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Abstract; The transition state calculation software CINEB was used to simulate the diffusion path and diffusion barrier
of chlorine ion, after doping with different elements in rutile type TiO, film. The results show that the diffusion path A
has larger holes and the adsorption of titanium and chlorine ions is weak, which makes the diffusion barrier of chlorine
ions smaller, leading to the diffusion of chloride ion easier in path A. After Al element doping, aluminum atoms lose
electrons and transfer to adjacent oxygen. Strong repulsion exists between chlorine ion and oxygen ion, result in the
distortion of crystal structure and the slowly diffusion of chloride ion to improve corrosion resistance. After Mo doping,
the 3d orbital of Mo has a strong hybridization effect with the 2P orbital of Cl, and there is a strong adsorption effect
between Mo and Cl, making it difficult for chlorine ion to get out, so the corrosion resistance of material improved. The
diffusion barrier of Al, Zr, Mo and Nb are high, which has a significant effect on the corrosion of titanium alloy. It is
verified by experiments that Ti-5. 5Al-3. 0Zr-2. 0Sn-0. 8Mo-1. 5Nb has the minimum corrosion current and the best
corrosion resistance, which is consistent with the calculated results.

Key words: corrosion; TiO, film; chloride ion; diffusion barrier

BRIV o BKG EHH H A Mo, Nb, Zr TG 4], Bk HS2 50 5 7k S TEFE R & i r
AT R IRER & G0 %, SECIT MBS, BIRAE R RBF S bk & it Wi
TR T BEUN H BT R 0 o AR A 4 5 ]
MR, 200 08 2 SRS A 011~ 70 305 6K 4 T 15 e
HETH: <54 EARHES(2018ZE013, 2018ZE002) BRI IR SNCRACE 2 ok &
BWIEEE: BAM1984—), B, TR, L XREAAA] AT BT A, ] DAERS I




BTk #
18 Titanium Industry Progress 37 %

HAnfER ARG R A SR TERES S Y,

AR, A — R IR BT B O i AT R A R
AR B BB S BOE T R RCRN Y, A
FERMIT, TIO, ok SRR, T TIO, B 3 B
ik Pb, N B, VEITRBIR, WML HAZ B
SRR ERE . Hu 25 S 85— SR
BEITEWTTE T RN TiO, BLBRA 3 1711 1] Bt i S A4
M HAT Ny, SR AT K A4 CINEB ( climbing
image nudged elastic band ) 315 T 8Lk F i M U N
JEF-7 R 5 /N B A% AN A5 Tlyasova 250 ]
PR — PRI B30 B 5T T BAT A (] 2 A4 2 )
Ti,C,(111) R FAS 7 W F45 40 . i 520 Al
I E BT, ABJETEAN A JC R B 5 X & 8 1 7R
TiO, R B ot s i b, SRR TR
KA B, A a) LU Bl — 2 250 T 196 Y 4 Ak
JBE, X EEEA IR i k2 o AR, B ARG
ST PERE AL B A RAF B e, H v 2R
B ERERN AR T, T8 AR ] 9
GBI HHARE Ty, SRR G A B R Bk
B, L AT LU B i Sl A 2 1 5 B B I I
Ay, S5 4R R WA R E, B
AAVEY T, SRR S ER T o P R,
B XTI A B IR T o AR 5 ok I B —
OMF—Y RIS R A S Y TRk
B A R AL Y B XE S R FE e T ADR I T TR
PhMERE . ST AR CINEB SRBHILA S T4
R, RO R o %) G B ) TS 3o S T BOR M L, R
S R S prad B AL, PRI h T B0 S 4 2
XFHUIE KR iy e, ) W) S0 2 - 7E TiO, B i 9
LI, AHBFSERI CINEB AR AL, Zr, Mo,
Nb, Sn ZFITCRBAA TiO N, AR T1E TiO,
JEEN BB A, Pl I SR ST 3R T RO B R b
REFSZMN o BIF9 25 AR AT Ay 7 6 T ot M B 5 4 o0 42
(iSiifie == 8

