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Fig. 1. Microstructure of sample steel and distribution of qualitatively characterised elements: (a) Microstructural morphology;

(b) high-angle annular dark-field image; (¢) HRTEM-EDS energy spectrum area scan and (d) line scan image.
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Table 1.  Elemental content of carbides after energy-dis-

persive X-ray spectroscopy.

TR JEF IR/ % Bt o8/ %
C 4.47 1.04
Fe 60.96 66.11
A% 27.35 27.06
Cr 1.16 1.17
Mn 2.29 2.44
Other elements 3.77 2.18
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Fig. 2. Crystal structure of V| ,Fe,C carbides: (a) VC; (b) Vg195Feq575C; (¢) VoasFer5C; (d) VosFeqsC; (€) VorsFenasCs (£) VosrsFeg.125C.
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Table 2.  Calculated structural cell parameters, formation energy (AH;), metallicness (f,,) and Bader charge of V, ,Fe,C
carbides.

a/A b/A /A /(%) B/ 7/(°)  AHy/(meV-atom ') Jin Bader

Vo.125F €0 575C 8.061 8.065 8.063 90.08 89.99 89.95 0.443 0.548 0.840

VoasFeq75C 8.106 8.107 8.107 90.00 90.00 90.01 0.321 0.622 0.914

Vo sFensC 8.203 8.188 8.195 90.00 90.00 90.00 0.042 0.844 1.052

VorsFeqasC 8.262 8.261 8.258 89.92 90.08 89.99 -0.230 0.971 1.146

VosrsEep 195C 8.287 8.287 8.288 89.93 90.00 89.97 0.439 1.19 1.213
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(a) Vo.aasFes7:C; (b) VoasFenr5C; (¢) VosEFegsCs (d) VorsEFep2sC; () VogrsFe125C

Fig. 3. TDOS and PDOS of V, ,Fe,C carbides: (a) Vg 958 €0575C; (b) VoasFe75C; () VosFesC; (d) VorsEepasCs (€) VosrslepasC-
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b AR rp R F R - AR TSR R R R, 45 2RY T
3R ITaE, A 3 S R E AL (O,
Cio F1 Cyy). FEMFEEA [, 381 Born-Huang A4 )]
5 B R B AR ) 2R e 1, HAR e T AR
WF: Cip >0, Cyy >0, Cpy > |Cial, 2C12 + Cyq >
0 D161 BFFRAERARE, V|, Fe,C Rl i) 5 i i
WROERATE R, IH I # Rtk REF. O
(ECE T LA RHE BRI T o Sl Y e
Ak, T Cyy (AN RFPEHE (100) fb i T [001]
T T B TR 4aME. W3k 3 T3], Vi grsFeq 105C Bk
WY EARKE C F Cy {H, X3 VosrsFen125C
WAL FERR KR T RS o 7 0] 09 W] He 4 P f i
[FIHAE (100) SF- /i B3 [001] AT i it 854187 1
B R B2 Ak, Oy (HE 5 R 2 O
FHIE, BHBE AT AT Vo s7sFeq 105 BAPIEA e 5
Y RE FEAR 123, oAb, (EARE R, V) Fe,C ki
Y38 s i S HRAHDCIAE R R Oy i, IR S
SIUIF RO Cy FII Oy 1.

2 fn AR SRR BT AT SE o R R B BT DA
i G IR EATAAN L v R FRAE. SRR
FEF B A SRR R Cy, Y& Voigt-Reuss-Hill #712)
D5 P AR . H, Voigt ITUSEIN By (Gy)
TR, Reuss TS EI) Br(Gg) S LBR, 1M Hill
UEAL (By( Gry)) WS X W54~ H BRAEIBCT-24). 35
RRELE B, B VIR E G KB & EFNAM H
v A g DU A 022.290;

1
By =DBr = 3 (C11+2Ch2) ,

1
Gy = 5 (C11 — C12 +3C44),

5(C; — C12)Cua

G = , 9
K 3(Ci1 — Chi2) +4Cus @)

_ 9BuGu _ 3Bu—2Gy

o ?)BH+GYH7 o 6Byt2GH '
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K3V Fe,CuALW R smrEs £ O MBWLE By, sTUIRIE Gy, M IWELE: E AL v | BB LE By /Gy B

Hy Wigd¥0E Ko LI REHEFREL M,
Table 3.

