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Abstract: To address the problem of low corrosion resistance of T91 steel, a structural material
used in nuclear reactors, in lead-bismuth alloy liquid, this paper employs a combination of
thermodynamic simulation and first-principles calculations to investigate the mechanism of
enhancing the corrosion resistance of T91 steel at the atomic scale with alloying elements Cr, Ni,
Mn and Cu. Through thermodynamic simulation calculations research, the main phase
composition of T91 steel at room temperature is determined to be martensite, and four first-
principles calculation models, namely martensite-Cr, martensite-Ni, martensite-Mn, and

martensite-Cu, are established and used to calculate and compare electronic structure and charge
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density distribution. It is found that a metallic bond is formed between the alloying elements and

Fe atoms. Differential charge studies show that the metal bond between Cr and Fe atoms has

strong covalent bond characteristics and the strongest bonding, while the metal bond between Ni

and Fe atoms also has certain covalent bond characteristics, but its bonding is weaker than Cr,

followed by Cu and Mn atoms. Additionally, the binding energy between the alloying elements

and the substrate in the four models is calculated, with the martensite-Cr model exhibiting the

lowest energy and a strong binding between Cr and the substrate. This effectively demonstrates

that Cr atoms can improve the corrosion resistance of T91 steel. Overall, this study provides

valuable insights for enhancing the corrosion resistance of T91 steel to lead-bismuth alloy using

Cr, Ni, Mn and Cu, and also presents a novel research method for the development and

performance prediction of new materials.
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Table 1 Chemical composition of T91 steelt*>

TR Bk %/ %
C 0.099
Mn 0. 440
Si 0. 200
Cr 9.250
Mo 0. 850
\4 0.190
Nb 0.067
N 0.050
Ni 0.250
Fe 88. 604
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Fig. 1 Fe supercell with martensitic structure
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Fig. 2 Four models of supercellular structures
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http: // zkxb. xjtu. edu. cn




509

TR, 2 A 482 (CroNiL M, Co) 3988 TO1 4 ol 1t AL B0 14 45 — P Ji 303 52 A 5 209

JNE 5 A LTS E 2. Cr J5EF A9 L for 25 )%
/NT Fe T . Fe JGUT B9 L1 5 i H 8. 23 eV/A?
ZiAi . Cr T A B B 290 3,51 eV/A®; Ni Jfi T
HL 77 %5 BE KT Fe JE 719, 200 13.70 eV/AY; M
JEL - H, i 3 B /N Fe JBF19, 249K 6. 28 eV//f\*
Cu JEF A ERT Fe JEFM. 240 17. 14 eV/A?,
FA 7 4% 5 R 2 /MK IR R Cu Ni Fe,Mn, Cr, iX IF £F
SHM R THA, Ca A 11 M T H R

3d"4s' ,Ni F 10 S F, HoHEA o 3d°4s” , Fe A 8
AT L HE T g 3d°4sT, Mn A 6 AN LT, HHE
fiky 3d’4s' . TR Z A MR e Rl 2
3.2 ESHEMITE

Rk — B PHE BRI RS TR SHIT R Z MY
FL ] 43 A 15 08 5 AR 343 590 6 h FG AR5 A58 78 | 1 G fA-
AR | Ty PG R A AR R S [ R AR AL R AT T 2%
POl IR G NCR TI

P 6 Ih G- AR R | D PG AR - A R | o [ k-
e R PR ) G - A TR g = 4 2 4 e g R B B
ERBRTRE, HFORBRBML, MilE—Lw
AT A A U0 R 5 8ot R 2 1) B HL fp 40 A 1 B X
A SRR IR 1T S TP 48 25 43 fer L T R
7 iR, R RT DL R R B A DI R A R
oL Cr SR J8 RS B 22 110 o Ao 2% J&] LY Fe JR
TR H o SR AR L B AR5 A 4 S R T L T
Cr Fll Fe JFLF 22 [A] 02 9 fl foy R 4L, Ll fof R 4E

O ‘ Fe
Q e @ NN
% 0
o
0 0
eb o 001\
() 5 Eﬁﬁi A5 R (b) T [ AR -B 4 7Y
‘ Fe o 0 s Fe
QQ { oo . Cu

‘ﬁ%,o'm %%
o%o% O { %Q O‘f”

(s ]
0 ¢
éi%é?

b
L 4 © £ 412 ¥
oooo oo\c eo o O()\C
() B [C PR - 455 Y (d) B [T - 45 1
Bl 6 4 TR Y = 4k 22 53 A

