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Fig. 1. Solid solution models of Zr, Nb and V atoms with
different occupancy in a-Fe(C)-M.
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F 1  aFe(C)-M RIEABEAAAG G
Table 1. Cell volume change rate and total cell energy of a-Fe(C)-M.

V/A3 R % rEREE, . /eV

a-Fe(Q) 54.88 -3769.31
a-Fe(C)-Zr (fk.L>) 63.49 15.68% 4185.81
a-Fe(C)-Zr (Tif) 69.16 26.01% ~4185.27
a-Fe(C)-Nb (fr») 61.11 11.34% 4456.27
a-Fe(C)-Nb (Thiffi) 64.53 17.59% ~4456.25
a-Fe(C)-V (kL) 57.93 5.56% 4881.30
a-Fe(C)-V (Tiff) 57.19 4.21% ~4881.78

Jo i LB BRI, A SRR, A &R T
Sy, AR, B4R Zr, Nb JE PR e B
{7 B 1Y) Fe J7 7, (A LB 5, Zr, Nb JRF
V(1) [ 2L R
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R, R F RSSO, W55 280 m i RE i A RE AT
FEWTRL, TSRS E , W BRI Y
I B R RRE R, S5 ahek (1) kTt

Eo=1/n(En — Eio) , (1)
Horp By b R 254 B8, n ki IO 9 R TR
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E,o WZEMERERE GRS TE 1), A0t
BT Fe, C, Zr, Nb, V A JE TR RE &, 400k
-861.33,-148.32,-1278.94,-1548.98 FI-1973.43 eV,
Hrr Fe, C R+ REfE 5 3CHK [20] 1T A 45 L 5
AR—F (-859.82, 145.88 eV), Vi T 7k
PITERAE. 45548 1, RSCTHE T a-Fe(C)-M 1Y%k
AhE, S5 2 ).

# 2  a-Fe(C)-M i EHE
Table 2.  Bonding energy of a-Fe(C)-M.

ol 25 BBEy/eV-atom !
a-Fe(C) 4.51
a-Fe(C)-Zr (#i>) 4.37
a-Fe(C)-Nb (&) 4.44
a-Fe(C)-V (Tiff) 4.64

A LAA Y, Ze BTG, SHLEOES 5 RERRAR T
0.14 eV, Nb [E 5, ML SREMAILT 0.07 eV,
LA Zr, Nb JEFAE—E R LR T o-Fe(C)
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H.MELZT, VRS — B L EY a-Fe(C)
L, R R R AR i 2= R, Zr, Nb, V X454
BERIRZ IR — 7 T 5 IR F7E a-Fe(C) FRAY L7 A 5%,
T3 — 77 T D) 55 B DL TS5 R A T A, DA S 1)
JE SR T A B R

3.3 BTFHRESH

A AT R TR S ) B A, AR
AT a-Fe(C)-M MR E (DOS) Mo
BEE (PDOS), 50 UNE 2 iR, F 2 BEis-
WL Zr, Nb, V& &R F5 o-Fe(C) MM
Fe, C JRF MBSO, 25 I F 0 H IHLE 43 1
RE M E S, TS5 R F 2.

M 2(a) HATIE H, o-Fe(C)-Zr fffr, #F
ANFEBERTEREIN Fe, C, Zr LT ARIRIEIE & KR
HZ&, KW Fe, C, Zr JRFS 5 i, $E0 s
F. £ -5.3—-3.3 eV A, PDOS & 1 Fe3d Fll
C2p HB A S RE R ES, Fe 5 C ni;
TE 1.1—3.5 eV 4k, C2p Ml Zrdd LB H BLHLE 53
e M ES, C 5 Zr . [, K 2(b) tha]
PIEH, a-Fe(C)-Nb i i, 7£-5.3—3.4 eV 4,
PDOS ElH Fe3d #l C2p #Lil H L HE 7 1 B
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Fig. 2. DOS and PDOS of a-Fe(C)-M.