Calculated elastic constants Cj, bulk modulus By, shear modulus Gy, Young’s modulus E, Poisson’s ratio v,

Pugh modulus ratio By/Gy, hardness Hy, fracture toughness Kjg, and brittleness index M, of V, ,Fe,C carbides.

efe C,,/GPa Cy,/GPa C,/GPa By/GPa Gy/GPa By/Gy E v Hy/GPa Ki/(MPa-m'/2) M,/um /2
668.78  138.75  200.00 31543 223.89 141 543.15 0.345  28.73 3.83

Ve 648.2424  156.88L4 209.9924 3180 2139 1499 5210 0.35610  25.80
VoiosFeossC 552.84  165.68  75.32 29440  110.79  2.657 442.11 0.333  8.49 2.564 3.310
VoosFesC 553.84 15542  86.486  288.10  121.67  2.368 319.96 0.315  10.34 2.665 3.878
VosFeosC 563.87 15252 11341  289.61 14423  2.008 371.09 0.286  14.06 2.925 4.808
VorsFeosC 584.01  148.76  149.97  293.96  174.39  1.686 436.80 0.252  19.63 3.254 6.034
VosrsFeo12:C 61580  154.92  162.02  308.46  186.60  1.650 465.87 0.248  21.06 3.450 6.104

HWRARY T3 3 v, AR S 1 P RHIRDT
I J) B s 5 D 1 4 i BE ), AR EBOR, A
AR AR P2 3% 3 THRERE] Vi grsFeq 125C
AR R R R, ZJRBEETTR Fe M RIS R, 14
BRI/, Vi 195F € s75C BAT H/ NI RS
. BUIRCRE FRR RHRL BT VI N AR I RE TS, BT
A DR AT R R A B A B ) DR A B i
AT B A 3 AT LA EDWH A Y, V. Fe,C ik
W i AR T B 1 R B/ IMER TR Vo.smsEeg 125C,
VorsFepa5C, VosFegsC, VoasFenrsC, VoiasteysrsC.

P ERASE Sk 3R 7 bR IR, A7 DRSS R
W EE kg 22, 3% 33 RAE R BIR V) Fe,C ifb
P i 1 B AR E /N 30 B0 R TR : Vg s75F eq.125C.,
Vo.rsFe025C, VoaastensrsC, VostesC, Viastey7sC.
IR0 FAHEAE A, SPER AT 2
AR R E IR E. Vi smsFeq105C BIZEE PR
i K. B, ATRATN Vi grsFeq 105C TR 2Z [0
Al 7 B i fi .

BEAh, @ AT 3 AR bRk X AR LA
Jat, BIVETRA G RO AP s ) (207 AR & Co—
Cyy) FREARALE LY (B/ G)P7. MR 2 v >
0.26, B/G > 1.75 fil Ci5—Cyy > 0. T, &R
JIMEPE. ZE 3T LA, ViaosFeqC, VosFesC
M Vo 195FeqsrsC RBLH BB, M Vi gr5Feq195C A
Vo.r5Eeq0sC RILMETE. S ILFI, FT94 s g4t ik
AL S AR PRI PR 2 18] A5G 2R 1O, B Y
)V s g, B G B S AR, AR,
Vo sisFeq.125C B N-96.7 GPa, X R 74
BAWR AN PE, A B Ty e PR, — HL
SOE L) T8 i [ FE R SR PSR IR N ), R
T B, k= SBrEEIEaE ).

ARSI SEN, Ak G R B LB IR R A [
T EAAROC 22 HAl, SR R AR 2 ]
AR O 2R A , (BB A S A ] AR
BOEBEEEE. XTI V) Fe,C kb, HIH
WHERRE (Hy) vl DL PR 256285 3K 231 7
Hy = 0.92 k1137GO-T08 113k 3 {3, Feg g75 Vi 195C
WAL ) e R A By 21.06 GPa. fi/ M4 K
B B2 Feg g5V 105C WAL, HAE N 8.49 GPa.

Wi M Ko SOBE T M RHIRPT R S0 e Y B
J1, BRIz —. V., Fe,C RALY) Wt
S48 Koo AT LAt DL 220 22

Ve 1/2
Kic = , 3
1€ (GH+BH> ®)

Hrp, Vo B R AR, RS | ST e
PEFERL M, VEAL V. Fe,C BRALYIRHTH G RE 17 29;
Iffc )

X Ko, HA K Kie (8RR T8 13T
PRE RIEES. X T M, , HA /N M, {E8FHR
R R R, TR R Ko MM, 8
¥ 3.V, Fe,C AP B AR K
M, (E BT K, 25T BN Al AIN 152
BHE ) A, V., Fe,C Ak s e AIN
(2.79 MPa-m'/?) fil c-BN(5 MPa-m'/?) T 2= {9 W
ZLEIE (2.564—3.450 MPa-m'/2), 45 5] & Fe g7
Vi.125C BAT I R HYWr 24801 (3.45 MPa-m'/?).
I, V,  Fe,C iR{b Y i HPT RSy R ) RE ST
AIN Fl -BN. Itt4h, V,  Fe,C BAbY) HA 1L c-BN
(13.2 pm /) Fl AIN(6.45 pwm V/2) 51K i 1 1 48
B M, {H (3.31—6.10 pm /2). V,_, Fe,C #ALY
Feg 75 Vo105C BA /N AYME 3.31 pm /2. G5 R 3E

M, =
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BV, Fe,C ikILYIHA L c-BN Fl AIN B4 4
PZERR, T Feg g75Vo.105C AR5 52 1 fe fE.

