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Research status of density functional theory in corrosion of reactor alloy materials
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Abstract After decades of research, the problems and behavior of the corrosion of reactor alloy materials under
service conditions are clearly understood. However, some problems in corrosion of reactor materials have not been
clarified, including the critical corrosion process of the reactor materials under operational conditions, the role of a
single factor in the corrosion process, and the prediction of corrosion behaviors of new materials in extreme
environments. The density functional theory (DFT), which is based on quantum mechanics, can be employed to
accurately predict the motion process of atoms and the change in the relevant energy within a very short period. The
DFT has become an important auxiliary method for investigating the corrosion process of reactor alloy materials in

recent years and can help solve the above problems. In this paper, the DFT is firstly introduced, which mainly
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includes the theoretical basis, development process, and mainstream computational software. Then, a comprehensive

discussion and analysis are conducted on the current research status of DFT applied to the corrosion of reactor alloy

materials, including the adsorption, separation, combination, and internal diffusion of the reactor alloy material

surfaces in the environments of water-cooled reactor, liquid-metal-cooled reactor, and molten salt reactor. Finally,

future development trends of DFT application in the corrosion of reactor alloy materials are prospected.

Key words Reactor alloy materials, Corrosion simulation, Density functional theory, First-principles calculation
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Table 1 Introduction to software based on DFT
A4 FK Name {5 F¥/F 1] License
SPTIE FE A Plane-waves basis sets

VASP AL B Commercial software ®
Quantum Espresso #F GPL #3131 1 Based on GPL
CASTEP AL At Commercial software”
ABINIT 3T GPL Wil 8 ] Based on GPL
CP2K* B GPL Wil f# ] Based on GPL
CPMD G B AE ] Free

ONETEP P kAL A Commercial software
BigDFT T GPL W3 F Based on GPL
DS-PAW AL At Commercial software

JEF 08 26 4 A N FE R Atom-centered basis sets

Mk AL B A Commercial software
G218 H Free

Gaussian
GAMESS
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At 44 B Name {4 FHF T License

Molpro AL R Commercial software
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Turbomole P AL 8 A Commercial software
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Notes: a. Free for academic institutions in Austria; b. Free for
academic institutions in UK; c. For academics; d. CP2K
employs mixed plane-waves and atom-centered basis sets; e.
GPAW can also employ plane-waves or atom-centered basis
sets
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Fig.1 Number of articles published by mainstream DFT
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Table 2 Literature on DFT calculations of corrosion of reactor alloy material in water-cooled reactor environment
W FRHLH FAEE 2% N 2 Research content A
Research institution  First author Year
Hunan University LiuZ SE Zr(101 )2 T W B 47 0™ 2021
Adsorption behavior of oxygen on Zr(1011) surface
Capital Normal Wang F SALE Zr(0001) &7 TH] [ B ik FE 2008
University Adsorption behavior of oxygen on Zr(0001) surface
Shanghai Zhang H SEEARCOK T4 805 2 T P VR PR A 2018
University Adsorption of oxygen on zirconium surface with low Miller index
University of Nicholls RJ  #i4xJ& /S 04 1 b K B 1) B 0 S8 AL P AR ) 45 A=) 2013
Oxford Structure of the zirconium oxide phase found at the zirconium metal/oxide interface
Kim Il Sung JongJ Y B St T e R R AR B RN K AR SR A AW BHE AT Adsorption of zirconium 2023
University to hydrogen produced during corrosion and hydrogen co-existing in water
Idaho National Glazoff MV SALESTEERI i (19 1 F ™) 2014
Laboratory The role of zirconia in hydrogen absorption and diffusion
Université Haurat E AL R AR BT 2022
Paris-Saclay Hydrogen diffusion behavior in monoclinic zirconia
Hunan Feng M INTT BEHEHERR L Chep-Zr) A 2% 5 -S4 AR LA 0 2020
University Impurity - hydrogen interaction in hep-Zr
Xi'an Jiaotong Liu SM LAY RS B A TV I R 2022
University The process of precipitation of hydride in zirconium matrix
Institute of Applied ~ Zhu XY ZrH_ T2 7 (x = 0.5,1,1.5,2)2 2018
Physics and Compu- Thermodynamic properties of ZrH, (x =0.5,1,1.5,2)
tational Mathematics
University of UdagawaY #5522 RE 0] EE) 2010
Tokyo Comparison of fracture properties of zirconium and hydride
Malmo University ~ Olsson P A ST A0 G 72 R R s e Y 2015
Effect of hydrogen filling vacancy on mechanical properties of zirconium
Universite” de Lille  Legris A TULAE B B [T S5 M A T AR B A7 ™ 2005
Adsorption behavior of iodine on zirconium base and prismatic surface
Imperial College Podgurschi V Ja &R /K 73(—2% ~ +3%) S A, BRI 45 B A4 RN 2 T P A E A B 2022
London Interaction of iodine and oxygen with zirconium substrate and surface
under hydrostatic pressure (=2% ~ +3%)
State Power Invest- Tu R B S A TR G BT BGRE 3 B 22 MR B 4525 Formation energy, 2018
ment Corporation diffusion barrier and vibration frequency of complex iodine defects in zirconium
Research Institute
Los Alamos Rossi M L AN[E] ) PBE Ji% 347 v 50 22 R Ak 85 P2 M B i 22 16 BB B Error comparison of 2013
National Lab different PBE pseudopotentivities in calculation of various zirconium iodide products
Los Alamos Rossi M L ISCC HH )l 42485 11 s B i ) 2015
National Lab lodine-oxygen-zirconium reaction process during ISCC
North Carolina Rak B B AR TR (304\\3 16) ) 2 T g 2017
State University Surface energy of austenitic stainless steels (304\\316)
City University Wei J JKAE FeCrAl(110)7% 1AW Ff (1 25 44 2019
of Hong Kong Atomic structure of water adsorption process on FeCrAl(110) surface
Sun Yat-Sen LiX]J Z1E Fe(100) A1 FeCrAl(100)3% [f {1 Wi 2021
University Hydrogen adsorption on Fe(100) and FeCrAl(100) surface
Sun Yat-Sen LiX]J Fe.Cr. Al fll FeCrAl 4 (110)Z i _L &R T W% B 47 4" Adsorption 2022
University behavior of hydrogen atoms on (110) surfaces of Fe, Cr, Al and FeCrAl
Anhui University LiuZ FeX3 <110> (11115 <001> (310) % F* F 4 (11" Properties of 2021