. 2(c) HATLUE Hh, o-Fe(C)-V dhfaHr, &
BEE T ARSI EAXTFRE L, B VR
T BB R AR R B T #EME. 7 0.3—1.9 eV
4b, PDOS FEH Fedd Al V3d il H BUHE 5 Fifig
WNES, Fe 5 V B 78 1.9—3.3 eV 4, V3d
C2p HLIEHIPLE S B RN ES, V5 C U;
7E 4.8—8.6 eV &b, Fe3p Hl C2p il MELIE 7
MRERAES, Fe 55 C pl; V JETFHRIRTE-65.2—
~63.7 eV }2-39.4—37.5 eV X [a] PIEE AL L T
{H Fe fl C 73X P4~ X 0] S % L A% C R
T RIRTE-14.5—-10.2 eV X [A] N $2 4t 5l s s 7
B Fe 1 V 751X FA™ X 18] 1) 25 % B P M &
I, 7 o-Fe(C)-V i, =5 F#f At s s h
T, FEEW FeCHE Fe VL V-CH 25
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DEEE P, ALBE M a-Fe(C)-M M & M
MR TS5 pUE L, 251 R S A LR s i)
SR 55 A T B i Mulliken B fif £ J5 1 5 2 A1 i 3
F3453HT.

% 34 a-Fe(C)-M i Mulliken H i £ & . A]
DVE i, Zr, Nb, V B FEEMAKG, Fe, Zr, Nb,
V IEFERM AT 1 C R NFET, UL
AEETHPAE BT CRFRETHES
CEFIMTETH#. £ 44 o-Fe(C)-M W ES
P ff A7 SR 128, SR Bk IE (A Fn A7 A e, 3R
JE R BB 2R R SR (B A7 A Sk, R[] A L HE
J¥, BRIEECH 0 WIZFRIRAEAE B i, RIBEUEMOK,
WU B 5. S5 4 B o-Fe(C)-Zr B AT
DLE M, C—Fe B REECH 3.54, C—Zr # R )EEL
011, BIMIEAE, It C—Fe #, C—Zr Y%
oA H O Zr R AR RS 45
2(a) AT LIAEH, Zr A TR, TR
T Fe—C B Zr—C B, Hrp Fe—C oA pr4,
Zr—C HELLES T80 =, IR B T 85585 240
B RIRERY M FTER Y, Nb IR TR IRE, BT
Fe-C H #l Nb—C #, H b Fe—C # y It #
Nb—C LA T8N 3, [FBIE T 855 A4y
e, VEIW TERRERKRIG, W T Fe— CHE .
Fe—V M C—V &, Hih Fe—C ., C—V # N
Mt Fe—V 4 hy B 1.

M 3 AT LIF Y, Zr, Nb, V [EE TR K
TR 75k, B FRBER R, VB INET
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# 3 aFe(C)-M Ay Milliken HLf#i &
Table 3. Milliken charge of a-Fe(C)-M.
JEF s p d ST 4/ R A
o-Fe(C)-Zr Fel 0.38 0.68 6.75 7.8 0.20
Fe2 0.27 0.56 6.77 7.61 0.39
Fe3 0.28 0.56 6.77 7.61 0.39
C1 1.49 3.16 0 4.66 -0.66
C2 1.49 3.16 0 4.66 -0.66
Zr 2.19 6.53 2.95 11.67 0.33
o-Fe(C)-Nb Fel 0.39 0.72 6.74 7.85 0.15
Fe2 0.27 0.53 6.77 7.58 0.42
Fe3 0.27 0.53 6.77 7.58 0.42
C1 1.48 3.17 0 4.65 -0.65
C2 1.48 3.17 0 4.65 -0.66
Nb 2.30 6.38 3.99 12.68 0.32
a-Fe(C)-V Fel 0.33 0.72 6.75 7.81 0.19
Fe2 0.33 0.72 6.75 7.81 0.19
Fe3 0.28 0.59 6.76 7.63 0.37
C1 1.47 3.21 0 4.68 -0.68
C2 1.50 3.17 0 4.67 -0.67
\% 2.26 6.38 3.77 12.41 0.59
TE: BN IESFOR R AL T, ARG T
F£ 4 o-Fe(C)-M (WS A JE
Table 4.  Overlap charge distribution of a-Fe(C)-M.
o-Fe(C)-Zr a-Fe(C)-Nb a-Fe(C)-V
e R K it R K i P K
C—Fe 0.16 2 C—Fe 0.20 1 C—Fe 0.26 1
1.61 2 0.21 1 0.25 1
C—Zr 0.06 1 1.53 2 0.13 1
0.05 1 C—Nb 0.11 1 0.12 1
0.10 1 1.42 1
c—V 141 1
Fe—Fe 0.11 2
V—Fe 0.0 2
JEE 3.65 3.68 3.81
J it 0 0 0