Bl# Fe W BEFRAL Ko M1 M, (EEAHE R, X2
T V—CH# A L P38 T Fe—C & (DOS I
Bader HLfar 73 M A ), I Fe 213 (W1 Vi g75Feq.125C)
LA TR ) J B RO g 1 R . AR 1Y i
A BWRE RO R EHAEE 2Rk, WY
PIVE Ko B2 4. SR, A HEsm I o, (A &
A A et IR A, A 2 4 L ) AT 98 M AR T g T
25 TEHIRXAE N SR 254, B ) ekl i
SRPEARTE A SR, BRI I Y I R SOk s 4
PRI, W AR L IR st ) M, Rk

Vi, Fe,C it MEFRESFIERME
S
N T VAL V) Fe,C Ak 4 i #cbE B, B0 T
TEFEREE (0p ) A, THE AR B2

3.5

HC
B e
v = (B+§G);, v, = /G /p, (7)

Forp, h 3R E BTG n 3R Moy Co BRALPI Y
JETHG Ny, M p o3 5 2R AR AMGE 2 %5, oy
TREMEEE; v, FRFEIFHE, o Ao 20502 5
DI FNAIBE 7 .

K 4 RIS V), Fe,C b P RITEFR
JERIF 3. VC B FETFR IR 5 SOk (9] Zdle A —
B, R HAEFR R A R AR . 7 B |
WEH Vi, Fe,C ik rbid 4wt R 1 4L
Uﬁ/]‘, %ﬁﬂgi@iﬁiﬂﬂ, Hrp Vi.s7sEeq 195C HA
B R P R R B, (H R B AR, R i 1
FF IR EE X o T Ao B S BE . PRI, Vi grsF e 125C
O PR IR N 2 44 i 1 LAl v, Fe, C BRIk AL
Yy, X 55k 3 PR REBEAE R — 20 eAh, TEIFIR A
I T LSS W A A A BB 2 B0 iy 0 T
T 3R WA R = T T B S A HLAM R 2
B, VosrsFegosC FEiX 8 Vi Fe,C ALY R
B AR R SRR B A, TR 5 s A
ARG, BV R T X R TR it
IR, BEE Fe MBIV, BRACIIF-EIRIE (v,,)

FIVEEFE IR 251G K. PRI IR AL 5 75 e i e
L (Op o vy), TS CE R ky, oc v?). BRI, 3
SR V—C B (3T Fe—C ) ST &5
FEWIEE, 32 P BRI T 3R B T AR AR [ A

1000
10} °  ——w (m/s) ——0Op (K)
—— v (m/s) Ref.[9] __—
ol == vy, (m/s) _— ] 900
/ P
T8 —_ /
@» 4 800
£ & X
o Tf e / 2
=) @
SN - s 4700
@
/’?/o
[s} -
o// 600
4 0/0
. . . . . 500
40 ¢ Q{\g) @0 G?O 039
2 -3 2
g@e ‘§ 4°$ S ﬁgeo
RO A

K4 Vi Fe,CuAbY i (B o, 55U o, P-4 75
H uy,) VLR EFERE (6p)

Fig. 4. Calculated sound velocities (long wave v, shear
wave v, and average sound velocity v,), and Debye tem-

perature ( 0p ) of V, ,Fe,C carbides.

H T i A (R R R A% 4K 5[] o) P S ) 2% T
SV EAPOEMEE I, RIABETE T Sy ik
Y5 [100], [110]) Al [111] fib i (475 52k 131,

X [100] 71

[100]1}1 = ” %;
[Cus _ ooy — |12
[010]vg; = - [001]vss = (8)

XFF [110] J5
[110]u; = [(Chy + Cha + 2C40)] Y2,

[110Just = [(C1 — C12)/2p)]"%,

[001]vez = [(Cua) /20)] 2.

XFF [111] F71:

[111]o = [(C11 + 2C12 + 4C44) /3p)M2,
[112)o = [112]vge = [(C11 — Cha + Caa)/3p)] /2 .

(10)
BT o, 05 5 — X vy A AR oy
PRI R, £ 45T VvV, Fe,C ALY AR J5
] B 75 . X TR V), Fe,C ALY, AR 77 1h]
AR A AR TR, A v T [100] 7 1A A
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HRAE, MBI vy A v 43510 [110] F1 [111]
Jr Tk B KM, ARV, Fe,C Ak P ik
HA ST A, BT Vo grsFep10sC HAEK
R BER P BRI R /N B8 B, Vg g7sF e 125C TE [100],
[110] 1 [111] by ) b BA S R P24 75 5.

