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Fig. 1. Unit cells of Zr (sub)oxides (green balls represented Zr atoms and red balls represented O atoms): (a) m-ZrO,; (b) tZrOy;

(c) h-ZrO.
F1#(F) SRR (0, b, o) MIRKEIA (o, 8, 7) LIRSS (H)
Table 1.  Lattice constants (a, b, c), unit cell vector angles (o, 8, 7 ) and formation enthalpy (H;) of Zr (sub)oxides.

Phase a/A b/A c/A a/(°) B/(°) v/ (%) Hi/eV Ref.
5.1901 5.2441 5.3760 90.00 99.63 90.00 3.860 This work
5.1850 5.2780 5.2860 90.00 99.65 90.00 -3.778 DFT-GGAM)

210, 5.0791 5.1785 5.2340 90.00 99.49 90.00 — DFT-LDAP
5.0930 5.1760 5.2440 90.00 99.10 90.00 — DFT-LDABY
5.0790 5.2080 5.3110 90.00 99.23 90.00 — Exp.b?
5.1473 5.2088 5.3166 90.00 99.21 90.00 — Exp. b
3.6220 3.6220 5.2733 90.00 90.00 90.00 -3.823 This work
3.6370 3.6370 5.2820 90.00 90.00 90.00 -3.743 DFT-GGAM)

17220, 3.5780 3.5780 5.1630 90.00 90.00 90.00 — DFT-LDAP
3.5948 3.5948 5.1824 90.00 90.00 90.00 — Exp.b?!
3.5916 3.5916 5.1790 90.00 90.00 90.00 — Exp.b
3.5961 3.5961 5.1770 90.00 90.00 90.00 — Exp.b?)
5.3110 5.3110 3.2005 90.00 90.00 120.00 —2.975 This work

h-ZrO 5.2850 5.2850 3.1790 90.00 90.00 120.00 — DFT-GGAP
5.3100 5.3100 3.2000 90.00 90.00 120.00 — Exp.?
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F2 LR2ETRBRATEEE (o, b, o) FERIM (a, B, 7), ZrOy ITTFEUATR (V), M>+ BIGBIATRRNEL (AV)

Table 2.

cell, and the volume change ( AV') of supercell with M%7+ doping.

Lattice constants (a, b, c), basis vector angles («, 8, 7), average volume of ZrO, unit (V) of the 12-atom super-

Phase a/A b/A c/A a/(°) B/(°) /(%) V/A3 AV/A3 AV/Vo/%
t 3.62 3.62 5.28 90.00 90.00 90.00 34.62 — —
pure phases
m 5.19 5.24 5.38 90.00 99.63 90.00 36.07 — —
t 3.52 3.51 5.07 90.00 90.00 90.00 31.27 —3.34 —-10.69
Nb°+ doping
m 4.94 5.18 5.00 90.10 96.75 89.69 31.76 -4.31 —-13.56
t 3.61 3.61 5.24 90.00 90.00 90.00 34.07 —0.55 -1.61
Nb** doping
m 5.14 5.20 5.36 89.90 100.48 89.23 35.28 -0.79 -2.23
) t 3.33 4.23 7.02 90.00 90.00 90.00 49.49 14.88 30.06
Nb*+ doping
m 5.32 5.30 5.52 90.14 102.46 89.71 38.02 1.95 5.14
t 3.65 3.59 5.35 90.00 90.00 90.00 35.08 0.46 1.31
Sn** doping
m 5.20 5.16 5.47 89.62 97.14 88.22 36.41 0.34 0.93
t 4.14 3.41 7.00 90.00 90.00 90.00 49.34 14.73 29.84
Sn?* doping
m 5.80 5.90 6.18 90.26 115.55 89.93 47.77 11.70 24.48

PIARB 9 34.62, 36.07 A3, ¢ AHF] m AR
IKHE 250 4.2%, 5 Bouvier 55 P8 I\ -m tHAS F
3% —5% B IK I Z5 S AHAT . IR T & Sn?t,
Nb3+ 34255 | L BF T A ks R i I A, 8 1l B S 1)
A R BURZIK. St M AY ¢, m A SRR PR B ik
Iy AT IR 29.84%, 24.48%, Nb3 ik i i ¢, m AH
K AR TR K 43 B AT 35 30.06%, 5.14%. I Sn2t,
Nb3*HE ZrO, st HMELIK ARREIEAE, SpEib
RN, O/ M A T AR Sk & Sn2t, Nb*+
FEAE I IR R 22—, 3R Rk I K s e 1 5L v B
O MBI Z AR B, Nb s T ¢, m A Sk
Btolcs, A B TIELR Zr SAALZIARBUEIK.

