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(a) Zr(0001)-2 x 2; (b) Zr(1120)-1 x 1; (c) Zr(1010)-2 x 1;

(d) Zr(0001)-2 x 2-X; (e) Zr(1120)-1 x 1-X; (f) Zr(1010)-2 x 1-X; WAIKE RS 2 Zr T, LORERE
J2 Zr JiT, BRI X (X =Nb, Ge) J51; BEJGBPUR RIS, BN JH T M5

Fig. 1. (color online) Top views of atomic structures of Zr surfaces: (a) Zr(0001)-2 x 2; (b) Zr(1120)-1 x 1;
(c) Zr(1010)-2 x 1; (d) Zr(0001)-2 x 2-X; (e) Zr(1120)-1 x 1-X; (f) Zr(1010)-2 x 1-X. The blue and purple
spheres represent Zr atoms in the first layer and the second layer, respectively. Green spheres represent the
X (X =Nb, Ge) atoms in the first layer. The black line is the boundary of supercell; the sticks indicate the

bonds between atoms.
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F 1 HREAE Nb 8 Ge E& &R LA TR EE (B, /eV)
Table 1. Adsorption energies of oxygen on the Zr surface and Zr surface with Nb or Ge (Ey /eV).

Zr(0001)-2 x 2-O

Zr(1120)-1 x 1-O

Zr(1010)-2 x 1-O

Site  Pure-Zr Nb Ge Site  Pure-Zr Nb Ge Site Pure-Zr Nb Ge

top —5.135 —7.146 —4.557 topl —6.849 —7.311 —7.741 top —6.919 —-7.419 —4.701
fcc  —9.343 —9.286 —9.026 top2 —8.772 —8.174 —7.629 bri —8901 —8.965 —8.869
hep —9.028 —8.972 —9.214  bri —-893 8971 -8.729 T1 —9.025 —9.107 —8.903
bri —8.55 —8.594 —6.776 T —8.874 —8.561 —7432 T2 —9.108 —9.02 —8.004
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Fig. 2. (color online) The density of states of Zr sur-

face and Zr surface with Nb or Ge: (a) Zr(0001);
(b) Zr(1120); (c) Zr(1010).
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B2, R 205, Nb A=A i 5 e 4B
KT0, R Nb 51 H 42 8 N BT 3 2 11 2 MR A

R, A5 KkA. HiL, Nb ASfEsE R E, &
i1 T A e B B 4 3. AR, Ge 1885 3K TH 1)
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SRR RE, B S R AE. Bk, Ge B A T SR AE
BG4 R,

FIAN, TN N 58 Ge FEAN [F] B a) () 2 1H, w58
REXANAHIF. 3R 2 AT %0, Nb #% % i # % Zr(0001)
Fam, H kA& Zr(1010) R, 3T 2 Zr(1120) K
e 1M Ge B % 78 Zr(0001) [ I g 2, k2
Zr(1010) K [, 7F Zr(1120) 1 = R KA. Ak
., Joik & Nb 8l Ge #REL 5 i 2R £E Zr(0001) K 1H].
L3 Bl B i 32 ThT AN Nb B Ge 78 485 32 THI (16 W B 14
J5E, T LA 4 T 73 B P A G 3RO B R T ) 46 B AL B R
M. 55, NbHl Ge o3 BI% 5 78 Zr(0001) 2 [H
3R, BRI 1Z 3 0 B2 oK [F]I, Zr(0001) ZETH
72 A 7 W PR AR T, TR 7 M 7 2 0 4 2 T
H1 46 S A B AT 2B 2 AR

#2 NbHl Ge FEER MMM ILRE (Es/eV)
Table 2. Segregation energies of Nb and Ge on Zr
surfaces (Es/eV).