oxygen in grain boundaries of Fe £3 <110> (111) and £5 <001> (310)
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R 0001) , 1M 7E NG Il b AU BRI 2 A T4
e S IR BT AE A R 2R TH (11200 AT C(1010) 6

2 5 ERPR(0001)ZR I ILIE FAr i CRE FEL AL IR 246 i)
Fig.2 Common adsorption sites on Zr crystal (0001) surface
(color online)
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Fe At 248G, SEENZ TR, i E %
IR
22 HEAESREEAIDFTIHE

SAENEE- K B KR R 7=, 1% 5
BENEE B SRR I 2 W 2R B S . X B
B EAFE AN 10 &8, BF 98\ 52K F DFT # s i 7t
T HY BU N RE R A 12 R

Jong 22 il GGA-PWO1 72 B34 DFT #4411,
WL T T o B e AR AR K R SR AR EUTE Ze R
T CO00 1) MR B B G o 2 B9 2 o A ) (K VR B A7
# 2 hep 7 £ 2 FLA7 I S0 BHE 85 R TR, & 0
P e 5 N B R 3 8 IR ) d T A A AT
0 TS b o 5 ) ik S T 1 s B0 LR T
p BUTE A0 ES B F R d BUIE 2 TR A SR AT .
Glazoff 25§ il GGA-PBE ¥z i 3t 17 DET £41 , #F
Ji T EANE G &b Ay L. fEE I ES
F gk Zr-2 A Zr-4 & & = PO R S 6 1R IR
178550 °C, AU EE IR 73 #3509 0.056, 15t W & <5 L7y

XY B AR R, fE A B A EER T
ALY B BRI R . Kl 3 B, 7R A A
Yy B g1 R AR R . AR T NRER
JR 5, W T RIRER E 8 IR 1 A 5 AR TH A
R e ARKRERE T, HF AR NER
o SAJE AT\ AR ] B A R ] G SR AE T3
A\ T A4 Ta) B H s 47 T B3 i SR A HLa TR A
PVES IR AR BT R, BAS B I 78 A L
@R b, FEK B OB E M BRI AT R B AR
d7 A A B . R E AR T (0001) 75 [\ [ A
B, TR T &5 TR A AR AR ] BR8] (L 72 55
2229790.6 eV AEAFAE T AR (R B B, %35 42
B3 0.9 eV, Haurat %™ i H| GGA-PBE 72 i it
17 DFT #2400, W 50 1 S RSB & i vh R BT
N RIVE 5 =& ok b S| A ES A AR e T 3
AT BN S, @SR T AN AR TP
BUEZRERER . 4681023 P 8 S0 R EB
ARSI T SR E T BRI,