1 £ 5

A 5T R HIHE T %5 B2z s R 1Y VASP 8/ 4
AT TS M T F SR S
STz BR Y Perdew-Burke-Emzerhof J5 22 4B, P THf
PEABIBTRE B B 500 eV, g2 # Ak sk HI S S
JESRE, HO S bR HE B B R BE B A WSS B
107 eV, JHYIBIORSE 0.1 eV/nm, A BLIHIX R
Monkhors-Pack A9 3 x3 x3 W& K43, 1158 B 1P R

BRI 6 x 6 x 6 AR 43, LARAS B kS i
TR, HTFSESREAGYE S R dHuE
B, JEmoCH AR, PR T %8 g
1) GGA + U FiAEIE, SCH A IHER % & T A e
WAMEIE . ¥ a2 53R AR LT VASP ikt
Hi CINEB J53% . MR 420 41 51 TiO, () FLIE 45 44 4F
B, ARBEROSENL FR AL B 2 ORI AR UEAT AR
(B EFRREKIR T, 2R REET, SaEE
BT, VASP B i it W A T H S 4 CINEB AR
PR AR LS IEATHR S, AR 04E A 6 A 551
Images SCPF. i A 4L A2 T A& M R i A5 B
K POSCAR, SRJF#EATIRSTE, 4353k 15 6 4~ 44
MRS HA & TSR 1A SR ST
I, HEEIS 6 AL ilsl, MREE FARY
MY B 2K, ARITTRBRE S AR
TiO, iy Ti i 75, Wags5miith, SREiETE
HEILTE, SRAAFRTEBNMENESEE R
(pDOS) ., Al, Mo, Zr U R B A B & a AR
TiO, iy Ti 5, g5t s, M3
FANRIC R 5 & B 78 Tio, 4 iy 45 A A 18 Fn
HL Ry Bl 47 (8] (ELF) . AL, Mo, Nb, Zr, Sn, V
FIRBAEH LSO AT T, 1o T JRF )5, i
2 A S35 A 6 A gL Tmages SCHF, 3 o 4 B pR A%
A S AE B R (POSCAR) , 8K 5 #4784
THE, A3 6 Dy idhe, JAALRTRER
ELOE/N € R

Bl f&aTy#ddn
Fig. 1 Diagram of chloride ion in different diffusion paths
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Fig. 2 Diffusion barrier diagram of the chloride ion

in different diffusion paths
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Fig. 3 pDOS diagrams of the chloride ion diffusion in TiO,film after doping different elements; (a)Cl; (b)Al; (C)Mo
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Fig. 4 Structure optimization diagrams(a ~d) and ELF diagrams(e ~h) of chlorine ion diffusion in TiO, film
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Fig. 5 Diffusion barrier energy diagrams of the chlorine ion in TiO, film after doping with different elements
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Table 1

Diffusion barrier energy of chlorine ion in TiO, film

after doping with different elements

Ti0, V-TiO, AI-TiO, Zr-TiO, Sn-TiO, Mo-TiO, Nb-TiO,
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Table 2 Corrosion potential and corrosion current of different

