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3) GRHWHL S (b 5 5 f80 =, 4if 621907)

(2014 4£ 5 A 28 HIgH; 2014 4E 11 A 3 HikBME R )

FTHEZ RS, RAE MR RO T C, N, O R FERE V I My 8T . 8%, Wik T
C, N, O J&-F1£ VO 7 i o (T B S A2 O, 0 dr 17 AL B B S VA% AR ELAE A, JFRT0 73X
FCRE ELAF R0 <2 VO S5 R ROREME. BF R4 R R W] C, N, O JR 778 V 1Y\ A (8] Az B 5 oA g, JF H
C, N, O J&7 ) 2p H715 V ) 3d BT 2 [0 47 ELE SR A ESEAE T C, N, O JE 7 (997 1% 2270930 79 0.89, 1.26,
0.98 eV, JGH T HY MR EERIL N ), MR E R SRR L T =F 4V Py HUR B RN, IRt
SR RIEFETE 500—1100 K 2 [HIS FAE V i 9 SRS, TR RS SEIE B AT &

KR SRV, BT, A, RS

PACS: 66.30.-h, 71.15.-m, 81.05.Bx

15 =

78 [ by #A% FEAZ S0 3 (ITER) WUH 1, 18 1)
FE AR —BEM B DL R AR SR B2 2
BT (14 MeV). mAE ESEE S Z A H L, ok
FIT R R B 06 20 B A AR R B i v e R4
(iR S 2R L R A S R RS L 4
J&, BRI B 4w RS PR Bodm B K (B
I e 1 DA R R PR AT T B A T AR
O TR AR S N7 HE ) 2 AR IR A AR 2 —.

H 20 th£2 60 424K, E PNl IT 46 T 44L& V-
Cr-Ti & & MM AL 2, I Re . PUim R pe . =
RS M AR POl mE R R B 68 R
FERE T, V, Cr, TiTt&E WS 5C, N, OF 34k
TLER KRR L, N sEmA & V-Cr-Ti £ & 8 H
PERE A A . Tyumentsev 25 07\ N, V-4Cr-4Ti
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HETFHTHEME AN FEERE ST WK
B -R - AL (3C N Ti (CON)), HA&4 445
TrEBkE, Ti (CON) AH M # & F1 RSP BeR, X4
G YRR S BE R R, B ik 2 B R
I, V-5Cr-5Ti 4 4 1 1) 58 = #H Ti(CON) #£ 1000
°C LA AT AR EAAAE, MR IS 1100 ©C B #i45
Ti (CON) NG5k, AR ] B 7 (C,
N, O) B & =8N, W RE sk, {66 4R
MR, %R P

H A, BA SCH V-Cr-Ti & &5 A1 Ti
(CON) 47 7 AHKRHRIE, HER/DXF Ti (CON) # 47
B RGN FE. FE, X C, N, O JfR-F XS
o P A e U AR R I 2R S5 1A 1 PR 2 e R A R AL
MBS LR B =, H12) TG0 Z R H.
[y A T R B 0181 42 )@ 5 ) B R T 1 AR LA
MR By B — AR B, AEWS B

« [FR7 AR (kS : B1520133006) MU JFE 8 2 A 5 DI REAREEL i Sif 2 - 40 Al G A I o 2y sl 2 050 7 T T

4 (HHES: 142xfk04) F BRI
T #E/E#H. BE-mail: yiyong@swust.edu.cn
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SEURIE 5T 1R B SR E 4 @ A R BT T O, AR
¥ 5 b A R 1] Bt B % 4 e A e ) e R A
AR VNS RO et B2 N - R RO KON
N, O R FIESER V R Y 8T kAT T 7, 3R
T C, N, OJRF5V & B AEFH 745 1
MEY BT A R, JHEE TR REEE
5001100 K Z A/ C, N, O R T I B &2 %, N
EANTHC, N, O JRTXEEVLLRES S
BE P52 M AL SR AL T BB A,

2 WEHEAMSHRE

ARSCHHECR T2z s Eg U0 R F
THI % 3475 7101 VASP (Vienna ab initio simula-
tion package) 'O AL R SRR, HE TR TFZ
(] P A2 # DGR e e FH T SCHR FEE 3 8L 1) PWIL U
722 081 JE 7 SRR LT 2 T 4 R B AR P 3k F 48
ST 0 AR AR U9 O T R ek S i i 3 A
H, JE SR A EE S (ultra-soft) PO, A BLIH X A
A Monkhorst-Pack 1 J5vE % k fi#b 47 BURE, 1H5
BT R 25 K A0 A kg 3 AT 58 Aot 3, (61545 B+
P H e R USSIUE /N T 1 x 1075 eV BANET L
(K152 71/NF0.03 eV-A—Y; T I KA B bR e A
0.001 A; &A1 R 1) 5 KAH 4 0.03 GPa.