B3\ kE i R 7 5 SR A B
R L LI 288 D)
Fig.3 Positions of O and H atoms in octahedral interstitials
(color online)

b SR E T 5, 2T BUSCIR S A B UTE , 11T
W R L AL ) SE JE 1 . Feng 2578 F GGA-
PBE i iR 31T DFT #5440, B 5¢ 1 hep-Zr & A AE
TE K I hep-Zr H & 17 T o5 475 9 T A4 1) iR
LB, fEA AL ES A T G 4 )\ A (R B A7
Liu &S50 7 S UTE R 72, R T2 8
ity ] BBl () SRR N 73538 I T S AE B R R s
T BB BRI T A S B B RN T, S B
P i B FRATG L 4R HE T A A 2 - AL B T - 4
-2 A A E KR . Zhu @ H
GGA-PBE 7z ¥ it 47 DFT &40, 11 5 7 ZrH, (x=0.5,
1, 1.5, 2 W8T 514 7, 3-45 1 B 5288 B (1Y) ZoH,
S5t . ZrH, B Aa i I 45 44 0 Pnm XK, S5 K IR
P3m1¢-ZrH, B A R 4F 3 7150 71 5 A28 P ZeH
AR E I 45 44 /& P42/mmce ¥R ; ZrH, 1 P42/nnm 25
FATEAR IR T e fesE » 10 Pnm 45 K9 78 B iR N e A e
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ZrH, ) T4/mmm (c/a=1.25) R FR W RS G5 ) Fe ka5
X 556 gk B —3, Udagawa %" i} GGA-PBE
2 oK 4T DFT A& 00 F 78 5 & [ % 1k (0001) i
(1100 TH 5 &40 85 (LT THT 4 B 24 44 B8 R el BH g 1k
LY, R4 H/Zr<0.5 ), S A0 85 R0 b 4t 1 2R T
e AUAS B2 HE LR BE 20 0l B AR T 15%~34% F1 50%~
100%. 5 4% A0 b, S B B 3R T RE /N 25%, 25 5
7 A W AR T, T AN AR E ME R RE K 200%~300% , HE LA
HEAT AL E S, L S LB 5 S it . Olsson 257
1§ | GGA-PBE iz i i 47 DFT #&40, BF 78 1 &IH 7S
25 K s B AR 1) g PR RE R RS, R B S 6 A
BRAK T 3R IHRE , 15 24 AR e , NI FRAR T 48 1
LI G NBEAR T W 24 (R AR IS 7, 1 28 A7 4 S
FOb, VAR N 7k — D B

23 $#44EISCCIEEMDFTIHE

AR Pt o 5 SN AR R ZeL, Zel R Zi,
H Zrl, 7E 200~500 °C ~ H A #% K %, 7 1100~
1 500 °C '~ AJ PAPTAALE 178 B9 88U 4 viig ) b 77 I 0@ i
S PETRE R T BT BRI AR I R R AN
AR RN FEBEIEAT , FEUISCC L R, 15 i A
BN ) FECEHF R MIE N T i R e, ™
HE S SRR

Legris 25 ffi | GGA 7 st 47 7 DFT B4,
FUT T E5 OAH AR, 45 SR 2 W B S B0 1)
A RE 2R T e ) 3 PR AR (80% LA F) , JE I 3%
T BE PR AR b b A i 2 vy, X St a5 R — 2. S
R RIS R E N 3.2x10° cm® s, Podgurschi
LB N ARSI T ISCC 1 R JE L 18 T GGA-
PBE 72 pR 64T DFT 8440, B F 1 76 Jiti 0 i 4 6
(=2%~+3%) %11 T L Br o v b -4 - 5 1) A0 ELAE
Fo g5 SRR, TS 4 85 )\ T (] B 16 71 o e B I
A I (1) 388 R 90 , T TR AR B PR T2 i X 2
AR AR AU . B A A = RN, AL Jo () T R
AE M 1.03 eV 1 N5 8.61 eV, 1IF B 1 480 % it /&) 57 1)
PREER o (RIS R I vy 1) 9738 2 S0 ) Bt sl o P
R, TuZERd ] GGA-PBE 2 B 7 300~2 000 K
)5 82 30 BBl P9, SR B AIMID AN 0 A48 235 T 4%
SRR A TR A T B RE 3 B 22 FIIR S A%
EARB G 4 fT s , 58 6 R 7 O R T B T8
JEF K H R o 2 (R B A B, RN B 0 T B A B
Ry R 7 O R T B T B B T A BN R
RSB s B8 T ORI T S 8% T RIBRAL L, AR (A]
B AR BB 5 (A €0 R 2R AR SR A R 1 BB AR e o R gl
B 4 FERREAL B T BIF 5 40 HE SR X s B 3 4
FARHE sz () 3 AR R . &I 300~2 000 K 75
P B ) B BRI i A 25 A6 117 B e B 2 T

) 5 B LA S 18] B R DR, 28 2 el G i 1
iNEN

B4 AR A B CRE B LI 25 F5O
Fig.4 Common defects on Zr crystal (0001) surface
(color online)

W95 ISCC HLAIIN , Rossi £ % /& 1 Zr, 3% K
P, B R 57 1E 1) PBE Ji %4 . 2 22 56 (4 BB 1E 1) PBE
Ji& A4 YU AR ) 8BRS IF ¥ PBE JE A3 AT XF LE, K
P AE P § 48 4 3 (0 BURE I (1) PBE JI 3445 21 1 4R FR
P 5 BB I i N BRI . 2 )5 » Rossi 5 I
ISCC HHIA] A] B S B3t A2 5 T8 3R A7 E O3 14
A, ETE B R R A . SR, A 7E SRR
(1047 0 B AT DLV B 5 R R TR i ZeIx AH TR &
W, TR B - ) R GE . Bl 2A A B 77 ) 38
T, & B LR & SRR 5 W SR R AR ik, B A RO B
JIIE e IF 2T UG A5
24 HittRRESEMRKERADFTIHE

