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JLE, MYER.IEBRA
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Fig. 1. (color online) (a) Schematically structure for ferrite(100)/NbC(100) interface: The interfacial red

ball is the substitutional atom X; the pink, blue and black balls are Fe, Nb and C atoms, respectively;

(b) side view for ferrite(100)/NbC(100).
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Fig. 2. (color online) Energy of segregation (AFEseg)
for X atom doped ferrite(100)/NbC(100) interface.
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Table 1. The work of adhesion W,q, interface en-

ergy Yin for ferrite/NbC interface without and with

X atom, the changes for W,q and ~in¢ are also listed

for comparison.

Solution
atom Waa/Jm™2 AWaa/Jm™2 ~ing/Jm™2 Avine/Jm=2
clean —0.96 0 5.07 0
Cr —0.43 0.53 4.81 —0.26
Mn —1.27 —0.31 5.26 0.19
W —0.47 0.49 4.83 —0.24
Mo —0.70 0.26 4.95 —0.12
Zr —1.80 —0.84 5.60 0.53
A\ —0.90 0.06 4.82 —0.25
Ti —0.91 0.05 4.88 —0.19
Cu —1.78 —0.82 5.78 0.71
Ni —1.31 —0.35 5.28 0.21
0
—o2f
T —04
g
g —0.6
X 08
g —-1.0
E —1.2]
= L
F 14
5 I
4 —1.6
S 18]
20l

Different solution elements
B3 (MTIEMS) &4 R 7152 ferrite(100) /NbC(100)
SIS R RN 2
Fig. 3. (color online) The work of adhesion (W,q) for
the clean ferrite(100)/NbC(100) interface and that af-

ter X atom introduced.
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NGB T o AT 45 SR — B SRR L
SRS LT RE S DIAR DG, FhiH Ae i/ Az e v
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EUNTYOA
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FVHLART 73 A0, A SO T B &I R B 2810 )5 1 fer-
rite (100)/NbC (100) 7 [HI 1) H 1~ G5 44 Al BB AR AIE.

MR DL Evhie, BATIERE T B REMRS R A
(Zr, Cu, Cr, W &&ALI FL I ) KB 7, 0] ix 2 5t
THI P 22 73 FELAT 25 BE AT RGE M 70 W, MHEF A BE R
FAR[F A 470 &R X ferrite (100)/NbC (100) F 1%k
P 5 P

B4 8 & & % 44 00 Ja 1 ferrite (100)/NbC
(100) F i ) (010) [ FR) 2 43 HLAT % B2 40 AT, W] BA
FH, 4T AR5 410 ferrite/NbC AL (W& 4 (a)),
FL 5T A 1 B A B4 A LR S A R AE, R H e
FESAAESF MM, 554, 75 ST 5E Fe Ul 47 1E
KER A X, [, S A F) Fe Ji 7 —
S R B T AR C BT, U S 2
SE S THERFAE. Rk, % ST 32 e A R
THA L. BT CET B ATER R, 198076
5, BT DA S AR AR A 8. AL 4 (b)
FE 4 (c) AT LR B, Zr F1 Cu $B 4% 5 S AL Fe
JE T [FRE A7 AE B Af SEARIX, 4R Zo A Cu iR 12K 2%
1) F fr B LG Fe /b, Ui B SR HNAR Y Ze F1 Cu J 75
CJEF I AH FLAE FHBE 55, X AR T Zr fl CutB 4%
T 0 %6 P 2 2 2 PR AR K SR AL 2 Cr, W JE TR
RITAE I — A Fe 71, Wil 4 (d) FE 4 (e), H
i3 A R AR BRI AR AL, FERR R AR Cr A1 W i
TR, A SR AT SR IX, 150 B ST AR ) Cr,
W 5 C 57 Z 1871 sl S 5 i) AR M AL 5. e 4k,
G158 A5t R 5 BR AR Y Cr J5 -1 F NbC il (1 5
—ECHE TSRS, XMHER T Crik
ff] ferrite (100)/NbC(100) F-1H B A B i 45 4 5k
{1 S AL

K4 (MTARE) AEICRBRNIE M ferrite/NbC FHEIY (010) [ 122 53 B % BE
Fig. 4. (color online) Difference charge density of the interfaces taken alone the (010) plane for the clean
ferrite/NbC and (Cr, W, Zr, Cu)-doped interfaces.
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#2 AEITER X BARNEH C T X T KA
ot

Table 2. Mulliken population analysis on the interfa-
cial C and X atoms for ferrite/NbC interface without

and with X atoms.