Zr(0001)-2 x 2 Zr(1120)-1 x 1 Zr(1010)-2 x 1
Nb 0.009 0.171 0.025
Ge —0.499 —0.242 —0.319

B A ] U T IR B A TR HE RS
TE 85 R K Y B A Vi, Ml 8 — e ik
JE R IFUR KA AR TE A B, i B R b2
TR — U F 5 H ZrOy A EALIE. A4
TLE NS A 4 T J b M e S B, S A 4
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R BT ARG 400 % Nb il Ge X85 A 072
BRI BRI, 25 R, X P ARG RIS TR
TERS G SR IR EE 71, 75— B T2 b2 i g4
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A B 388 SR A P /46 i R T B 9 28 - S S W R
I3 B0 11 AN TR AT 1, TR L S A P ) SR R 2 4 R HL
TE JB ol ik (0 3 A 2 5 T B 4 D e T JES ok
PERE. A RTEH SRS R O RHE SR
SRS A B B 4 JE bt R PR A A R B A S T AL
VAL R P (A BUR R, S s 5
P SRR SR 345 ) [2:19,16,26-28] X AT g 54
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(a) Zr(0001)-2 x 2; (b) Zr(1120)-1 x 1; (c) Zr(1010)-2 x 1; HARRKE
R Zr J5 T, IREOIRER X (X =Nb, Ge) T BEHMS LS, L5 T84 275

Fig. 3. (color online) Side views of atomic structures of Zr surfaces: (a) Zr(0001)-2 x 2; (b) Zr(1120)-1 x 1;
(c) Zr(1010)-2 x 1. The blue spheres represent Zr atoms; gray spheres represent the X (X = Nb, Ge) atoms;

the black line is the boundary of supercell; thin lines indicate the bonds between atoms.
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Abstract

It is observed that the addition of Nb or Ge to Zr alloy can improve its corrosion resistance. Because of the
extreme importance of the mechanism of oxidation to corrosion properties of Zr alloy, we systematically investigate
the O adsorption properties on pure Zr surface and Zr surface with Nb or Ge using first-principle calculations based
on density functional theory. Firstly, we present the absorption energies to reveal the influences of Nb and Ge on the
O absorption capacity of Zr surfaces, resepctively. According to the calculated absorption energies, we find that Nb
and Ge reduce the oxygen absorption capacities of most of surfaces, and the only exception is that Nb enhances the
oxygen absorption capacity of Zr(1120) surface. Moreover, the absorption energy of O at favorable site on Zr(0001)
surface is much lower than on Zr(1010) or (1120) surface. Therefore, the initial oxidation of polycrystalline Zr should
occur at Zr(0001) surface and the absorption capacity of this surface takes a predominant role in the initial oxidation of
polycrystalline surface. Secondly, the segregation of Nb or Ge in Zr alloy is anisotropic. We find that the segregation
of Ge to surface is exothermic, while the segregation of Nb to surface is endothermic. Nb and Ge migrate to Zr(0001)
surface more easily than to Zr(1120) and Zr(1010) surfaces. Therefore, the influence of Nb or Ge on absorption property
of Zr(0001) is much larger than that of Zr(1010) or (1120) surface. Based on the adsorption and segregation properties
of Nb and Ge on Zr surfaces, both Nb and Ge can reduce the oxygen absorption capacity of Zr surface and inhibit the
initial oxidation of Zr alloy surface, which can be used to understand the experimental observation that Nb and Ge can
improve the corrosion resistance of Zr alloy. Finally, the electronic structure analysis shows that the influences of Nb and
Ge on oxygen adsorption capacity of Zr surface are exerted by changing the d-band distribution. According to Hammer-
Ngrskov d-band center theory, the absorption energy of absorpate on transition metal surface is mainly determined by
d-band center. The addition of Nb or Ge to the Zr surface changes the location of d-band of the surface, which results
in the variation of absorption energy of O atom on the Zr surface. For absorption at top site on each surface, it is found
that the absorption energy of O only depends on the d-band center of the surface atom below the O atoms. However,
for absorption at favorable sites on each surface, the absorption energy of O atom is influenced not only by the d-band

center of surface atom, but also by atomic structural properties of the surface.

Keywords: adsorption property, zirconium alloy, corrosion resistance, density functional theory
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