ME S ICR BT 2 E LR, ND™ I Sn*+ 842
7 R P R R AR A o B, (R AR AT AR (FR
ABA R R ) ARAR/IN. 7E ZrO, B4 Nbo+
XF A% R 2 R IE K St NbHB 4 5 ¢,
m A RS AR IR 4R 10.69%, 13.56%, 1 Snit
B A5 R A AT AR AL, ¢, m FE Sl A AR
3 MK 1.31%, 0.93%. Nb>+ 5| ) BH 5 i 54 4%
WA A BT 2% fif SR A R v SRR 2 R R R ik
FEH N L T R B TRG, HETT HE S L R A A
TS A SPUBIhTEGE. Sn* 51 EAYES LW i
6 R A2 2L 2 B B R P 7 38 8 it A 2
SR, AFIT Ze EALE R E .

3.2 AETESEIX tZr0,, m-Zr0, 2
TE RS20

B TGRS BN N R g A AL YRR

SEVEREZ R P55 BAG &I R Mot IR
PEAET, S S AR E N B BE Ex(Ox, P) 2
e, HAtsr sl oy

Ey(Oz, P) = L[Etm(ox, P)

Not

— (nz:Eze + noEo + ny B, (2)
Krh, Oz FRAM B A &ICR M= (Nb*F, Nbi+,
Nb%*, Sn?*, Sn*t) 874 ZrOy; P HIET]; Ey &
B4@I0% Nb B Sn 76 f AR L8 b (19 1 5
fit, Nb & BCC 4544, Sn & FCC 45#4; na,
hiB2 G @It RNE AR, AR S S 4&
TCRBAT ZrOy WL BERT, 25 AT Y RE IR
NE B XF Mo BRI ZeO, ML R, FLATE

ERTHE A B T

AE (M},) = E(My,) — Ezo, + bz — imr
+ q(Evem + ), (3)
AP, g8 M OFPERATEG B (M) Ezo, 709120
B M AUNE M PRI SRR pze, par S92
Zr. 5aeICER M S Bypv £MFTH (VBM)
REMIMRERE; pp ABTE ZrOy M PKRES L iy far 1
RefE. 7 RWHIEZH 7 (B4 Mot WD R E
BIAAR) AR EE TR B ¢ AN m AH ZrO, B AR X
FeE M, A SCHRAE T 3 B8 T m AR ¢ AH TR B
ez 2

AE(Ozx, P) = Ex(Oxz, P)™ — Ex(Oz, P)", (4)

X, E(Oz, P)™ Fl Ex(Owx, P)' 53 BIATE T PR
m AHF ¢ AHAY Oz BB ILRE. AE(Oz, P) B, tAH
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AR R E PR, BB Ie R m AAERIVEH
HHZET 0GPa T 25%, 6.25% Ml 3.125%
WEE R A4 I0ER M= B3 +ZrOy Al m-ZrO,
YRS E PE R s e, ARAE (2)—(4) X152 0 GPa
N Ex(Ox, P), AE(Oz, P)¥|F 3 3. tnzk 3 s,
TBAICR M=+ i, 4 m-ZrOy, 5 t-ZrO, B L
AEZ 22 AE(Oxz, P) N TAMH (-36.92 meV /atom), i
W] ZrO, () m AH LG ¢ AHEE RS . X ARG Hbfif B T AH
K ZrOy AR T 1470 K AIIRIE T R A m A
GEHL 900 Zr AL FEAE K HE T A IR IR B 573—
773 K, BIAABE OISR S m-ZrO,y iy FAH P12,

# 3  ExOz,P), AE(Oz, P) Wi, HokE C =

v /(nze +nar)
Table 3.  Values of Ey(Oz,P) and AE(Oz,P). C =

nyr/(nze +nay) -

C/%
Mot Phases
25 6.25  3.125
¢ -3.82
Pure
m -3.86
t -3.47  -3.74  -3.78
Sn4+
m -351  -3.77  -3.82
¢ 272  -354 -3.68
Sn2+
E(Ox, 0) m -2.83 -3.59  -3.72
/(eV-atom™) t -4.38  -3.96 -3.89
Nbs+
m —4.39  -3.98 -3.92
t -3.44  -3.75  -3.79
Nbt+
m -3.49  -3.79  -3.82
¢ 272  -354 -3.68
Nb3+
m 268  -3.60 -3.73
Pure -36.92
Sntt -38.14 -33.90 -35.47
AE(Oz,0) Sn*t ~115.96  -49.31 -42.26
/(meV-atom™)  Np+ —7.99  —20.81 -29.65
Nbt+ ~51.89 -38.89 -38.11
Nbs+ 38.71  —60.04 —48.30