Nb L FHR R 22 A K. M FRB AR RZE,
B TS0 AH B A, R V SRR R
Hh L 1 B T B T o, Zr, Nb 58k K il
Hh BT 0 B T S A 25 R K AR #5055 36 4
B R EEON IE(H, (AN AN AR FH .
BHIE V55 8k 2R P D 17 A0 B4 ] Sk
(BJEECh 3.81), Nb k22 Zr B S F 5.

ZEA VL EAMFTS Y, Ze, Nb, V B T &K

J&, Zr, Nb AU Fe i TIEaJm i, m vV 58K
PRI A Fe JT IR AL T G R e I Fe-V B 15,
Hoh B R SR T Zr, Nb JEF 583 IR i
FREES R, 68 V BIE TERRIRS, MIRMESE
RESEN, 2 T RERIA.

3.4 NFEREST

a-Fe(C)-M FHIfIY 177 VERE (B & B, 87
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B G IBiE E LA L o) IT LIARPE 1S
MR B T a-Fe(C)-M S Z 254k
J5i, 2SR S A DU 2R P4/ mmm, &b 2 5Pk H
Bl AR, B Oy, Cla, Cray Gz, Cay F1 Gy
X S e 5, SR (2) 2U—(4) =X 29 B Al kA5
a-Fe(C)-M LR 12 PR,

1

B==:
9

(2C11 + Cs3 + 2C12 + 4C43) (2)

1
G = B(QCH + Cs3 — Cha

—2C413 + 6Cy4 + 3Csp), (3)
9BG
- 3B+ &’ @)
3B - 2G
=SB0 (5)

SR 5 FTA). Ak, AR
PR S HBE B RSB Gt
3R 0, SR R W A 5 PR A
e, FE O UIBCRE G % FE OB HOMR AL

M. s B XS5 0I8R G &% UIAEC, RIBSm
BPIM R G A R BT LU A A A
XFTRZEEHNT T, B A B 1) [F) e i R —
FE B LEJEYE. MR Pugh MRHYEYE /28 R R 4 B
PR AR S8R 2 [ B/ G > 1.75 Mt
ML, TR METER L. 346, JARS Ee i nT DL ekt
B EPETERE, 1A EE o BRI Y8 M R 4

M 5 HR[ LA, Zr, Nb &), B, G, E,
o YIIEW Bk, £ Zr, Nb EIEXN G485 R
R 1A RE R IR K. V ERS, B B 1,
BUIfiE G Al [CRE ERIEREAR, X R VR
TFHIEEE a-Fe(C) AYHE B BB ARAE BT 5 B AT Fr
$EE, TGN V REEXT a-Fe(C) A2 23 L1
. O IREE B 5 AR R T 0455 e A
BT G B2 AR B K, BWE IR FRIES & fe
R B (%) 500 B R 5, REAS A B B A SR ALVE . IE
T Zr, Nb, V R R, BV EF 5
il Fe, C JFF M B BEAR XA/, X M2 &
RERnAy R, FL, VB S XE EER
4 SR E .

# 5  a-Fe(C)-M SR FMEH O 12 P RE

Table 5.  Elastic constants and mechanical properties of a-Fe(C)-M.

