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bee ff#&; (¢) z = 0.5, SQS-8, hep fi#; (d) z =025 B & =
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Fig. 1. Supercells of the AgzBji_; random solid solution:
(a) z = 0.5, SQS-16, bee lattice; (b) z = 0.25 or z = 0.75,
SQS-16, bee lattice; (c) z = 0.5, SQS-8, hep lattice; (d) z =
0.25 or z = 0.75, SQS-16, hcp lattice.

3 BEMER

3.1 RSS &mlgHR R~

WIRTSCRTIR, FERPLE B B A 4, f—
AT R AR B HEA 75X (BT L) A bt
BLIY, BCE &P oA K e 2,
1T [ 5 A o IR A A P 3 A i OO HE A 114 3
ST AR R A M R A X R R T
R A0 A R A 75 2 R 8 R B RST, Bk T AT
BINRCR S, MONECR IR I, i, 2
JNUR 52 RE SR TR 2 Y RSS M AY I AR

FER 2 RSS HE I R ST A% SC A% 1 A
Wi AN R T S BURE AR 1R 22, B R 7R R 2%
RIS Y BAR Y18 22 S PR RSS BRASTEBEHLEUY,
ERET I, SAEURRE YRR (R TR
Fic {3 1 28 Jg sl b AN [R) HE S 7 =X, /N RH
FROBERL AR, [ 5 A 5 T REA R S K KI5 . AR 3¢
HOR IR 22 52 SR

033103-3


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 % 3R Acta Phys. Sin. Vol. 70, No. 3 (2021) 033103

AEA=P1-=
T H (AzB1—2)
X, ABABr—= 2R i M 78 5 | 1) BEAIL T v R A
RefE bR Hr (AsBio) NG SIE RS, it
RN W)

Hi(AyBy_p) = B — 2B — (1—2) EP, (10)
He B, EP, EQT 7 S RIhAITEE A, BRITE
R A5 A R A Bl B SEASRE
THETE BRI, LA Vegard 5 B0 4 S A% BUE
YRR ASEL, 3B EASRE .

AFERSHBIE I AR R ZE N E 2 PR, X
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8% ZEAT; M IFF A #2000 4~ 16000 4
Bf, A TR 2200 529 0.8% F1 0.3%, HI7E 1% LU
T, Y JE S B0 2000 B, bee #
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F| 32000 ™RS5, M AR 25 N 2.4% BER] T
0.4%. H, 785 3¢ MD FflH ) X T SQS i i
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A 4 T4 Bl 32000.
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Fig. 2. Configuration Errors of Zr-Nb alloy with bcc and
hep structure in different supercell sizes (relative errors of

formation energy).
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HZIJ7T i T SQS B ML AT RSS 8 M 7E 25 -k
FET B~F- A% AL, A5 RN 4 R, Bldig L
# 1 Smirnova Fll Starikov?® 2k H ADP (angular-
dependent potential) #5345 BG4 s 4L

—6.8850

Zr-60%Nb-bcc

—6.8855

—6.8860

—6.8865

Energy/eV

—6.8870

—6.8875

—6.8880

3.39 3.40 3.41 3.42 3.43
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Fig. 3. Relationship between solid solution energy and lat-
tice constant of Zr-60%Nb alloy in bcc lattice.
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Fig. 4. Relationships between the alloy lattice constant and
Nb concentration obtained from SQS and RSS models: (a) The
bee lattice; (b) the hep lattice. In Fig. 4(a), the experiment-
al values were obtained from literatures®?! and the lat-
tice constant calculated from the ADP potential function

was taken from Smirnova and Starikov(.
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Fig. 5. Total formation energies of Zr-Nb alloy calculated

from the RSS and SQS structures: (a) The bec lattice; (b) the
hep lattice.

033103-5


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 % 3R Acta Phys. Sin. Vol. 70, No. 3 (2021) 033103

225 298 1 kJ/mol (KT RSS B A 45 11 1% 22
~0.01 kJ/mol); Xt F 50%Nb, JE Wi fE 2 5 4 K
2 kJ/mol (KT RSS 112 0.3 kJ/mol). X}k
&l 5(a) AN, hep S546 B AMELAY A TE B AE 25 5522
KT bee A& L BUAE2E 57, HBUA AT e, AR 3C
3 B9 hep dhA% SQS AL, 44 3 B A U045 HiF Y
(z=0.5)FIHI = (z = 0.25 5L 0.75) JL 4B [ J7FXF
SKHKpREL, T bee Mk SQS HMITEM R, 15T
HIPY (z = 0.25 5% 0.75) FIHT 1L (z = 0.5) ITLFAYE
TR OCHK PREL.
3.2.3  AeE-RARE L
A H ORISR BURE 2 [ 1A G 4 1 P A S
PERT, i RESE-AF (B-V) R T LA R R A i
B (An: IEAREUEIK) PR, B-V OCERT]
JH Rose 55 P72 H PRSI 72 (EOS) RKefliik:
E(V)=—E.(1+a"+0.05a") e, (11)

o) ) e

Hrp VREIETIEBL BRAART R, B,
By 1 Vi 43 B TPHPRAS F 45 4 fig . AU bt
HUE TR

—6.1 —m— Zr-25%Nb (RSS) —4— Zr-75%Nb (RSS)
—6.2 | —o— Zr-25%Nb (SQS) Zr-75%Nb (SQS)
—A— Zr-50%Nb (RSS)  —-— L1,-ZrsNb ADPI2