TR TR, 25%, 6.25% Fl 3.125% HeFEAY
Nb**, Nb**, Sn?HB8423 233 ¢ M m AHIE B RE
(TS, i ZrO, BE kA 2, It ZrO, kMot
FABAM I m SRS, BRT 25% WER) Nb3+
BT ¢, m AR AT RS E M, A ¢ A AR
5E, 6.25%, 3.125% Wk JE Y Nb* 5 22 Fl 3 Fh i JiE
B9 Nbtt, Sn2t ¥R FE +-ZrO,, m-ZrO, FHIXT 2
TETE HASHR ¢, m AHIE i AT 25 1.

XFREEAEMNITE, 25%, 6.25% F13.125%

WRE ) NDT BB T +ZrO,y Ml m-ZrO, HJE
RBE, A TR PRl ZrOy HYREEE. 3 Fhifk &
() Sn*HB AR L T m-ZrOy 1 -ZrO, IR AE Y
TH &5, AR TFHFP 2O, R ENE. 6.25%, 3.125%
WEERY Nbo*, S+ B KIRBEIFE ¢, m AHBYAR XS
FoEtE, A4/ T m, t HIESREZ 22 4% HE, A
FIFAEIE ¢ FHAAEXTER E M, L ND ] &m AH
AR R Ry 2, Snt U RS . NBo+, Sntt
XiF ZrOq FEGEMERN t-m X RRE PR WA B 154
HSRASEBNIG . 925 FIAh Nb REETE & 2L
% +-ZrOyP3 Sn FERTIN AL R PXT ¢-ZrOy A —
SERGEME, E AR H Sn e r +Zr0,
o RAMAR, S EUREC) 7= 031,

Zr B aTEipod iy, HEBRZ 0—1 GPa
Y R 7 B9, PR 223 A R ¢ AR e P
HEREEH . R THER 2r0, Fl m-ZrO, 7EE4q
N IERTF BT SR M, AR SCHHR T 78 0—
3.5 GPa WIH/KIE ST FHY Ex(Ox, P) . 1AM, N TS
G &R 5 E I FEERXT Zr0y, m-ZrO, A
XPRSE PRI, A SCHRAE (4) 05T 25%, 6.25%
We BEY N5, Snt 4824 1 ZrO, 1F 0—3.5 GPa T
1 AE(Oz, P) , Z554n& 2 firk.

wmiE 2 FoR, A BG4 TTR Mot
%% AE(Oz, P) (755, BHIFE 0—3.5 GPa il
N, B A 5% 70O, F m-ZrO, AN Fa5E
PE, m ARG ¢ AHSEREE . R 23, TR /1% t-m AH
X RUE MR N A A TR Mo B4R,
£ 0—3.5 GPa yu N E 151 AE(Oz, P) A
FIAR A N T 6.25% B9 Mo+ BRI : 0—
3.5 GPa w1511 AE(Oz, P){E )25 1k
H iU 0.30 meV; 25% ) M*t BB H
AE(Oz, P){H (78 fb7E 1.23—28.93 meV i 4 ;
6.25% 1) MB35 F 1) AE(Oz, P) A8 b & 24
H 2.92—16.11 meV. i ) AE(Ox, P) {HIHEHE
TR TG, BRI m-ZrO, 5 +ZrO, KK iAE
Z ZE A X (BB R 7 A TR, 1R ¢ A AH
Xof R M B T A B TG .

3.3 BELEXMAEZMHAEERISI
UTAFR — L2 B0, Sn, Nb S8 GI0R
TEWNJZEALNR (O/ M Frififiir) af R B i 42, +3
AR S, FF Al i AT RONAE +ZrO, HEIAFZ
AR ZS L B03T), X BEAR A EN 2O, fE 5
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& 2 4 ZrO, 5% 25%, 6.25% ¥ FF 1Y) Nb+, Snt+i8 245 ZrO, 1 AE(Oz, P) B & f1 19781k
Fig. 2. Dependence of AE(Ox, P) on pressure for pure ZrO, or ZrO, with 25% and 6.25% Nb®" or Sn** doping.