Réak 2 {# Fil GGA-PBE i2 B8 #E4T DFT B4, f
FUT PR BB PR S 45 49 (304 A1 316 D R (111D
(1000 (110D [T 58 , A I B [RAR AN AN A7 A 25 ) S
P, HES B % H e g 2 (111D, H k2 (100) A
(ORI EFH Y TR TIRE pHE S KER
HH BT (Fe* JFe™ N> Cr ) ¥ 15 ) I AN 45 4 22 T s
SEMERIRRERY . R I CLI) T 0 2% T A e Pk B L A
pH {H 1) FF 15 17 BRI 5 Bl 7K V85 W B8 94 8 84 /b &2
Ham .

Wei 2505 F|l GGA-PBE 32 #4347 DFT F40) , #JF
F T JKAE FeCrAlC110) 2 T W B i 25 Rk 7Y, 45 3
B 7KAE FeCrAl(110) 3% [ 1 Top o7 W ft G 55 K, 7T
R ITREKMEE SR K. Li% E A GGA
F5E T &R F A4 175 8k (100) AT FeCrA1(100) %
THI PRIV B S R IR B 7 AR & 5 &R 7B M EAE A
B IR T 55 10 B ER R T 2 1 R A L T 5 AU A TAE
Mo M8 R T AEBRR T 55 B, X AN 7 (R -48
WAL A LU > S & A BEAE R« LiZER a8 H
GGA-PBE iz R #H 17 DFT A 400, B 58 1 8k L% JER AT
FeCrAl PUFf .00 37 77 di 4 (1100 F T - &R 7 i
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BEAT o 45 TR W, AR ATRE o P R B A A B 1) B
M), B 57 2 B B e S e B 5 A ) AR ELAE FH SR s M
W B o Liu 254§ H] GGA-PBE 2 BA 1T DFT £i41,
WF 5T 7 4400 57 5 8k i A £3<110>(111) AT £5<001>
(310 H ] B 420 1) ¥ R R B 28 , (1] ot 4 - B it
] TV AR AEAR OS2 T B, FRTE R P R 2w AT
NI R E

3 REHEESMBERSERQIHETRE
TE A DFT &1+ &

WA e E B A T R R b

VRS, 1R S B HE [ ER AR A E 5. i, V]
ASE P AE B A B ME 4 EN 5705, VRS B B0 A Y B
& 4 (Lead - Bismuth Eutectic, LBE) F 1F 4 3%
T (1074 EN 7T, VRS B AR SR AR HE (1A H1 57 5
WEE R SRR T R BIHE R R A
KGR Z I AN SRS 4. IEM R
PEJTTH , RS & )8 2 ARG AN A BRI o A9
TEMAS A LBE HRANEANAR 25 5 I AR Vs At Jig ok, I
HR AR ITR™ HE A RSN (E S '
HITE 10 pgrg BA O 5WBMAE L. R 3R
TWESEIAEE T RS M RHE P E 7 DET
SCHR o

R RSERMETRNESEMEE IR DFT HEHCLS

Table 3 Literature on DFT calculations of corrosion of reactor alloy material in liquid-metal environment

WEFEHLAL BEE EEAR Ty
Research institution First Research content Year
author

Seoul National University GilJ AAEIZS Na 7 AR )G Enthalpy of dissolution of oxygen in liquid sodium 2020
Japan Atomic Kikuchi S 7K 75 7 7E A Na K [H] 1) [ S i F2) 2012
Energy Agency Reaction of water molecules on the surface of liquid sodium

POSTECH, Republic Kim ST 4N7E Ti(000 1) T kW B 2015
of Korea Adsorption of sodium on Ti(0001) surface

Ohio State University Li X AR5 2240 2R J0 2 52 Y Effect of lanthanide doped in liquid sodium 2017
Ohio State University Samin A 1000 K 55 T A8 Al e s 2015

The properties of cerium in liquid sodium at 1 000 K
Sichuan University Long X 4 AIBBJIE-T1E Fe(111)3% [ AR B/ Y 2022

Interaction of Lead and bismuth on Fe(111) surface

Institute of Solid State Physics, Song C  LBE 5 Fe(100)2 [fil i AH TLAF FH " 2014

Chinese Academy of Sciences Interaction of LBE on Fe(100) surface

Sichuan University LiYF  LBEJR 75 Fe(111)FH RS2 Th (AR 1 S 2023
Interaction of LBE atoms with rough Fe(111) surface

