58 A 2 IR D R AT 4% . (HAL
ZAPEAR LT NLOWS A N B, X mT g i T 0 F9 AN i i
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Fig.11 TEM images of 3%-strained W10 (a) and N1.5 (b) RHEAs; TEM image and EDS maps of needle-like secondary phase precipitation (c)
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Fig.12 Comparison of compressive strain and yield strength between this work and TiVZrTa, W-containing RHEAs composed of low-activation
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Abstract: Refractory high-entropy alloys (RHEAs) usually exhibit high strength but limited plasticity at room temperature. Their strength
enhancement depends on the mechanisms such as lattice distortion and solid-solution strengthening, which restrict dislocation motions and thus
reduce their plasticity. In contrast, the strengthening mechanisms that improve plasticity often weaken strengthening effect. Therefore, enhancing
both strength and plasticity simultaneously remains a significant challenge for RHEAs. To address this issue, TiVZrTaW _ (x=5, 10, 15, 20) low-
activation RHEAs were designed and prepared, and the effects of W content on the phase structure, microstructure, and compressive mechanical
properties were investigated. The results show that increasing the W content to 10% can enhance both the strength and plasticity simultaneously,
and the TiVZrTaW , RHEA shows a hardness of 535.7 HV, a yield strength of 1808.85 MPa and a plasticity of 7.22%. Such improvement is
mainly attributed to the solid-solution strengthening and secondary-phase strengthening effects. To further enhance the mechanical properties, a
minor amount of N was added to the TiVZrTaW ; RHEA. The results show that the strength and plasticity of the (TiVZrTaW,,),,, N RHEAs are
further improved. The typical (TiVZrTaW ), N, ; RHEA exhibits a hardness of 605.8 HV, a yield strength of 2008.66 MPa, and a plasticity of
11.25%. Through TEM and other analyses, the enhanced mechanical properties are found to mainly result from the secondary-phase
strengthening, synergistic deformation of the matrix and secondary phases during compression, and interstitial strengthening effects induced by N
addition.
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