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1 E. FIHFRERHER LSS R (special quasi-random structure, SQS)H & MR e 5 —VEIR BV MR T Zr L Ti B &P

Ti & KNG Chep 5 bee ik, a 15 B AT X & @MARGEE R eI . DT50RY): WSt B, Ti
RIS Ze-Ti & SRS EINRE, Ze-Ti & & o MRS MRE LT & T g Ze-Ti &3 im A R, Ze-Ti

FEM o MEAE RO B AR Ti JCRRERIER, Ze-Ti A& g M AEE KBt Wb T4
L&, Ti N B WAL hep G bee 4k Ze-Ti A& RGN H L (DOS), Zr-Ti #4 AL DOS 7345 1 i 2 K fE 2%
54 7r REMARRL, Ti & &4 Ze-Ti & S MARTEE TER A K.

KgEiE. HTERE, AR M, REEMR, BiE S
FEESES: TG146.4'14 XHERFRIRFD: A

XEHS: 1002-185X(2020)06-2004-07

2012 AELARY, Ti &4 It A B AUk
RE, B V2N H TR, AR Ti & & Mo
BAG, PriEd AR 22, T R A Ak I A R PR T
FodE YW WG Ak, Zr S el T Em g/
HEELG, G PRl R, 0 R 5T ARG e PR R
VR85 ek, A I TR ML OR . BEVR AL AT
R EZEM R 7E Ze Bah, WINRRIMCREEN B
&ICE, BUERN AR IUAEAE, BRI K HLE W Ze &8
MRS HER Sy 2 Mk B L K2R R A BB R 5 R} 2
SO L AE Ti6A14V SRR PR H T
Zr4TTid5A15V3 & &0, %A &5 TibA14V A &AL
LA v P i B R 3, 2 ) b LA R n] O Y
st 1ER ZraTTid5A15V3 A4 EE A1 Ze A
Ti J& T AR H—4loc s, JHFRA R
Ji. i H, CMEREERERET ZeTi R ouh &%
IR HE B iR I [ SR A A B O AR G A i 1 ] i e i
TICEYLY KA W BRI, Ze-Ti A 4 RGO 45 1
Wy s ma SL M RE AR WARIE, BrLL, AT AT TR
Zr-Ti B &P MM 4 SR Z LR, £
PEREM ZITIAIV £ G058 )& S oM 25 0 S i oy, A
SCR A Zunger % NUVUUIE KRR 2R UE B AL 45 R
(special quasi-random structures, SQS) JFiE# . T
Zr-Ti B 4 JC 7 W R 1) R A 2R, 0 e ity 1 )
BRI T AN T SRR Ze-Ti A4 A
FEME S MM, LY ZiTIAIV & &0 Bk fE 4t

fs HEA: 2019-06-09
HEWMB: T RESEARMIIES (106112017CDIJQI138803)

PR o
1 HERES5HEE
1.1 tEER

N THRAFAML R AR Ti S 80 Ze-Ti 4
(R AFAS G P AP 1 BT, A SO S i R ik v B AL &5
) (SQS) J5ik sy I T 4% 100 s 11 Ti J5t 1
53 BUAS TR 1) % HE /S U7 45 /) (hexagonal close-packed,
hep, a M) Zre-Ti 8 & MBS FAO L TT 4544 (body-
centered cubic, bec, fAH) Zr-Ti i85 AT, 76% &
i L PN e S st TR R R PR T DR G B L . I
M, ZrysTigs hep 4585 bee 45RJ ) SQS HEMAE Ay Zr-Ti
GaMBRGEWME 1 iR, ASCEBPTEH P Ze-Ti
HERGUSCEMTH SN HNR 1 PR,

1 Zro.sTiols H,:J SQS ’{‘iﬁg
Fig.l1 SQS model of Zr,sTigs: (a) hep structure and (b) bee structure
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R1 AXEERERAN Zr-Ti 52 R EURENMELEH
Table 1 Zr-Ti alloy systems used in the modeling and
their phase structures

K2 hep LM ZIr-Ti G ERFERFSHITEENTLRE
Table 2 Calculated and experimental values of crystal para-
meters of hcp-structured Zr-Ti alloy systems