Sun Yat-Sen University LiuT LBE 7E 8k 3 480 i A AL 14 J3 o LR B2 & 4 76 2 525 Corrosion mechanism 2022
of LBE at the grain boundary of ferritic steel and influence of alloying elements

Sun Yat-Sen University LiuT Fe Fll Fe,O, & X} LBE J& i () HUZ 4 Corrosion sensitivity of Fe and 2023
Fe,0, surfaces to LBE

Sichuan University ZhouR  F%(LBE 5% &4 0% K Fe 10 FJE 47 95 Corrosion behavior of 2023
oxygen-containing LBE and Fe surface with alloying element

Chinese Academy DingW &%t 5% EN-LBE 41 )47 45 2019

of Sciences Behavior of alloying elements and oxygen at the steel-LBE interface

Chinese Academy XuyY LT R THD PR PR B ARk [ v S Ak i Ik 7257 Adsorption of lithium 2019

of Sciences on the surface of iron and the escape of iron to liquid lithium

Tiangong University LiY HHTE bee-Fe 3 BUTI 5™ Properties of lithium diffusion in bee-Fe 2009

3.1 HAMMEHMAIDFTIHE

R ANV PRHEBA 55 AAF ARAR A 1) R, [y b
FHREIT T BN 2 MK 7T, S H R A B e
PRAE ) TREAL BT ARG , I 1 K E N IS IETE S
56y {EZ R F DFT 77732 00 o AR 66 68 e ) e
WSCHRARIE - (HA , BEXT AN RHE R IB AT 5 2 42, 1

A % FH I H DFT JF R T 84 1M 53 DA R BN /K R Y 1)
[EPRTII

Gil"“* i F§ AIMD XA vEHEAT T LT 72, 43
FI7E 600 K F11 000 K i 5 T & AE RSB H 1075 il
18, o A 9-387.1 kI-mol™ A1-374.0 kJ-mol™, 600 K
A 1000 K i@ N Na,O B9 3 R 18 20 il N
28.6 kJ-mol™ #138.2 kJ-mol " 25 {1 S 45 . it 55z
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6 B0H Lo 3E B S S SE I B A BT i — 3
P, INTTTERAIE T 1% 7 1 148 250k

B — B AR , S5 A S EOK B il B2 e AR TR
ZUR N N 7K [ B (Sodium-Water Reaction, SWR)
FEENA TRMEI E g AR 2 — . Kikuchi S50 i
F AIMD 5§ SWR FI¥] 4k FE k4T TR0 5, R B0
RGEFEF KT T B A FP Y shae m TR A 22k
N A2 R K AR B fE, SWR H R HEAT . AR %K
B < 7K 75 YA BN 32 THI 1) e 5 7 22 52 2 K o T A
TR B 2 THT 1) 5 TR BRI 520, 7K 0 PR A B T
PREN R T I S B g 22 K o Kim 2597 R B ] DAYE TR
PRERINN 2 at. %[ Ti KBRS 1 SWR, JF 115
TAATE TIC000 1) THT 1P B B, BEDRE 1 41051 SWR AL
B, B TR T SRR Bk R T 2 A 45 A
AR RGN TR LR T — BT, 30 T
IKE BER AN 3 SWR T i S L RE , Higib TH 2
SR 38, T 1B KRB

TERH & BRI R RS, N TR m ek
TN I B 5 JRE 5 0 5 1 ) B A BT A B 2
— PR T B, R TR B R 4 R kL DL R SRR
ZUAR P AN AR B . SEIHIT I R I AN
IS IKERR ARG AZ R R A T 2
W20t bk fe = A5 m . Li (8 GGA-PBEZ i,
FIH AIMD B 78 7 A SAH & B R oo R R =
Fh — o0& JBAK R AE 723~1 000 K R ()1 i, K ILAE
723 KN, i B AT 5 Boy-i 2 IE RS 8-
BRI U 2 BHONTRAS , Bl (R P B R S IR
(A% A8 PE B 5 o Samin'™ 7 6 T 4E LAl B AE A
GGA-PBE iZ Bk , F| FH AIMD % 44-5li1k R 34T 7 8
RTE PR TT . THE 25 R 7E 1000 K i,
BRTERASP E R /N T 0.78 at.%, I HL R EUN
5.57x107° m*s™ o WF TR I, 2> 5 Bl AT DL 25 0
RS R

32 $REVATREIRATE A DFT 8

FERVER VA TRIE T, A5 80 5 LBE i) 22 %
RO EBES SR IE M. B 1 T R E R SR
WEFLLASL, 9 T SE A7 sth e R AR Tl L), VF 2 2
W TR S LAE . Long 52" H GGA-
PBE iz pf 47 DFT #540, , iF 50 1 45 MBk J 1 7E Fe
(LD R PIH AR, K3 fec A7 0 E AR R 1
1 TR B 2% SR B B, IR BE 23 i) - 2.66 eV il
=3.07 eV Bk J5 75 15 2 Th AN PG B CobD) T
3% H BE 5 A 5.11 eV FlT 4.58 (4.56) eV. Song
04 GGA-PBE 32 % #3F 17 DFT #5240, W 5 1
LBE 5 Fe (100> & [ 1) AH B AE 5 45 #0480 5 7 78