Atom Total Transfer Atom Total Transfer

electron/e charge/e electron/e charge/e
Fe 7.95 0.05 C 4.74 —0.74
Cr 12.88 1.12 C 5.01 —1.01
Mn 14.89 —0.11 C 4.73 —0.73
W% 13.16 0.84 C 4.93 —0.93
Mo 13.46 0.54 C 4.82 —0.82
Zr 11.98 0.02 C 4.74 —0.74
A% 12.67 0.33 C 4.79 —0.79
Ti 11.72 0.28 C 4.77 —0.77
Cu 11.44 —0.44 C 4.72 —0.72
Ni 10.08 —0.08 C 4.72 —0.72

N7k R AR S AL R T T R O
ASCRE b G R AT A S b, RN AT
DAY 5 B ) B e R P2 B A AT S
G RT X B H AT I C JE 745 J8 o M &5 14 F
F£2. WTUFH, ferrite/NbC ARG AE &5, 7
AT A J5 - 16 B AR B A RO Hl ey 3 R 2 R A B B
A4, 24 Cr, W, Mo, VI Ti 5| A 5, X487 1
P F AT BN 1.12, 0.84, 0.54, 0.33 F10.28,
LR B A AL 1H Fe 2R 22 HLAT (0.05) 22, HAHRLI
C IR F33IH Mt 5 2 RUXLLJF 574 1 7]
PAME 5] C 81158 K IE#37. Kk Cr, W, Mo, V,
Ti 5 C 2 8] () AH ELAF 7 B 34 5 T 1) Fe A1 C 1E
Bk, AN, RS ST RB RN A, Cr 4l
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mEA R ENE, 5 ERMITER 5% X
Wt — PR T FHIAL ) Cr, W, Mo, V #1 Ti figf
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4 % B
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1) Cr, VAT 2 1 5 B A 5708 58 BE,
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S

2) Mn, Zr, Cu F Ni U S THIAL (1 Fe J5 1 5 K
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BK, BRI s 7 S AR e M

3) Zr A Cu 51 N\ G 18] J5 S 1H BT A7 75 # 47 3%
X, H Zr f1 Cu J5i 25 25 (1) AT B EE L Fe 2, B
FE AL Zre, Cu JE R C JR-THOA HAE 22 55; 4R
M Cr MW 5| NFH J&, Cr, W Rl C R 2 (81 TE A
TAR SR B AR LA B, $E i T ferrite/NbC S
IOEEFECE i

4) FIRB A M, Mn, Zr, CufINi
Fe i 2 1 LT RE T = HL AR B T BRAR, IRk R AR TE
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FHENFUH 5, H A AE ) B, BIAE NS A R
BEER R AR TEAZ A GHAL fifoL
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Abstract

The NbC precipitated in steel is in favor of the heterogeneous nucleation of ferrite, which is affected by the alloying
elements at the ferrite/NbC interface. However, it is difficult to clearly understand the effect of alloying elements on
the ferrite/NbC interface behavior experimentally. Therefore, the first-principles calculation is employed to address this
problem in this paper. First of all, the segregation behaviors of alloying element X (= Cr, Mn, Mo, W, Zr, V, Ti, Cu and
Ni) on the ferrite(100)/NbC(100) interface are systematically explored. And then, we investigate the influences of these
alloying elements on the property of the ferrite/NbC interface. The work of adhesion (Wa,q), interfacial energy (vint) and
electronic structure of ferrite/NbC interface alloyed by these elements are also analyzed. The results show that the (Cr,
V, Ti)-doped interfaces have negative segregation energies, which indicates that Cr, V and Ti are easily segregated at
the ferrite/NbC interface. Conversely, the Mn, W, Mo, Zr, Cu and Ni are difficult to segregate at the interface. When
Mn, Zr, Cu and Ni replace the Fe atoms in the ferrite/NbC interface, the adhesive strength of the interface will decrease,
thus weakening the heterogeneous nucleation of ferrite on NbC surface. However, the introduction of Cr, W, Mo, V and
Ti will improve the stability of the ferrite/NbC interface due to the larger Waq and lower 4int. Therefore, the Cr, W,
Mo, V and Ti on the ferrite side of the interface can effectively promote ferrite heterogeneous nucleation on NbC surface
to form fine ferrite grain. The analysis of difference charge density indicates that after the introduction of Zr and Cu
in ferrite/NbC interface, the interactions among interfacial Zr, Cu and C atoms was weaken. However, when Cr and W
are introduced into the clean interface, the strong Cr-C and W-C non-polar covalent bonds are formed, which enhances
the adhesion strength of the ferrite/NbC interface. In addition, the minimum Cr-C bonding length at the Cr-doped
interface suggests that the interface has the highest interface strength. The Mulliken population analysis shows that for
the (Cr, W, Mo, V, Ti)-doped interfaces, the transfer charges of Cr, W, Mo, V and Ti are 1.12, 0.84, 0.54, 0.33 and
0.28, respectively. Nevertheless, for the clean interface, the transfer charge of Fe is only 0.05. Therefore, the interactions
among interfacial Cr, W, Mo, V, Ti and C atoms are stronger than that between interfacial Fe and C atoms, which is in

good accordance with the above analysis.
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