System Structure
Zr Phase type: a
Z10.94Tio.06 Structure type: hep
Zro7Tig 3 Space group: P63/mmc
Zro5Tig s Pearson symbol: hP2
Zro.35Tio.65

Zro3Tig7

Ti

Zro.07Ti0.93

Phase type: f
Structure type: bce

Zr. Space group: Im-3m
ZrosTioss Pearson symbol: cI2

Zro.11Tio.80

1.2 #HEA%

AR T % %2 M EE (DFT) g #oF i
Pk ) B BE T B8 1 4 (Cambridge serial total energy
package, CASTEP)™%} Ti il 7 BOARH SMAFI
Zr-Ti G4 R4 SQS BLAGEAT 5 —VE IR BE A, vHR
Zr A Ti B L7200k 4s%4p°4d*ss® T 3s23p°3d%4s.
EVHE S Rk ) OB FE Bl (GGAD ) Perdew-
Burke-Emzerhof revised for solids(PBEsol)# & 23 %}
Zr-Ti S RGP I 15 i 8] B O R RE AT Ak
B, IRl BV IEARE (SCF) X B e REAT WS V5T,
WSz A 5x107 eViunite Sy T $& w5 1 B AT 4
K, A RSP AT TR S g, Jf e

(Ultrasoft) J& 351~ [ 3)) Re kit R4z . & Wies
PRI S, B A BLIKIX k SUFESh 0.42 eV/nm, ~F(fT
AW RE R E N 350 eV. fEHEAT A ST, A
Broyden-Flecher-Goldfarb-Shanno(BFGS)®1 5 ¥ st 4k, &
Yy AR AT JUT AL, LSRR AR 8 4549

2 FRE5iHe

2.1 BRIk

TEREAT SR S5 K B VE S, B S R 3 — 1 s B
TR Ti JR 740 B A 1) hep 45 #4 fl bee 4544 (1) Zr-Ti
B RS SQS B A S BT, ARG AL
J R A T B A 2 OV S S R AR AR S ke
RENTH Ze-Ti BERENRESE, Wk 20 £ 3
FiR.

L5 SCHR RS2 B A A B, hep 5 R SRLAE A ARG
RZEEPEHIAE 0.5% A, HoP I 22 K202 0.1%, bee
SERITE FAE A X R ZE AR AE 4% LN Bk B Zr-Ti
G RARSAESE T F A S0 B s LAY G .

Lattice parameters/x10™' nm

System Refs.
a b c
3.231 3.231 5.17 Present
Zr 3.244 3.244 5.168 Cal.l'®
3.231 3.231 5.148 Exp.!'"
7 Ti 3.149 3.149 5.059 Present
T 1
a0 3.148 3.148 5054  Expl'¥
_ 3.145 3.145 5.024 Present
Zro1Tio3 [14]
3.140 3.140 5.020 Exp.
3.057 3.057 4.866 Present
Zro.sTios 3.104 3.104 4912 Cal.l'
3.051 3.051 4.859 Exp.['®
7 - 3.043 3.043 4.964 Present
T 1
o308 3.040 3.040 4.960 Exp.["
, 3.037 3.037 4.835 Present
Zro5Tig 7 [14]
3.040 3.040 4.830 Exp.
. 2.992 2.992 4.773 Present
Zr.07T10.93 [16]
2.991 2.991 4.768 Exp.
2.939 2.939 4.673 Present
Ti 2.924 2.924 4.664 Cal.l'®
2.951 2.951 4.684 Exp.'"!

F3 bec EM Lr-Ti EERFRASHITEEFLEE
Table 3 Calculated and experimental values of crystal
parameters of bee-structured Zr-Ti alloy systems

Lattice parameters/x10™' nm

System Refs.
a b c

- 3.525 3.525 3.525 Present
3.510 3.510 3.510 Exp.

3.373 3.373 3.373 Present

Zro5Tig s 3.424 3.424 3.424 Cal.l'"!
3.428 3.428 3.428 Exp.?"

Zto 1 Tioss 3.332 3.332 3.332 Present
3.353 3.353 3.353 Exp.['®

Ti 3.216 3.216 3.216 Present
3.327 3.327 3.327 Exp.*

2.2 HEMMR

H TS Ze-Ti &4 35T, ASCTHSE T hep
ZER RN bee G511 Ze-Ti G 4 RGO IE 50, T 45
Rk 4, £5 kE 2. B3 Pir.