components of Ti-5. SAl-Zr-X(Sn, Mo, Nb) alloys

Samples Composition of samples E. ./V I.,/pA

A-1  Ti-5. 5Al1-1. 0Zr-0. 55n-0. 3Mo-0. 4Nb -0.647 0. 1382
A-2  Ti-5. 5Al-1. 0Zr-1. 0Sn-0. 8Mo-0. 7Nb -0.655 0. 1775
A-3  Ti-5.5Al-1. 0Zr-1. 58n-1. 5Mo-1. ONb -0.597 0. 1367
A4 Ti-5. 5Al-1. 0Zr-2. 0Sn-2. OMo-1. 5Nb -0.573 0. 1875
A-5  Ti-5.5A1-2. 0Zr-0. 55n-0. 8Mo-1. 5SNb -0.508 0. 1247
A-6  Ti-5.5A1-2. 0Zr-1. 0Sn-1. 5Mo-0. 4Nb -0.511 0. 0799
A-7  Ti-5. 5A1-2. 0Zr-1. 55n-2. OMo-0. 7Nb -0.561 0. 1283
A-8  Ti-5.5Al1-2. 0Zr-2. 0Sn-0. 3Mo-1. ONb -0.619 0. 1231
A9 Ti-5.5Al1-3. 0Zr-0. 55n-1. 5Mo-1. ONb -0.555 0. 1478
A-10 Ti-5.5A1-3. 0Zr-1. 0Sn-2. 0Mo-0. 7Nb —0.451 0. 0340
A-11  Ti-5. 5A1-3. 0Zr-1. 55n-0. 3Mo-0. 4Nb —-0.446 0. 0499

A-12 Ti-5.5A1-3. 0Zr-2. 0Sn-0. 8Mo-1. 5SNb —0.221 0.0310

WRAE Zr SCEG R, A-1 F A-12 BEF RN
3H, A lZEAA T ZIr FERN1.0%, A5 F A8
ITr SEN2.0%, B4 Zr SEHN3.0%., Zr P 1L
Papigiy, 830,68, UL Zr R4 AT Pk Re
WEZEEM, Zr TRNER KRB MER 3.0% , FHit
HEBR Zr STRBIM LA DG 4, K S A i 14 g
e A9 ] A-12 FERERIN B4, ARAEY B2k
/N, Zr, Nb, Mo (¥ ¥ 285, Sn Y e
BAK, WHTELRA H e R4 &% & & imtih
PERERUSE M, A-12 #Ef s Nb, Sn, Zr LR & &1
ot B EE DN, X ST
—3, A9 FEFH Nb, Mo, Sn ¥Rk H iR & ik
T, LA A kv AR A 25, A-10, A-11 D
A-123X 3 4541 Sn, Mo, Nb JeE &AM, h
F 1A Mo, Nb ¥ ##&2%m, KF0.6eV,
Sn B HLA A XTEAK, M 0.3 eV, X TF1E
TiO, 9 B R AR B /N e S5 & 1T M S g 45
A3HT, A-12 KEE T Sn il Nb JTE £ ik B B R AE,
A-10 FES T AT Mo ST R &b Bl KAE, A-11 #
A Sn U E ik B KAE, H Sn PR
i/, WA A TR PR Re B R R, R
A-TTRESH I A 8 ol i e K, T8 itk e 2. 3 A4



BTl Bk R

22 Titanium Industry Progress

37 &

FE AR B PP EBEHE T O A-12 > A-10 > A-11, SEEG4E
RGBT AR — 2

3 &

(1) & B T78 TiO, B FLB 45 F P 5w, ¥k
B A TP AR e/ N TP AR B i, A BT
P A RIS YHL

(2) Al $B4% TiO, i )5, Al J77k Ll T 5
LRI, ST R S R A AR A n HE R AR
AL Ji - JE BB L JRp del i v, U R AR S R
SRILHTREPE, A RUBHAS S Y, B S AR T
JE T B

(3)Mo 2% TiO, it )5, Mo [ 3d i 5 Cl 1y
2p FUBEABGRMZAAEN, Bm REAE Mo Fil C1 2
], Mo X} ClATHSRIME B VE AT, i (2 AR ME M 23,
PRI L R A5 B2 = B} A i e e

(4)Al, Zr, Mo, Nb ¥ i 225m, Mkh
Sxitif R PR SR S A W AR . SEER I UE T Ti-5. 5AL-
3.07Zr-2. 0Sn-0. 8Mo-1. 5Nb & 4= i [ Ji foh i 7 5 /8,
iR gR—5.

S 30K

(1] #ig, #EDY, WmRYE, & SREMmNE RETER
WSS ]. R EM LR, 2018, 37(1): 1 -8.

[2] Bk, WIEN, BE. G4 g A &Rk R
MU . B — PR ()] A 6 e )R iR,
2010, 20(S1): 399 —403.