& )& VIE T k0 3L J7 (bee) &5 1, A HE R
Im 3m P2 R E S E N 3.03 A, BT
C, N, O HJJE T 2FAR BN, B 5 i 4E VS 1 18]
BRArE. AT RUETHE S R R, e R
T R Ko 57 IO Ko s A BT g AT T A 22,
MR R TR, 28 68 310 eV M E 11 R A%y
4x4x 4K, BEEWELT 5 x 1076 eV-atom ™. Xf4:
J& VIR B SRR AT A% B, DA B SR A
HoN3.05 A, 545 R (3.03 A) ZHIFE 1% LAWY,

R ZIHE RS, E1HHC, N, OJiT5
&8 VA Ay B 22 1), T RIE TR
e, [E R ] B o SR T 2T S ), R
FEH 16 VIR THI2 x 2 x 2@ HAER (k1 BT
7R, BT REIE EL 380 eV, k A MARIEE 4 x 4 x 4,
MITTARIE T /ETH RS R e B8 T 1 x 1075

eV-atom!.

1 & 1640 VIETFH2 x 2 x 2@

3 WELERS1TE
3.1 C,N, ORFHMIFERSH

FEAR L2 3L T7 SR v, A7 AE I TR B AL B\ T
& O (octahedral) [AIBAAZAIPU T 44 T (tetrahedral )
V) B A7 W Ao, AN 5] ) 18] B2 7 B A7 5 AN 8] 1 &85 5 e
B, 2R A C, N, O JiF (interstitial atoms,
TAs) 7E2 x 2 x 2 VL O AT A7 1 Jay 32k
WA MEE G REEAT TIHE. C, N, OJR T 54 M
F I A7 BT 51 RS ) A% I ARE R 1 ffros. T C,
N, O fir5&E Vg &aenldnd (1) Aot5H:

Eving = E1asy)v — Ev — Elas, (1)

®1 C, N, OJF 778 a] AL E 51 Sk 22

% a/A b/A c/A Vv AV ERiE IR A2 6 /%
o AY 6.056 6.056 6.056 222.105 — —
V-C (0) 5.832 6.199 6.219 224.833 2.728 1.23
V-C (T) 5.799 5.799 6.879 231.330 9.225 4.15
V-N (0) 5.914 6.170 6.170 225.139 3.034 1.37
V-N (T) 5.821 5.821 6.779 229.700 7.595 3.42
V-0 (0) 5.963 6.151 6.151 225.609 3.504 1.58
V-0 (T) 5.830 5.830 6.742 229.153 7.084 3.17
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R Byina W4 B2, Biag v NS —AC (N/O)
FET 5 F A B, By A Eras 2081920V R N 22
I BALIAA C (N/O) B T-IRL .

% C, N, O J5T- R A fr B 45 2 R 5.4
PR, NI B R L 1)
C, N, O J5UF 45 /T 18 B8 31 A
AT o D S ) B 5 4 R WA, 2) 46
R, BIIC, N, O 5L T-# 5 HEA V ik b, i
C, N, O J5U 775\ Pk ] B B 8 0 45 4 R (G T
AT B2 & A8, LU E#EI T C, N, O &
TG T VA B, 7E S B
EEME . B, C, N, OB TSRV i
B SR B O % R AT\ T I B
ST ST BB C, N, O JEUTAE L3t 7 Gk il
S AR IR BRRL B — 227y T, R
T S 9\ T s B

*2 C, N, OBRTHERVILEH

R Eagv/eV Ev/eV Eias/eV  Epina/eV
V-C (0) —31778.373 sy 9133
V-C (T) —31777.047 —7.807
V-N (O) —31896.182 —1.735

—31623.822 —270.625
V-N (T) —31895.293 —0.846
V-0 (O) —32061.664 _433.745 —4.097
V-0 (T) —32060.336 ~2.769

3.2 BEE

NTHHTC, N, OJFEFHEN A& 48 V
T sz, JATTHE 746V LA R g e\
PRI R A B IS — A C, N, O JR )5 VI 745
), AT A% E R R SR FHUE b, 45
W 2 fioR. B s K24y R R C, N, O &
T 2p AR, BASIL (Pure VA) A L
25 (Vd) 0 R s A I C, N, O i i
LI C, N, O Ji )5 H 8 Bl S AR I v 5711
A TAREE. WNEHTLEH, VN3dHE TS
C, N, Off12p P24 T s ZU A ELAE L, 3
L 25 % 2 23 i AE 9 oK RE 2 T 7 —5.10, —6.65 Al
—7.75 eV BT 1 — AN BRI ARG, Ui 7R 4L
TER T B REAS, BB, R, B TN C,
N, O FJa VM4V 3d - FE%E, KRBV