(100 3 [H 9 1) B A7 B 8 R A (W B o L S0
F GGA 7z s 34T DFT 541l , R i 7 LBE Ji
-5 Fe(111) HURSE R THI U AH ELAE FH , W B e FH % H g
Y22 WA () Fe (111) 2 17 b B AR SR T LA 50 9 (1)
JEg b, 3 2 S E TR AR 2 T Rk s T A
PSS 2448 R 1R 4 B R T IR
P eE , R IIE e & B v W SE M R 7E Fe(111)
FEURE 2 T P B B 5 388 DR o0 2 B h R R B
TG EAE Fe (11D KRS R TH W P g o Liu 5558 H
GGA iz PR 347 DFT & 48L , #f 5L T LBE 1£ bee FeXs
(013) Fh AR (1) JES LB, R B FBIA 2R 2 i i S5
T FESLRZMK TS5 8 7 A R s s . A
AN R TH 22 TE X Fe,O, &9 )2, Liu % H GGA =
BRI 3EAT DFT ASADL , Sk — A0 e i W B ik itk e 41 ik
T Fe Al Fe,0, & [fi %t LBE J& il (B0 . 45 R
LBE £ Fe B¢ Fe,O, # T (17 W Fff B T Fe [173% tH 68
Fe,0, % Ml Lt Fe [ S i} LBE A f#fi ih. 1t4h, LBE
JR 70T LAAR 25 5 Hu W Bt 75 Fe 210, 1H X BE7E Fe,0,
Fm b e 7 YRR E R . Zhou S5V A
GGA-PBEiZ BT DFT 40, WF 72 T % In O i 711
LBE 5 AN 854X v () & 4 76 & (CroNi. AlL S 1£ Fe
CL11D 2 [ Y ST AT 2, 15 2 8 Ph Bi F1O J5L 1
9 BCRE LT A B FL IS 2, BB FE Fe-LBE
G AR T B A 2 0T DA Sk v A e i ol
Ding 2:°§i F| GGA-PBE 2 i 1 17 DFT 141,
WAL T AN (110D & T H A 4 o0 3= F ARl A
LBE H 4 #0474, T 5 H Fe-O.Cr-0.Ni-O. Al-
O M1 Si—O B 1 J¥ KL i 73 7 1 -0.56 €V.-0.60 eV
0.05 eV.-1.08 eV fl-1.11 eV, 3 & BLLE 500 °C i)
AIMD #EH, 20 ps P Ni-O 85t 2 %4, Fe-O . Cr-
O.AI-O I Si-O BN AH M Fe e o AR AN
LBE 4T . B R T 1% % 2 LBE H, 1 AN w]
RETE AR - A4 AW . A% 88 R ik mT I Bt 78
W -LBE Ft1i , F ] 5 & 7456, WA )= .
LBE H [ %0 i 7 17 T~ 5 4N -LBE S 1 X A7 7E 145
MEESS & . B, AN 3 880/ B T TR AR 47
PEEAL)Z , NTTTHE R BN CE MRS LBE A i 5 ol
33 EAMESRHMRUEHAIDFTIHE
IRARHE S — BEMRL 32 2 316 AN, i 301l
RN BRSNS REMEL, AR
U A8 A 7 R B b TR VR A T DL R
BMIE PR R 5 2R, IR iE SR A 5 @A R TR R
FoAhBELH A . SR 5 S5 A DR T, VA4 B 22 7
KA. XuZED ¥ H GGA-PBE iz i 447 DFT
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ABEADL, XoF L JER - 75 2 3 T 14D R A AR 2k D 1 ok e 3
T . S5 RH BE AT R - ERE = AR
IF] 1% B 7E bee-Fe 1T, 37 3F — 20 hias 1 € i 2% )5
TR . $%(110)<(110)<(00D<CI1D [ FF ,
TR 57 8 S N R 18 0 o 2k 1) Y8 AR5 sk %o 3R T 45
A A2 O o ) R B Vi ) 7 i Y LA A PR
IR JE AR R AR E . Li™d F GGA-PBE 12 R i3k
17 DFT B4, ik — B 58 1 #1517 7E bee-Fe Hr ()9
BT AR AT 2 B 7 1 v a7 B, a2 7
WL 8. FEPTE RIBE A B, <1 11>MEER A7 AU
TE RCREFRAI , 8] B 2 51 i G il i HAE<111>47
RS R 5 BRI 5 BE 2214 0.063 eV o