F4  t7ZrO, PESENIENGE. Ox Frndll ZrO, 8 3.125% W M>+ B4 ZrOy; M=+ f14E Nb3*t, Nbit, Nb5*, Sn2t,
Sutt; BgNVOwe | pENVOwe SRR Mot i) INN, 2NN 2 R AE

Table 4.

Oxygen vacancy formation energy in tZrQO,. Oz represent pure ZrQO, or ZrO, with 3.125% M** doping, and

M=+ = Nb**, Nb'*, Nb**, Sn**, Sn’+. Etl NN-Ovee and Ef2 NN-Ovac represent the INN and 2NN oxygen vacancy formation en-

ergies of M®7 | respectively.

Oz
Pure Nb+ Nb?+ Nb#+ Sn't Sn2*
ENNOwe oy 5.771 5.691 5.252 4.474 3.905
; 6.353
2NN-Oyac :
EB; JeV 5.938 5.919 5.362 5.257 5.029

EU AR AL BERS A SAERE ST ¢ Zr O, [105.61),
A BT E T AT S IR RE. s A e
Nty iR 28 v 5 | A B B AR S X 5 1 4 B
. A TARE R Mot B T A=
P BEAR IR FEA M 255 G e M R s AP
FISE ¢-ZrOy R3S TER M. AW Oz P AN
AIERRER T AT

EP™ (Ox) = EQ* (Ox) — E (Ox) + Eo,  (5)

K, EQ= (0x) Fl B (Ox) 5331 0 8745 4823 i Al
A EZS I O FRIIY 2 RE .

WA (5) RIHEAF 4G 200, A2 MK
BERIBZE 700, h M=+ J4K 425 (B L RE, 91 F
FA RTHEHIE T H—I4B (INN-O,,.). 4 —iF
4B (2NN-O,,.) Fifh Mo+ 5587 (XL & . 4o
£ ARG, 546 +2r0, ML, JUFD Mot 8245 1
S Y BRI A W AR, B2 Sn, Nb JEEHY
B 700, HHE 2SI IR A L. B2
BLF, INN-O,, FIE B AE B2 /N T 2NN-O,, 1,
PEBH Sn, Nb FAE S 2s A % R AV FIACR SRS
A, PR B MO BB, BT N A Sn 1L Nb
WA 4028 i K R B8 SR S T 52, DR S $82%fik

g A BOAE T t-ZrOy | A AL X LA TH]
MABITTEBIMEER (Nb*H 5 Nb™ | Sn?+ 5 Sn'h),
TR TCERIE 20O, P42 57 T B R P I A e i
K, EAFTFEIARSEN, X5 Liao & B9 Y5256
WA, AR TR G A 20, T EZS
ANE JIT S B50I A LAC 47 WA (103561 BB A A R R
t-Zr0,, [FIRA B F MR Sn, Nb 511 &k
Rk, B A RN T .

RS T R 11 K/ INaE e B B 5
FEAEH. 8 73— 208 Mo+ 55825 A 1A
HAEH, AR TAEHE T Mo+ i =48 2550 i fif 5 i
F Y (100) TS —4E53 40, 43l aniEl 3 Fikl 4 fr
N, B3 EiE T B AL Mt B 5 H INN
SN Z R AR RS TR, (B 3 Hhik X R
P ] A B2 | U /D, (0 X 3 s fL AT 1) SR 4 | 4
. 3 s, Mt BT R F E e v R R,
INN-Oy,, J7 1] L FiL i 285 5 5488 K, 3 156 B LA
M=+ 5 INN &2 M e A A A AR b oy 3 e 25
SEIHA. B 4 W EDUM R s T BT R RS B TR
FRIZURREE . & 4 vl £o KOs g O FEJR, 41
(X S e B fr A L AR 4 s, xR FROG
RIAFME (Nb* 5 Nbo*, Sn?+5 Sntt), Ax

157101-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 15 (2024) 157101

EIFMICE (ND, Sn*t) [ INN-O,,, J5 [ 4T
XS TAER 22 A Bl s R S
INN 48 %5 o7 ) L 7 5% #% 19 W B2 0 K. X Lk Nib,
Sn 45 5R, A& Nb 5 INN-O,,. A1) FL i 55 7%
17 A ¥ Sn 5 INN-O,,. 8] 58 24 45 4 Al m
INN-O,, B BREMTHRL R A, 4T R Mo+
B 8 A3 N2 V) P A e ) ARG, 48028 7 7 ] R