— R, YRR C M Gy R T W a ¢
T I e AR BH ), Cag T4 SB[ A% 1 He I A
FEPT, e 2 Bk, IHEAA R hep &M Zr-Ti &4
R BE R, C R Cys IR BRI 5 KO T Ho 3
PEHE . dbnl g, ENIAEWE a A e Bl N R
AT . 1 H, XT8N gl Rk it, Css
MME KT C ME, RYT c Btk o Bl sfE 48, &5
GE 2. B3 WLUEH, XL ZeTi 8R4 Cu B
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R4 hep BB Zr-Ti 6 £ 2GR MEE RN ITEE
Table 4 Calculated values of elastic constant of hcp structured
Zr-Ti alloy systems

Elastic constant/GPa

System
Ci Cia Ci3 Cs3 Cay Césse
Zr 159.2 48.1 64.6 173.9 14.7 55.6
Z10.94T10.06 136 29.1 47.9 136.8 27.7 53.5
. 180.4 51.7 76.4 199.6 262 0644
Zro5Tio s

158.911 716" 70,11 159911 27.9l100
ZrossTiges 1769 444 709  186.1 269 66.2
ZrosTio» 1849 559  80.8  207.5 257 645
Zr007Tiges 208.4 69 96.7 2164 324 69.7

Ti 2063 683  75.8 2164 487 69

F5 becEMM Zr-Ti FEREREEHATEE
Table 5 Calculated values of elastic constant of bcce structured
Zr-Ti alloy systems

Elastic constant/GPa

System
Cn Ciz Cus
Zr 112.723 8 78.806 9 40.928 4
. 91.571 78.491 1 21.445 85
Zro5Tio s 39 610 99 2l10] 37,4110
Zr0.11Tio 89 129.798 3 91.036 95 29.492 65
Ti 51.232 45 89.063 6 34.660 1
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Bl 2 Ti BT 20 B06 hep 4544 Ze-Ti & 4 R Ges 5 B0 5%
Fig.2 Effect of Ti atomic fraction on the elastic constants of hcp-

structured Zr-Ti alloy systems

1 FA1E 14.7~48.7 GPa Ju [H P HAF 55 /N, X R I A
R Ze-Ti &4 2546 (1000 P14t
BYU)AR 1) 8 1 AR 59 i3I Pettifor PPIRIE () 42 8 A1
B 4 v D B 1 SRR AE T LAJE S A 75 ( Cauchy )
H J) Cra-Cog AR, 558G 1) F11 FE R 1T LU A iR
TRV IR AR P B o SRR SR T RN S
FELAH 21 1 FEL 70 P i 3 SO 7B 5 O 1) T T8 B4 )
f, H4 Cauchy J& I8 2 IEMIPY, Mt Cauchy &
JIRE G, W LR B A A B BT e

AT LA SEBEYEA R XA SO BTE Zr-Ti

%49 35
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Fig.3 Effect of Ti atomic fraction on the elastic constant of bcc-

structured Zr-Ti alloy systems

ARG, e E SR ROE RS T B
R ), IR AT H AT S JE

EFIWE Ze-Ti G4 RGN I RoE i, 4
Born-Huang [ J) 2482 e PEERE , XA TR) ) A 45 440
HOAS e MR AN

INTT B R 6 DT I3 £ Ci(Cris Cras Crss
Cizv Cyy F Ces) s %1%%#%%%‘@%@1%7 Ci1 >0, Cuy
>0, Cy>Cp (CitCi )C33*2C132 >0

SHTRRA 3 ALK C(Co Cip A
Cy), HORFFREMSMN: Ci+2C1L >0, C >0,
Cu>0, C> | Cpy

My 4. £ 5 HIFED Ze-Ti A& RE MR
, ATLUKIL, hep &5K91 Ze-Ti & 4 R G002 & H g
TENEFAL, R EAT BT E S, X5 SCHR[10]
AT . bee S5HH) Ti RENBEATE L .