—6.31 —¥— Zr-50%Nb (SQS) ---- B2-ZrNb ADP[
T —64 ~--- L1,ZrNby ADPEL___
£ —6.5
9]
% _67\‘$A. o .A.;l-.*—/
E —6.8F o —
5 —69F T T e mem T
& —70fk.

—-7.1

—7.2F

—7.3 L L .

0.90 0.95 1.00 1.05 1.10

A%

€1 6 bec anfs RSS @M SQS AR E-V i<k, LI ADP
P EGR, Hoh, Z 3008 ARTE AR %Y SQS F
RSS # 7H f) B 1 1T A AF, %7 09 ith 2k 2 ) EOS 7 & 7 41
AR B-V iIhZk; BRIk SO R Z A RIZE 2 Smirnova
Fl Starikov? 75 2| ) ADP #5451

Fig. 6. Energy-volume curves of RSS and SQS supercells in
bee lattice, and the calculation results of ADP potential.
The polygon and circular icons are the energy calculation
values of the corresponding SQS and RSS structure, and
the corresponding curves are the E-V curves obtained by
fitting EOS equation?”. Single dotted line, double dotted
line and short dotted line are the calculated results of ADP

potential obtained by Smirnova and Starikov!?.
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Fig. 7. E-V curves of Zr-25%Nb alloy obtained by SQS su-
percells and RSS supercells in hep lattice, and the calcula-
tion results of ADP potentiall.
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Table 1.  Properties of Zr-Nb alloy obtained by fit-

“woko»

ting EOS equation, and the is the fitting result
of literaturel'”. The first line corresponds RSS struc-

ture, and the second line corresponds SQS structure.

Alloy a/A  ¢/A E./(eV-atom!) B)/GPa

3.527 6.450 96

Zr( 75NDbg o5(bec)
3.531 6.447 100
3.200 5.097 6.468 144

Zr(,75Nbyg 95(hep)
3.202 5.100 6.477 142
*L1y-Zr3Nb 4.49 6.45 107
3.442 6.745 118

Zr( 5Nbg 5(bcce)

3.441 6.744 117
*B2-ZrNb 3.48 6.69 116
3.366 7.127 153

Zr( 95Nby 75(bcc)
3.367 7.124 156
*L1o-ZrNbg 4.34 6.96 100
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Abstract

Irradiation damage to zirconium alloys (e.g., zirconium niobium (Zr-Nb) alloy) is the key to the design of
fission-reactor structural materials and fuel rod cladding materials. Atomic scale computational simulations such
as molecular dynamics and first principles are often needed to understand the physical mechanism of irradiation
damage. For the simulation of randomly substitutional solid solution, it is necessary to construct large-sized
supercells that can reflect the random distribution characteristics of alloy elements. However, it is not suitable
to use large-size supercells (such as = 200 atoms) for first principle calculation, due to the large computational
cost. Special quasirandom supercells (SQS) are usually used for first principles calculation. The SQS can partly
reflect the random distribution characteristics of alloy elements, but it only corresponds to one configuration for
specific components, hence whether this model can reflect the statistical average of multiple local configurations
in a real randomly substitutional solid solution is still an open question, and needs further studying and
verifying. Molecular dynamics (MD) simulation can be carried out on the randomly substitutional solid solution
with a larger scale based on random substitution (RSS) method, these supercells include more local
configurations. Therefore, the MD studies of Zr-Nb alloy are carried out for the RSS and SQS-extended
supercells. The critical size of RSS supercell which can truly reflect the statistical properties of solid solution
alloy is determined. Then the lattice constant, formation energy and energy-volume relationship of SQS-
extended supercell of Zr-Nb alloy and a series of RSS supercells are calculated and compared. The results show
that the lattice constants, the formation energy and energy volume curves of the solid solution obtained by SQS
supercell simulation are close to a series of corresponding statistical values of the physical properties of RSS

supercells, so the SQS supercells can be used to study the random substitution of solid solution alloys.

Keywords: Zr-Nb alloy, molecular dynamics, special quasirandom supercells model, critical supercell
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