4 RREEEESMBEBRRIERETERS

DFT {&H#lit &

SE VAR e N HE R, I 6 HE LR L TR R H FAZ IR
R TH A B2 A FE R LA 2 e
B AZ A B S0 A, NI 52 272 9%3F . F AT fd A 1
A EA RN EE M. Pl Hastelloy N & 4N
REMEEE S, BT H RIS Uk ge fie
S RO JE b E sk HE A gl AR 2 B MR KL
VAR MEINTS T I N HE G S AR Tk 32 B R AR PR )
(EELREMD MRS L L& e R RiE
T . AT T IESEHEIRES N I N HE A R
J& b ) DFT SRR L«

x4 EEBIMETRNEES EMRE MR DFT HEECLE

Table 4 Literature on DFT calculations of corrosion of reactor alloy material in molten-salt environment

WEFEHLAL BAEE FENE F
Research First Research content Year
institution author

Shanghai Institute  Liu WG i EREE G 4> 5(012) X BRATUR s S0 B 7 J 1 o 22 3 72 2014
of Applied Physics The process of Stress corrosion cracking of tellurium-containing Ni-base alloy > 5(012)

symmetric inclined grain boundary

T X S B B N1 L) AL S, 5(012) 5 F 10 S J rh 22 3 R ) 5 Mg 1) 2014

Shanghai Institute Liu W G

of Applied Physics Effect of tellurium on the stress corrosion cracking process of niobium-containing

Ni(111) surface and > 5(012) grain boundary
Shanghai Institute  Liu WG 22 Fh 70 206 550N 7 8 sk - 2R 1 g o) 2014
of Applied Physics Effects of various elements on stress corrosion cracking induced by tellurium
Shanghai Institute Mi L ili 22 LR G 4 i SR R 23 A0 AR AE TR U 2019
of Applied Physics Distribution and existence forms of tellurium at the grain boundaries of nickel-based alloys
Shanghai Institute  Ai H Ni-26W-6Cr & 4 Fll GH3535 4 427 800 °C N £E FLiNaK 44 £k 7 ) J& 7 2019
of Applied Physics Corrosion behavior of Ni-26W-6Cr alloy and GH3535 alloy in FLiNaK molten salt at 800 °C
University of Winner N = Fh EALYILE IS AR 0 Cr I f) 448 #a o 2021
California Structure of three fluorides with and without Cr
Massachusetts LiQJ NaCl-CrCl, ¥ &5 84 540 2P i) 2021
Institute of Structure and chemical properties of NaCl-CrCl,
Technology
Georgia Institute  Hanson K 45 KCI-MgCl, 3 & 5 1 J W1 2022

of Technology

Wright-Patterson
Air Force Base

Tyler D

Reaction of nickel with KCI-MgCl, eutectic salt
Ni,, W, Nb,  7E S AL £ 10 - 303k 4T " 2023
Early dissolution behavior of Ni,;W,/Nb,, in chloride molten salt

Bl 7F e N V8 i B0 5 HE 960 £ R i, Hastelloy
N &4 nl DAL 21 B 5 1) f (R 4 40 X 41 Y
P BT AR A R S Sk . Lin &
{#i il GGA-PBE iZ B8 £ 17 DFT #5400 , 38 3o 5 $0) i 17
TEMTS 5C012) % FRATIARL i A, 0F T 5| e I 2R JE A
SR T2 . UESE TR S X I AL e
PEBARAL, T 7 RS AR ULES, i 51 T A1
i B, AT I 55 17 ST R Ni-Ni g8 . B 5, Liu 25
fifi i1 GGA-PBE {2 B 31T DFT #4481, F 78 1 46 15 4%
JEBINICITD FHATS, 5C012) &4 5, R ILER 1) T 1)

firs SO AT I % BT ) Nb-Ni 88 , B LE Te 7] & <6 4
FIE A% AT 5 i T S v 17 AR A S e xS TR
et BRI AT RE 1. FEBEEE AL B Liu' 6 A GGA-
PBE i bR #E4T DFT B4, 8 — 0 R B oo S5k
JGE [FIFEREmAT 282 S 5C012) & Ft , WX o (4 g
A/ ACAE P 5 O A I B 8 DIARL G 5 TR 50 I 14
fiw Hr % o B 5 Mi 55 ] GGA-PBE iZ B HEAT
DFT 540, 45 & SCIR W 70 1 R EAR IR 5 e fh A AL 1Y
A A TEAS o u-XRF B R oR , il R B
M S 1) i oRE BT PG . B S 0 p-XRD 43 Ak S
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T S R ) SR s A AR (N Toe, ) AR -l (3] 95 47K o
FrAE » u-XANES 45 5L 38 7~ HLff AN 1F) 2p BB 5 75
BRI 4s BUIE , DFT TF 5 4938 B 48 - [ 5 44 A 1
B R S S B . O R R R
6NiTe(c) = 2Ni,Te,(c)+Te,(g)

Ni3Tez(c)8ﬂC3Ni(c)+2Te(g)+128.9 kJ-mol™'