3dHLT1E —0.5 eV A 47 o B B T2 VI’ 7
BRI, RN C, N, O JiFJ5 V 1) 3d ML 17 %4k
A HETIEEL S B FBEE T —5.10, —6.65
A —7.75 eV I, 34075 C, N, O ) 2p T
7T,

[ V)

L@
o L
2
g o1t
0
~
i
3
0 )
—8

2
Lo m
° L
g
|
~
X
<]

0 - -

—8

2 ]
n (C)‘[ ‘l ffffff Op
% 0 S vd
Q
E 1k Pure Vd
£
X

ap =,

HEE /eV

K2 (MTtE) C, N, O JRFRHEFE T4l vV R Frmal
VIEEE  (a) C; (b) N; (c) O

3.3 TESHIT A
331 yHEES

RT AT C, N, O R FEEE V Emis H 9 #L
EWL, IR PAPEREHY (nudged elastic band) J7¥2: 2],
AL T C, N, O JEFTEV &g A —> )\ [ 44 8] B
A BT # B f 3 A 53— A\ A 8] B A7 &
e FEIE R %42, WKl 3 (a) s, SR “TS search”
H “Complete LST/QST” [ 541 2Z& T C, N, OJ&
TAEV i s BN B RS, TR AR S
LST/QST Bk 5 ILHEbh FE kA0 45 &, e LL Bk
ST AR R B TR SR Bl S
HWRERTH, C, N, O JRFEY BUL R AT i
B R ) B e RE 22 (BB 22) 43 i) R 0.89, 1.26,
0.98 eV, 45 RUNE 4 Fior, I IESALEAEV S K
A ) Wi 3 (b) Fros.
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3 C(N/O)BFIHERTRE (a) FEIARMAR;
(b) i

1.0

(a) —e— V-C
0.8} * *
/N

o} f 1\
I
2 o4l / 0.89 eV \

*
sl \

t/eV

ok d e
0 03 06 09 1.2 1.5 1.8 2.1 24
VA
1.4
(b) —e— V-N
1.2} /\
[ ] °
1.0k / \
> [ ] ]
S oosf /
|
# 06 /‘ 1.26 eV \
0.4r . .\
ok Vel \\
0 03 06 09 1.2 1.5 1.8 2.1 2.4
JEAE /A
1.0f (© == V-0
VAN
| n
0.8} \
L]
E 0.6 \
i)

0.98 eV
# 04} ¢ \
0.2} \
1 1 1 1 1

1 1 1
0 03 06 09 1.2 1.5 1.8 21 24
PR/ A

K4 C, N, ORTERREVITEHL2MHZL (a) C;
(b) N; (c) O

332 ¥FHFHK

1889 4F, Fil ¢ J& & Hrdg th 1 35 44 IRl £ Jé & Hr
3 (Arrhenius equation), %A XAMEE R T H0Z
N R 2R RO IR RS RN G &R (R & T

TR MARBUSIREZ A6 R B § iR B
e BHRIEILA N

D = D() exp (—Ea/k‘BT> y (2)

Xt Do A EUF L, Eu AV B2, kg AT 539
KPR 2% 2 R, kg = 1.38 x 10723
JKL
FRPE LI A B PO TR 18 [ 44 b i BRAE R
v=vexp(—Ea/kpT), (3)

X v NC, N, O R FHIREhIA. 7 ERIT =%,
] A BUR HE Ry B
D = Pvexp (—Ea/ksT), (4)
XPIREFEBRKTWER, BdXC, N, O
JR 7 A RO i R b R OR A B AT I &, 15 R
I = 2.141 A MR4E R 5 -SF g0 H iR P12 4R B 0
Ry Al DT RIS
v= (2Ea/m12)1/2, (5)
Xfm R — R FHIBE, C, N, O T HI &
8 1.993 x 10726, 2.325 x 10726, 2.657 x 10726 kg.
THHEAFH C, N, O JEFTLEV fk& MR35 73 )
177 x 1013, 1.95 x 103, 1.60 x 10'3 s~
WL ESRABMI L, v, By (AN (4) 2, 7T RAAS 3
C, N, OJFFHEV sy MR TN
D(C) =8.11 x 1077
x exp (—0.89 eV/kgT)m?-s™1,  (6)
D (N) =8.94 x 1077
x exp (—1.26 eV/kgT)m?-s™%,  (7)
D (0) =733 x 107"
x exp (—0.98 eV/kpT)m?-s~1.  (8)
W R FS TH LA RS A NI SIS Bk HEAT
TR, e 3 pras. NFR 3 Rl DUE H B R T B4