Fig. 6 Three dimensional differential charge maps of four

models

http: // zkxb. xjtu. edu. cn

B R ) Cr JRF . XKW, Cr M Fe Ji 7 0] £ 48 &
4 ) S 1) R O 2 (L R B — S I R B 1
P H M Cr it FIRE., PP ESBRAHEES
S AEZE LT A A L WK 7 () Bl 6(a) T
Cr i 7 J&] il Hh B3 22 0 B A k2K, Fe Ji 1 ) [ AL
R4, H Fe Ml Cr J5 7 0] 19 B8 faf 43 A5 f ] Cr
JEF

1 FCAR-BRAR R L mT LS R 0 F WL NI R T
JE BT 2R e e 5t 2 {FL R i Ay B 2k AR R P N T T
[CAR-FE AT Ni 5 J8 9 Fe Ji ot 30 T 38
Z 1 H fef IR AR LRI 55 T 1 PG RS A AL 1Y) 4 )
Rt 5 FCAR-4% 818 AH L, Ni Fl Fe JR 5 2 (8] /1
H o7 SRR A & A 1) NS i ) 9 B4R 2 H 6
55 T o [OAR- SR B AL, S 1H P ¥y 22y L B L
=255y M A BE AT A W) G WEL 7(b) (B 6 () BT
/R. FE NiJEFJE B 2 0 L Bk, Fe 7
JE B o fop B84, B Fe M1 NGB 18] 9 B, 157 29 A1 i 1]
Ni JiiF.,

TE B FCAR-SR AR RS o, o] DL 2% 31 Mn Jit 1 J)
(18 FEL 77 Bl 2K L B . BB Min 5 Fe JiL 7 2Z M1 i
fh) 4 JE SE A 55 s Fe Il Min JRF 22 18] 5 AT 55 £ A #L o
Gy A XA 5 OV TP 4 22 43 FL g B R A A A WD G
i BAT 0 i B 1] L BB Min F1 Fe J51 7 22 [A) 19 42 )@
SRR LA R M L B AR T TR A5 A
H UL H] Cu J 7 J8 ) B /0 i fir Gk 2 Gk 2
T2 5 [C R -BRASE R AR B 5 75 Fe J5 - J [ 1 20
i B HJEAE Fe F1 Cu JE T 2 18] 3 R 30 B 77 38
R R AT Y R I . B LLL Fe F1 Cu JRF2Z
] 7 4 Ja B T ok A IR B R v X S I T (DR
T F- 45 22 43 HL A A3 AT AHW A

4 TO1 957 BN A HY BB & WY Il Fe R
R A S R A A T 4 DT B A AR
. Cr Fl Fe Z [8] /) 4 Ja S fie ik, HEL A 008 9 2t
W B AR X A Cr BT JE Y Fe ST 40 X
R R A Y B i, RE A2 A AL 5 TO1 A9 11 it

JETPERE . A AE . NI BT JA B9 Fe Ji1, 5 Ni
J5 - Z [ iAo 1) 4 s B H AT S f B R e L

AT A5 N JUT SR A JE T O . Mo J5UT A
FlH Fe Ji 7, B 5 Mn J5 7 22 8] 1 4 8 58 55055
A BUN R I R PE L 5 5 B Min i B R 4
KA. Co i35 E M Fe I 78 04 Jm i .
1B Jes B A5 O LA H i T9 1 4 Tt Jg ok 7k
X LA BT R R 2.




210 W % oz M E 58 %
& Fe
L o035, g 0257 & Ni
> 025 % 015
= 015 =
i & 0.05
% 005 £
i B
= -0.05 & 0.05
3 0.15 H
1% o 8 -0.15
£ -0.25 B
= = .
= _0.35 1 1 L 1 1 L J H__()_QS
B 0 1 2 3 4 5 6 7 01 2 3 4 5 6 7 8
BB /A B /A
() Ty FC R4 A 7R (b) By B M- A5 7
‘ Fe = ‘ Fe
04 o<t
< ® Toisp @
> 03 % 0.10
< Mg
=02 ) 0.05
i ¥
E 01 i
= dﬂi—o.os
S0 4 -0.10
2 ., £ 015
-0.20 : ; 3
E-o.z Y - U . n 0 2 © 6 8
0 1 2 3 4 5 6 71 8 BHES/A

(o) B PR AR - A A4

(D) B [ A4 A8 23

Bl 7 4 PO B S T - 249 25 20 6L A 17

Fig. 7 Plane average differential charge maps of four models
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Table 2 Calculation result of binding energy of four models
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