HTEEG S ICR MR RS, 56 &5
BB RS2 R E M. AT R IR S
%, 45 4 Bk 2 A 16 ) GGA-PBE i2 B4 33517 DFT 4
L, WF 7T Ni-26W-6Cr & 4 il GH3535 & 4 1
800 °C N 7E FLiNaK £h - B ATl S5 5RRH, %
P& SR RIMIAECHREE, I RIXELN
13 pum, Wl Mo R FEIEH 4258 . Winner 554 {4 ]
GGA-PBE iZ ¥ , | il AIMD #f 5% T 2KF-NaF . 2LiF-
BeF, fl 3LiF-AIF, = Fh & A4 7 U8 0 AT AN 8 0 Cr B
(P25 R o Al AT & B Cr AT DAY 980 B 1 48 7l 4k, Cr's
Cr* \Cr 7 = Pl A 7 v 1 o] LU A 7] %5 &= 14 F AT
f7 . 2KF-NaF JE R I H & B2 B A2 )T, 1T 2LiF-
BeF, 1 3LiF-AIF, 2 H /¥ . Li % “f{i il GGA-PBE
2 R HEAT DFT B4, B 78 T NaCl-CrClL 1) 4544 510
S SR, R IR T B ) Cr 3 B e vy » 2 S R 1
I HIZR B B0 R RN SR A3 TR LA, DA T L 2 M S el

B VLR AN, HAh & S n R B R g A
H4& 515 M =N . Hanson 25 Hf AIMD #f 5%
TR 5 KCIH+MgClL 3t i BRI SV I [ B, R I Mg™
A LA MeCI T R SRR ME & . EHIEREER
Wi, @R TR ESH MG S 7w d, Bl
FH SR DRI, ) R RS NS & B T DAY SR
JEER ST B A SE h . Tyler 25 ] GGA 72
R, BT T 4R i B 42 Ni, W, Nb, (1T ZE S AL
PRI ARAT N . RIS ER G 586,
HE S EYAT G i i T & A3, g s 1
BILA SHPUE R rh i Re

5 4B

DFT G4 [ B HE & < FDRHE T s 21 7 —
SOR ], A R N S e A R
e RSN A5 I 5 HARRD R B o s S R v 2D
PRI B 7K S B B VA AR et B T e e B
HEA S MPRHR ]G 15 SR BT T & Son R A &k
I3 1805 AL T e SRS KIS A T 2¢ . DFT 4E
I SLHE £ AR Tl E 7 rp 3 B AR R kA
IR TG 3R A S I HE £ < AR T ) VB B 5 0 5 T e
IR TG B A SN HE S SRR T i PR A BT T i

1713 JE A SN s I HE A G Rk () M e B ) 25

SR, H AT SON HE A S MR L) DFT #5400
THROEAFAE — S ) @, 35, A0 2 JF & 1) DFT
P UL 50 A6 SR i 2L 5 — 16 8 ol 1] RT3 2R 7 BT
DFT B3, WK HERR G AN R & 4
SCC.IASCC WLH, il A HEI G T 25 M bk} ) 4
TOHLER , =y 6 6 S8BT DRI HE Y PR 8 T 55 bl g
TRIAE ; FL Uk, DFT BLRU0E & N RERT 78 0 K T 10
15 O SN HE R I5E T K 1R TS ok il 8K 22 0 Ok AR AE
il 2k AF N, DFT R 400 3E DL i 328 47 K B A 90 5 B
J&i » DFT 40 S8R 7] A J W 7 i 7 ROEE I 92, (H
P T LT SR (R K HL R A A X B v AR A R BR
TERC/N I T) 23 [ ROBE A, B B a4 J 1 R
IR SR T F o S Ao R PR bt B, BRARL I e S
(PRI 55 I AN o 5 R B — , 3 L 78 o0 Fa s B 2= 1
FARHE b n) 8, BT 15 45 A — 2 e 5 72 008 ol
R RHTFE .

B T E AL AR AT AR R, DFT iF 5
(VR 5 5 33 B #AE AN Wi B2 v , F1L A DFT v 50 92 J
IS HEAA R} JES ok 1] R LA TR T R R s TR . ARSRIE
HUUR LA TAER R : DIE— 228 KR N HE
AR B el 17 8 DFT B0 A 783 [, L 38 3 R 3R
5 At J o v 0 LAtk M 7R PR JE b ) T R R
PRS2 FE T AR R TR Hh B T H 5 9256
B O R R RS, dE AL ] S EiE R
S5 TF R R N HERA AL 8 ok 1m] AETE 9T 5 3) L% DFT
THE R /NP ) 8L, 25 B FLAR AU, 75 v (4 T8l
22 A RESUANE R TG 7755 T i S N HE A RS ol
1) 28 ROBERLRTTH 5 o

EETBAERR AR STRA A B E S, E T
XA KERATRE B XN ER BT EE
Bl U B X SUE U A 0L 5 5% U 3G
TR TR SO B v R SSTR AR SOk R
FHE 55T F I o

SE MR
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