#3 C, N, OJETERE V B 25 HUF B 3
W5 SO A LR

ST VAR eV FHUE S/ %1077 m?.s~!
Mg el i SR
0.89 1.21 8.11 8.80
1.26 1.57 8.94 5.02
0.98 1.29 7.33 2.66
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F4 KRB 5001100 K C, N, O JZFESEE V PP RS (m 2.s71)

T/K 500 600 700 800 900 1000 1100
C 883x10716 275x1071% 3.21x10713 203 x10712 850x 10712 268 x 10~1! 6.84 x 10~11
N 1.83x10719 238x10717 7.72x10716 1.05x1071% 798 x1071* 4.04 x 10713 153 x 1012

O 991x10717 4.37x10°15

6.54 x 10714 498 x 10713 241 x 10712 852 x 10712 2.39 x 10~11

5 SI0E P R AR A (B R s
56 BT A8 P DRE B AT — 5 10 it A 45 ) R o DA % A i
Bor i F2 AR SRR IR B (Al BE 7056 ) W SRR 2
SR m, T HEAS TR AR X S8 75 T R, 1X
AT S SEIME Z MA7IE— E R IR ZE

RIEC, N, O FEEEEVH T 8 R
(6)—(8) =, T T & KRR AE 500—1100 K Z [H]
I C, N, O J&-F I # R %, W& 4 PR,

—20
3 —e— InD-C
—30F —a—InD-N

—e— InD-O

InD/m?s~1!
| | | | |
© N o u oA
o (=) o o o
T T T T T T T T T

|
©
o

T

3 4 5
1000/T-K~1

H5 (M%) C, N, O TSR V by R S5

i B R T B i

H6)—@)X i & F 2 & R\ EE
2001000 K 2 [&] i}, C, N, OJil 71 & J& V
T B R B B 5 R R R BTG e 2 W,
mEs prs. NS hRaTLUEH, C R FEERV
HTT BCR B s, TN B ECR S C AT O [T
B, X2 FONTEY Jud 2 o C I 7 75 2 i g
R R, TN T HERNGERH 255

[
N

4 % W

A SCR T 5% P2 R B 1 58— PR SR EE
7k, X C, N, O TFIE4 R V R Iy 8T ik
TR, AL &8 VRS EHCON3.05 A, 5
SCYGAE 3.03 AMIFF A, C, N, O &7 i 95 9 i ] [
AL B 1 AN S A R S4B LA
S8V g )\ TH A 18] B A7 B EE 7 DY T A (7] Bt

FEFNFE. BTEETHESEREN, C, N, O
Fp TS5 VI d T2 A R0 s s, B
G B AS BE R O3 MIAE PR RER R 7 —5.10, —6.65
A —7.75 eV IftiE. )5, WH T C, N, OJR 714
J& VIR 2243 7108 0.89, 1.26, 0.98 €V, Hid
WAMBELEVEENEH E FERYE S
WARE T C, N, ORISRV H Y BAREERE
X, HESE RS LBERAMMF S, NUBERAT
fit C, N, O JR-T X &8 V LLIAREE A & M RE 52
MLERFR AL T B R LA,
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Abstract

Based on the density functional theory, the diffusion behaviors of C, N and O atoms in V metal are studied by using
the first-principles calculation method. Firstly, the site occupations of C, N and O atoms in the interstitials of the bcc
V lattice are discussed. The interactions of interstitial C, N and O atoms with V lattice are analyzed, and the influence
of the electronic structure on the interaction is explored. The study results show that C, N and O atoms are more stable
in octahedral interstice of V metal, and a relatively strong bonding interaction is formed between their 2p-electron and
the 3d-electron of V metal. The diffusion barriers of C, N and O atoms are 0.89 eV, 1.26 eV and 0.98 eV, respectively.
Thus, the expressions of their diffusion coefficients are obtained. Finally, the diffusion coefficients of C, N and O atoms
are compared by the Arrhenius plot. Their diffusion coefficients are calculated at 500-1100 K, and the calculation results

are consistent with experimental values.
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