[3] sk s, HEW, MRS Tio, SE4KAT kLA —
BRI ()], R TR, 2008, 36(1): 76
- 80.

(4] &0k, T8, XBUE, 4. 5—d B A e B EE H
SEAME PRSI BERELT]. AR, 2018, 32
(S2): 530 -534.

[5] 2ime, ZE4l, ROk, 45 Ti-Mo &4 B 45Maett &
PR RS — VRO [J ] U AR R, 2010,
30(3): 1 -4.

[6] Hu X, Tu R, Wei J] H, et al. Nitrogen atom diffusion into
TiO, anatase bulk via surfaces[J]. Computational Materials
Science, 2014, 82, 107 —113.

[7] Pan F J, Lin H, Zhai H Z, et al. Pd-doped TiO, film sensors
prepared by premixed stagnation flames for CO and NH; gas
sensing[ J]. Sensors & Actuators, 2018, 261 451 —459.

[8] Ranganathan K, Morais A, Isaac N, et al. Study of photo

electrochemical water splitting using composite films based on

TiO, nanoparticles and nitrogen or boron doped hollow carbon
spheres as photo anodes[ J]. Journal of Molecular Catalysis
A, 2016, 422, 165 -174.

[9] Zhang J S, XuJ R, Wang Q Y, et al. Nitrogen and vanadium
Co-doped TiO, mesosponge layers for enhancement in visible
photo catalytic activity[ J]. Applied Surface Science, 2014,
315. 131 -137.

[10] Hu X, Tu R, Wei J H, et al. Nitrogen atom diffusion into
TiO, anatase bulk via surfaces[ J]. Computational Materials
Science, 2014, 82. 107 —113.

[11] Ilyasova V V, Phama K D, Zhdanova T P, et al. First-
principles study of structure, electronic properties and
stability of tungsten adsorption on TiC (111) surface with
disordered vacancies[ J]. Physica B, 2017, 526 28 -36

[12] e, AU, ML, 5. AR TTE o SRE AP
BUAER — PRI SE [ T ], W BE i, 2017, 66(11)
251 -260.

[13] AR, 8T, B8 gEka e RS BRArH
HAFFBEATE B ARG &b I R 55— PR PR S [) ].
i EG A4 B, 2010, 20(S1): 544 —549.

[14] XUk, FER. SRR by 1T B9 55— 1k It
[J]. hEAEEFEFMR, 2015, 25(11) : 3100 -3106.

[I1S] Z=lpt. w7 20 I ik PRI T B A5 6 A M58 1 B R AT 5
[I]. POLeqrimoRez 2 4l ( AARFLARR) , 2018, 33(4):
120 - 126.

[16] Min X H, Emura S, Nishimura T, et al. Microstructure,
tensile deformation mode and crevice corrosion resistance in
Ti-10Mo-xFe alloys[ J].
A, 2010, 527 5499 -5506.

[17] Dong X C, Zhang X X, Cui H, et al. A first principle

Materials Science and Engineering

simulation of competitive adsorption of SF¢ decomposition
components on nitrogen-doped anatase TiO, (101 ) surface
[J]. Applied Surface Science, 2017, 422, 331 -338.

[18] von Neumann J. Mathematical Foundations of Quantum
Mechanics;: New Edition[ M]. Princeton; Princeton University
Press, 2018 58.

[19] Ghatak K P. Quantum Effects, Heavy Doping, and the
Effective Mass[ M]. India; World Scientific, 2017 756.

[20] Zhang T T, Feng K, Li Z G, et al. Effects of rare earth
elements on the microstructure and wear properties of
TiB2 reinforced aluminum matrix composite coatings:
Experiments and first principles calculations [ J]. Applied
Surface Science, 2020, 530. 147051.

[21] Dong B X, Yang HY, Qiu F, et al. Design of TiC, nano-
particles and their morphology manipulating mechanisms by
stoichiometric ratios : Experiment and first-principle calcula-

tion[ J]. Materials & Design, 2019, 181. 107951.