X2 SRR G B B PE M RE, AR R (B) BY
DIBLR(G). M IRBLR(E). B/G WAL S b (v), T
M PR 50 A R 3 HE B, F 45 & Voigt-Reuss-Hill
(VRH)FEPSE LA (1) ~ (8) Rits55], Hrh
Sy AR FE, AT S R R R R A 3
_ Cll +C22 +C33 CIZ +Cl3 + C23

o

B +2 (D
v 9 9

1

B_Z(Sn+S22+S33)+2(S12+513+S23) (2)
R

B, =(B,+B;)/2 (3)
ZQI+C22+C33 C‘12+C'13+C'23_C'AM—"_C;S—"_C'G() (4)
v 15 15

1—5—4(S +8,+8,)-4(S,,+S,+S5,,)+

GR 11 22 33 12 13 23 (5)

3(‘5’44 +S55 +S66)
G, =(G, +G,)/2 (6)
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:% (7
3B, +Gy
3B, —2G, (3)

" 7268, +G,)

WAER 4. K 5 PRgFPE R B BT A,
ALV A Ze-Ti S R antErEgE, ke, &
7 K A~ 6 Fir .

—RORUL, AORHROMECE BBy, UG f
908 JSE L vy, MR R — i T AR STA T R RE
ME 4 el DUEH: 7E hep &M Ze-Ti &8R4
Zr.07Tig.o3 VA i I i, 1A% 128 GPa /47, ZrgsTigs-

# 6 hcp LM Zr-Ti RESEH M IERERITHEE
Table 6 Calculated values of elastic properties of Zr-Ti alloy
systems with hcp structure

System By/GPa Gu/GPa Bu/Gu E/GPa v

Zr 93.7056 31.98741 2.92945 86.15852 0.347
Zr0.94Tig0s 73.028 35 38.980 87 1.873 44 99.27842 0.273
Zro7Tips  76.3477 39.76896 191978 101.6562 0.278
ZrosTips 107.087 4 43.37949 2.468 61 114.6566 0.322
Zro35Tiges 100.9456 43.96592 22956 115.1764 0.310
Zro3Tip; 111.7194 43.287 35 2.58088 115.0082 0.328
Zro07Tio03 128.253 8 48.748 89 2.63091 129.801  0.331

Ti 118.6715 59.73948 1.98648 153.4666 0.284

F T bec FHH Zr-Ti B RFEH NI EE
Table 7 Calculated values of elastic properties of Zr-Ti alloy
systems with bcc structure

Bu/GPa  Gu/GPa
Zr 90.112 53 28.7432 3.1351

ZrosTips  82.85107 133509 6.2057 38.011 0.424

ZroiTigge 103.9574 24.924 05 4.171 69.239 0.389
Ti 76.453 22 -123.742 - - -

BH/GH E/GPa v

77.942  0.356

System

160

—_ = =
DN XX O N b
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Elastic Properties/GPa
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00 02 04 06 08 1.0
Atomic Fraction of Ti

Bl 4 TiJJF 5800 hep 4584 Zr-Ti 648 R4 By Gu. E
FA) 5 W)

Fig.4 Effect of Ti atomic fraction on By, Gy and E of hcp

structured Zr-Ti alloy systems
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Fig.5 Effect of Ti atomic fraction on Bu/Gy of hcp-structured

Zr-Ti alloy systems
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Fig.6 Effect of Ti atomic fraction on v of hcp-structured Zr-Ti

alloy systems

Zro35Tig g5~ ZrosTig7 Z W] By ZZEEA K, HIAF] T 100~
112 GPa, ZrgosTig.o6~ Zro-Tigs ) By W A 75 GPa /&
A, KT hep G5RIIK4E Ti KRG By (118 GPa) LK
afl Zr KL By (93 GPa); WK 7 haf UG H, 7 bee
SERI) Ze-Ti B & RHE 4L Zr REET, Zrg i Tiggo PR
Wi, AF) 103 GPa Aifi, 4l Zr KRGk, WIAFE]
T 90 GPa, ZrosTigs fA%, AMEN 83 GPa fifi. T
CLRTDAHEWT, 5% Ze-Ti &4 Zro.orTigos 1 a AHEA
5 AR BUAN I RE T .