Gy Cia Cis Gy Cu Cos B G E o B/G
o-Fe(C) 407.59 232.72 125.38 758.58 86.89 207.24 282.30 148.90 379.89  0.28  1.89
o-Fe(C)-Zr 348.44 331.21 101.14 680.12 89.50 231.44 271.55 138.32 354.73 028 1.96
a-Fe(C)-Nb 436.45 242.81 139.25 661.79 74.68 148.99 286.37 127.23 33245 030 2.25
oa-Fe(C)-V 391.84 342.96 167.67 645.00 55.02 74.18 309.48 86.87 238.32 037  3.56

FR 50 B2 R BE 2. (A Zr, Nb 32 %2208 i 7R s Ak

4 3 #® 477 B ERARL I 12 PRRE. DV RERS

A S A AR s AN B B ) 24 MR
TR BTz —. BR Zr, Nb, V ¥ 2Ryt
BOGE, HTHY C Mg SRR, i insg
i Zr, Nb, VO gl i g Bt g 2 fe ML A
FIATR. 25— PR ER M, thF Zr, Nb, V &
TR MR 2R, HEET a-Fe(C) Bk
AR R I S A TSR S5 & RE. Zr, Nb ot
REHET a-Fe(C) JFFEMILT A IIMES A hE, KL
Zr, Nb B[] 5 CIE M ZrC, NbC i fbAH, —
Ty TGN T IEARA B RE R 55— 7T, AL AR
R BELASPEL G AAR fhr O K, 20 Ak dehor T 2 v A

Y% T a-Fe(C), #£ 8 MIEMILE &, Rk EK
ke, V B S, fefE—ERE FE SRk
BB, e S RE A BN

5 % @

WSCR IS — MR B A 307k, T T Z,
Nb, V 7£ a-Fe(C) H Ry LG BE 45588, I
T a-Fe(C)-M i M RS 5 RE | r A Js B0 K
AUERE, EEARE T LA NS

1) A AR RS PRSI SL RE A 3BT 45 2R 3R
B, VAILSE B4 a-Fe(C) mM P A0 E ) Fe J5
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-, M Zr, Nb e e a-Fe(C) Fhi rhAC i &
#J Fe J5i1;

2) 4 A e M 1R R RE T B SRR Zr,
Nb FEAR TRR R AR MR e P, Zr tb Nb BXERE T
a-Fe(C). V [E¥ G HM T M4 468, X3
RPN VER;

3) A BE | far A R R EE B R far AT R AR T
LR, Zr S THREK)G, BT Fe—C
M Zr—C 4, Horp Fe—C 3L 8E, Zr—C #ELU
BFEON E, FIBTRIE T 55 B LA . Nb [#
VA 2R AL S 7 [ A D B R S AR A
M. VE® TEHEKRE, BT Fe— Vil
C—V g, Hr C—V #A M, Fe—V BN E T
PR TSR T Zr, Nb R S58%EK
A P BB A VR R R IS S RE R i BN

4)Zr, Nb 238 1 vk oAb i 77 Xk
PRATRHG 2R RE, V B E , BEE—E R LR
FARRIRITINE, 24 & ) Re i LR A.
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Abstract

The volume change rate, total energy, binding characteristics, state density, charge distribution number
and mechanical properties of cells formed by solid solution of Zr, Nb and V in a-Fe(C) are calculated by using
the first-principles method. Thus, the effect of Zr, Nb, V on o-Fe(C) are studied in this paper. The results show
that V displaces Fe atoms which is at the apex angle of a-Fe (C) cells preferentially, while Zr and Nb displace
Fe atoms at the body center of a-Fe(C) cells. Zr and Nb reduce the stability of ferrite, but Zr is more difficult
to solidly solubilize in a-Fe(C) than Nb. Solid solution of V increases the binding energy of crystal cells,
meanwhile the toughness of crystal cell is mainly improved. After solid is solubilized in ferrite, Zr and Nb atoms
only form metal bonds with Fe atoms while V and Fe atoms form the metal bonds and Fe—V ionic bonds. The
ionic bonds of Fe—V are stronger than metal bonds of Zr and Nb atoms with Fe atoms, which is the main
factor of the cell increasing. Zr and Nb mainly improve the mechanical properties of steel material by means of
dispersion strengthening. To some extent, V solid solution can improve the toughness of ferrite, which is the

main reason for improving the mechanical properties.

Keywords: first principle study, a-Fe(C), Zr, Nb, V, bonding characteristics
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