R Z, SN SRR . 4 Ff Mot 5
INN-O,, [AIHLfFEEIREE (80 INN 825 NP RHE)
MR ENHEFAKIC: Nbo*+, Nb*+, Sn**, Sn*.
AL 574 3 2 A ) R D F A 1) 2 [B) 40 AT,
THE— A4 IC R Mo+ ST AR 4R 25 I L
RE BRI, ASCIHSE T BT R R %L (ELF),
iR 5 . ELF I 2 R 1 25 i) 43

Bl 3 =42 47 fr % (e/Bohr?)([001] 5 [n] W 4% 45 B, ¥ (7 5% {H i {  -0.008 e/Bohr?, ¥ A, 45 {H i {H & 0.008 e/Bohr?)
(a) +-ZrOy H Nb** 5 INN %57 ; (b) +ZrOy H Nb*+ 5 INNZ A () +ZrO, H1 Sn?t 5 INN %575 (d) +ZrO, 1 Sn't 5 INN 4
s

Fig. 3. Three-dimensional differential charge density (e/Bohr?), observed in the [001] direction: (a) Nb*" with INN-O,,. in #ZrOy;
(b) Nb*>* with INN-O,,. in #ZrOy; (¢) Sn*" with INN-O,,, in #ZrO,; (d) Sn*' with INN-O,,. in #ZrO,. The value of the blue

isosurface is —0.008 e¢/Bohr?, yellow isosurface is 0.008 e/Bohr?.

0.01

—0.01

Ei‘] 4 :gﬁ%‘:ﬁ%ﬁﬁfg (e/Bohr3), HX a Mt 'Ovac XTJ‘FJ?EE'(J (100) E (a) Nb3+'0vac; (b) Nb5+'0vac; (C) Sn2+'0vac; (d) Sn4+'0vac
Fig. 4. Two-dimensional differential charge density (e/Bohr?), taken from the (100) plane in which M?% -O,,, is located: (a) Nb3**-
Ovac; (b) Nb5+_0vac; (C) Sn2+_ovac§ (d) Sn4+'ovac'

1.0

0.5

[z] 5 %¥%jﬁ&ﬁv EX ﬁ MEF ‘Ovac F)T-%EEQ (100) E (3‘) Nb3+_ovac; (b) Nb5+'ovac; (C) Sn2+_0vac; (d) Sn4+'ovac
Fig. 5. Electron localization function, taken from the (100) plane in which M?*t -O,,. is located: (a) Nb3*-O,,.; (b) Nb**-O,,;
(C) Sn2+_0vac; (d) Sn4+'0vac~
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Abstract

Water-side oxidative corrosion of zirconium alloy is a key problem in the design of nuclear fuel rods
cladding materials in pressurised water reactors (PWRs), and its corrosion resistance is one of the main factors
limiting service life. At present, Zr-Sn-Nb system alloys are still the main development direction of advanced
zirconium alloys. Sn and Nb can exhibit a variety of valence states in the oxide film of the cladding and
significantly affect the stability of ZrO,. However, the influence mechanism of Sn and Nb on the fraction of
t-ZrO, and the t-m phase transition is unclear. In this work, the lattice properties, formation enthalpies, and
oxygen vacancy formation energy of ZrO, under the doping conditions of Sn and Nb with different valence
states are calculated based on the first-principles, and the influence mechanism of Sn and Nb on the stability of
ZrO, is revealed at an atomic scale. The results show that there is a significant difference between the effects of
Sn and Nb, as well as between low-valent and high-valent elements. Sn>* and Nb?* cause lattice swelling to be
significantly distorted , Nb>" causes lattice to shrink, which contributes to reducing the stresses within the film,
and Sn** leads the lattice to slightly swell. The low-valent elements all make ZrQO, less stable and are
unfavourable for the stability of tZrO, relative to m-ZrO,. The high-valent Nb°*and Sn** promote the relative
stability of #ZrQO,, thus inhibiting the #m phase transition, with Nb°* having a significant effect and Sn'*
having a weak effect. The relative stability of #ZrO, increases with pressure rising in a range of 0-3.5 GPa.
Compared with high-valent elements, the low-valent elements are favourable for introduing oxygen vacancies
into +ZrO,, thus stabilising the interfacial +ZrO, and enhancing the corrosion resistance of the cladding. By
investigating the electronic structure, it is found that the oxygen vacancy formation energy is positively
correlated with the magnitude of charge transfer (or degree of electron localisation) between the alloying
element ion and the oxygen vacancy. These results contribute to optimizing the composition and designing the

structure for corrosion resistance of zirconium alloys.
Keywords: first-principles, Zr-Sn-Nb alloys, oxide films, phase stability