DUAE B9 o BY DI R G A OB E /15—
EREJE LR DEAS MR RE I, JF SR 2 OEAH O
Y. MWE 4 Pl LLRIL:  hep 450 Zr-Ti &4 2%
B IR . A7 IO KB/ L LR RS Ti
> ZropiTigos > Zro3Tig7 > ZrgssTiges > ZrgsTigs >
Zro7Tig 3> Zt0.04Tig 06> Zr, hep G5 Zr-Ti G ARG
BUPIRIE A GBI S Ti o Bt bt IR 7
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FREfHD,  bee 458 Zr-Ti A& RERBIPIE B, MK 7 5& hep &5 MK Zr-Ti & & R A EFKBEH I IS

B KB AN 3% BLR LR HE 5 0 Ze > Zirg ) Tig.ge >
ZrysTigs, {HIEMMAET hep &5y, XEMH Zr-Ti 5%
(1) o AHE AT AL

oy PSS 1 A0 v] DL SR VR Al AR MRS, 1 HL— i
KU BB, AORH NI iR, IR 4 Hha]
LG, Zr-Ti &4 a HWIE S Ti SRR RUEL .

VPRI G TERY, B Pugh PUHR A AR B BT
IR AE (B/G) O iz F T P4k A4 R B e
PE. & B/IG LA MR AT 8BS e ek, ez )
BIREME RGeSt Hrb, AP ey
Jife AR I A 20 1,75, 24 B/G <1.75 W AREME
HEIHMEE, RZWEMBEE. 5o, \EAt v H
TEA BB DI T RS E I, HEE I o A
Bl h—1~0.5, WARA AR, BRI B MR GT, R v
BT 0.26, RHMELEBIMERPY, oAb, WAy 5
BIG H/RHIEE 3. £ 6. & 7 Hid T hep
ZERI R bee 45T Ze-Ti &4 R GE10 B/G (HFTRA L,
A RLR I, hep SR FN bee LM Zr-Ti & & #HE K
T 1.75 1 B/G .

AN, B 64 & 7 %1, P hep i A bee
iR Ze-Ti A& RS LI K TR S s 0.26,
X5 B/G MR8 WK 5 FIE 6 tnl LU EEH],
hep S5KII) Zrg o Tigos A M1 B/G LEAARA L,
Zro.04Tio.06 F H BALM) B/G LLFIAKALL, Zr-Ti 54 a
FEIEITE S Ti SRR KL 1 hep 8584 Zr-Ti &
i) BIG SRR L /N T bee 45K, IXFRW] Zr-Ti
G40 pHAAE MBI,

2.3 HBTHHY

YT EaRYE, WG AR S R E AT
T AR LLRE— L B e AT B S R R — P IR e
Mg tae ENLE . A TR Ze-Ti B8RS H
FER, ARSOHE T NS %E (density of states,
DOS).

WUR AR B AR “JIERERR 7 I A] DUAR A 2% K
R “MERERR” WAL E OCZR kAW & S 45 i i Ase
PEo “HERE R RITE 2 K BE M O 43 Sl 7 P A9 U LR
ANRIEZ TR DOS JFA K T 2y, HBi A
PRI 2 R) (1) 58 B o TR R BRI 0 B B AR I T i [
S PER R, — Ok U, TR RBRR I B B 5 R R 3
WPk SR EE B LG o 2 RO e G T 1R BRI 0 Al
BB S P i1 o o 9, R AARESEH, Kk
Z, RPN WS BARTAS S 1 . RERR I 58 B2 7
ERREE LREE A Ze JR S Ti T2 AL
MR AL, —MORUL, MERERUEREE, B IL O M

2 [ (DOS)H .

M 7 FETLLE H: hep 458 Ze-Ti B & RSN H
T E M HARRARIE, 7R OKEER (0 eV) T
LAy, B T ERERR I A7EAE . NI 7 el A, hep
K ZeTi &4 RSEM AR EE S N
1.52(Zr0.04Tigo6) ~ 1.53(Zro-Tigs) ~ 1.17(ZrosTig.s)
1.81(Zro35Tiges)« 1.18 (Zro3Tig7) €V Al 1.40(Zr 07 Tio.03)
eV, RWIEATH Zey Ti B -1 18] b (1 L ME AR AR 59,
ez h Zto35Tige5 LA P B 5 Zr5Tig s 1 AR
Ve 59 o IX 28 hep S50 Zr-Ti 454 R GAE B K RE R AL HB
HA72.0eV L B BT E, XERY Zr, Ti L T2
A KRBT N, E AR &8ty
PEH A B VEREAE Ti B 20 2O 3 i gk 55 o 4k, hep
g5t Ze-Ti B8 RRTOKRE I ERE BRI T, B
Zr-Ti 554 o A BAT R iy B RS 4544