PACS: 71.15.Mb, 71.15.Nc, 71.20.Ps, 61.72.U- DOI: 10.7498 /aps.73.20240602

* Project supported by the Science and Technology Program of Sichuan Province, China (Grant No. 2023NSFSC0044) and the
Fundamental Research Funds for the Central Universities, China.
1 Corresponding author. E-mail: bqfu@scu.edu.cn

1 Corresponding author. E-mail: qhou@scu.edu.cn

157101-10


http://doi.org/10.7498/aps.73.20240602
mailto:bqfu@scu.edu.cn
mailto:bqfu@scu.edu.cn
mailto:qhou@scu.edu.cn
mailto:qhou@scu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

HEITTESn, NoX &S BEALBEAERE R i 55 — 1 R BT A
REL EVAR FH KX NEB HEH FA

First—principles study on effects of alloying elements Sn and Nb on phase stability of corrosion oxide films of
zirconium alloys

Chen Tun  Cuidie-Chao LiMin ChenWen Sun Zhi-Peng FuBao-Qin  Hou Qing

5] Fi{i5 &, Citation: Acta Physica Sinica, 73, 157101 (2024)  DOI: 10.7498/aps.73.20240602
TELR T2 View online: https://doi.org/10.7498/aps.73.20240602
A ZE View table of contents: http://wulixb.iphy.ac.cn

AT RRROSGER A HA SCEE

Articles you may be interested in

CoINiI L FEMR Co, NiGa £y G b IS 4 BORTERURE PE RS — P B 58

First—principles study of Co and Ni excess effects on crystal structure and phase stability of Co,NiGa alloy

WIFE4. 2023, 72(15): 156301 https://doi.org/10.7498/aps.72.20230626

WETCFT B3 4 BN M Co, CrZ (7 = Ga, Si, Ge) 4 AR E ME AT 3 B 55— VEJRURAI 52

First—principles study of magnetic disordering and alloying effects on phase stability and elastic constants of Co,CrZ (Z = Ga, Si, Ge)
alloys

PIFRZEAR. 2022, 71(10): 106201 https:/doi.org/10.7498/aps.71.20212254

— PRI A B0 R AR B AR TE CullLIE b 53 OB AZ YR

First—principles study on effect of alloying elements on heterogeneous nucleation of reverse austenite on Cu precipitation

YrHE2E . 2022, 71(8): 086301  https:/doi.org/10.7498/aps.71.20212144

SiXJInconel 718F 4 H1 y FHFE M (1 55 — 1 R 5T

First—principles study of influence of Si on 7y phase in Inconel 718 alloy
Y2, 2023, 72(18): 186301  https://doi.org/10.7498/aps.72.20230583

T YEND,SiTe FEALEYITGRENE . H T AL AR SR — P R 5
First—principles study of stability, electronic and optical properties of two—dimensional Nb,SiTe,~based materials

PIFEAEA. 2020, 69(19): 197102 https://doi.org/10.7498/aps.69.20200848

Ta, I CAITa, Zr CRA IS MR PR IS T — PSR

First—principles study of structural stability and mechanical properties of Ta; Hf C and Ta; Zr C solid solutions

YrHE2AAR. 2021, 70(11): 117102 https://doi.org/10.7498/aps.70.20210191


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.73.20240602
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.72.20230626
https://doi.org/10.7498/aps.71.20212254
https://doi.org/10.7498/aps.71.20212144
https://doi.org/10.7498/aps.72.20230583
https://doi.org/10.7498/aps.69.20200848
https://doi.org/10.7498/aps.70.20210191

	1 引　言
	2 计算方法
	3 结果与讨论
	3.1 合金元素对晶体结构的影响
	3.2 合金元素与压力对t-ZrO2, m-ZrO2稳定性的影响
	3.3 合金元素对氧空位形成能的影响

	4 结　论
	参考文献