Kl 8 /& bee 4 H4 Ze-Ti £ 4 RS AE 2 K RES AT (1)
A% E(DOS)K .

S5F Fermilevel | Zr —Z1,, Ti
Sy — 72t TN —— 7t Ti

; 094 006 0307
o —zo.mi,, —zr,Ti

S

077703 007 0.9

[\ (9%}

—_

Density of States/state eV'

0 1 1
-5 0 5 10 15
Energy/eV
Bl 7 hep S5t Ze-Ti & & RGAE VR REH IR 12 1

Fig.7 Density of states near the Fermi level of the hcp-structured

Zr-Ti alloy systems

- Fermi level ‘

Density of States/state: eV!
S = N W R O

Energy/eV

Bl 8 bee 4k Zr-Ti & & R G AL K BE M T (25 55 1
Fig.8 Density of states near the Fermi level of the bce-structured

Zr-Ti alloy systems
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M 8 A LLE e AT Ze 2 KB L0 eV) I
I, HRAE PR A, K beec 451
Zr TARAE DRI S AT . 45’ 7. B 8 AT LL
FHH, bee 4if Zr-Ti 5 & RGN T4 RA K
PIARAYE, RS K RE AL AT 3.0 eV DL B i A8 55
J&, BET hep &0 Ze-Ti &4, XEW bee 45
Zr-Ti &R T Zey Ti J] T2 0A E 2 148 i
GAT R, XRaFECENMS R EEEC. o, M
Kl 8 ] LLE i, bee G594l Ti RGAETOKRE i
AAEAEERERRE, I HARA IR m A%, X U] Zr-Ti
Ga pAHARAIREE .

3 & it

1) MSRVEPE B A ok, BEAE Ti & &R,
Ze-Ti G g EmiEE, Ze-Ti G40 a tH3% ik
EE B AR AT S R 5 R AR E 1k

2) Zr-Ti & BAT 2e e itk, Horb, Ze-Ti 64
(1) o AH - ELAT S v A O EL LA R A P 40 5 Ti o 3=
WIE AL, Ze-Ti A4 0 g AR EA E & .

3) MHLT S IR A1 R, TRk Fl 1 45 ) (1 A 4B
P, Ti A2 235 0 hep 45 F R bee 4584 Zr-Ti &4 %
421 DOS, Zr-Ti &4 R4 DOS 434 1 1) T oK BE 4L
Hai zr KA, B, Ti &84 Ze-Ti &£ M4
e 8 TR SE M AN K
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First-principles Study on Phase Stability and Elastic Properties of Zr-Ti Alloy

Yang Xiangguan, Liang Xiaoping, Wang Yu, Luan Baifeng
(Chongqing University, Chongqing 400044, China)

Abstract: The super-cell models based on SQS method and first-principles calculation were established to investigate the influences of Ti
concentration and phase structure (hcp and bee structure) (a and S phase) on phase stability and elastic properties in Zr;., Ti, systems. The
results show that from the perspective of elastic properties, the structure of Zr-Ti alloy is more stable with the increase in Ti content. The a
phase of Zr-Ti alloy generally has higher structural stability than 8 phase; Zr- Ti alloys generally have ductility. The a phase of Zr-Ti alloy has
higher hardness and its hardness and toughness are proportional to the concentration of Ti. The S phase of Zr-Ti alloy has higher toughness.
From the perspective of electronic structure, the concentration of Ti does not significantly change the DOS of hcp structure and the bee
structure of the Zr-Ti alloy systems. The Fermi level in the DOS distribution of the Zr-Ti alloy system is similar to that of the pure Zr system.
Therefore, the content of Ti in the Zr-Ti alloy has little effect on the phase stability of the Zr-Ti alloy.
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