3.6 V,__Fe,C LR

AR IE TP — A EESEL, R T
PRI T TEAR E IR EE T AR EAE . TEmTR T,
TCHL I A A S ks AR (k) T8 LG LT 3
B (k) SE R H L N T AL S R TR R 14 i
FHEA BB L. 3T Slack B8, V| Fe,C k1L
Py A AR TR mT LU SE I LT 250 A AU B2,

3
T )
Hoh, 6 R BA TR S TR, M, RR
BT R R B, TRRGNRE, ng
JERE P R TR RS RS A RS A
KRHYRTF. v F1 Ay A LU PR 220 B

3 3v? — 4v?
173 v+ 202 )7

Foh =

(12)

- 2.43 x 1078
T 1-0.514/v+0.228 /42"
— Bk UL, R FERROR R SRR RIS
T F A AR PR R TS BE, TE DA B
I RN o M RO S | LR O 2 s T
e AR B AR 3R, MR A R R R I, H
AET AR AT A X5 T RiRARE, 1E % R T2
TN, PR GEER MK, fESRT, AT
TE 2R, SR B SRR SR B 45 5% B
Wb, BCFETT BRAPR A 56 58 S A 0 1A B/ > i
R (Ry)- EXFIE LT, 75 TR A b
FERESE T 1 Z W] i ). (A, s s
CCERUR T HAZE IR, #EF ) Clarke 20
Y Fogi 1

A (13)

= (14)

7 5 M7E 300 K MV Fe,C kL)
i A R Vi 05Feq s75C AL P TE 300 K BT H
A /MY k(2,139 Wem LK), 1T Vi grsFeq 195C
HA TR k(9427 Wm LK), % 5 IR b
WRRSEL () VE MM 2 T AR sl AR B M 1) S B4
PrbEE Fe M08/ N HAR M 1.996 Bl /N2 1.492.

2/3
kmin = kBUm (npNA > .

F 4V, Fe,CRALWIT [100], [110] F1 [111] FF RIS (m/s)
Table 4.  Calculated sound velocities (m/s) along [100], [110], and [111] directions of V; ,Fe,C carbides.
Vi.a25Feq.575C VoasFeg75C VisFeqsC Vo.rsFegsC VosrsEeg12;C
[100] v 9003.42 9126.02 9446.38 9820.16 10182.71
[100] [010] vy 3323.25 3606.30 4236.44 4976.31 5223.03
[001] vy 3323.25 3606.30 4236.44 4976.31 5223.03
[110]y, 7982.57 8144.52 8639.03 9233.81 9600.33
[110] [110] vy 5327.68 5473.24 5705.14 5994.67 6229.07
[001]v,2 3323.25 3606.30 4236.44 4976.31 5223.03
[111]w 7611.92 7789.92 8352.592 9029.91 9398.19
[111] [112] vy 4754.38 4930.12 5261.33 5675.55 5912.77
[112] vy 4754.38 4930.12 5261.33 5675.55 5912.77
#5 V, Fe,C MM IERSEY, Ay, 6, M,,, BEHER L), DIERE/NREIRGER by,
Table 5. Calculated Griineisen parameter ¥, Ay, 0, M,,, lattice thermal conductivity k,,, and minimum lattice thermal
conductivity ky, of Vi ,Fe,C carbides.
etk v Ay )10V §/A M, /(kgmol) n ky,(300)/(W-m K1) ky(1300)/(Wm LK) Ky /(Wom HK 1)
Vo125F€0575C  1.996 3.039 524.18 2.016 22.413 64 2.139 0.535 1.536
VoosFegsC  1.869  3.075  532.81 2.027 22.208 64 2.873 0.718 1.609
VosFep;C  1.692 3.132 550.38 2.049 21.800 64 4.729 1.182 1.752
VorsFegsC o 1511 3.199  563.61 2.065 21.392 64 8.183 2.046 1.929
VosrsEep195C  1.492 3.206 569.15 2.072 21.188 64 9.427 2.357 2.001
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/NG v RS R TR R IR 3, -
FETHURES . V grsFeq 105C SRR v (EEMAE HS
TP AR, IR ERTE T k), XLEE5R
LA AR Z B CeCo035(12.16 Wom K 1)
il CeCuOs(3.93 W-m LK 1) [ Ky, [ 424 B4
I, (A ISRV, Fe,C BALY HA 1 Rt
BEIR R R BTSN I A, AN, FEFF IR EE X i
T PRGBGSR R TE B R, PN
PRI 2Tz gk, RETEM) 5 rb (14 4% 15 1R i
P, TG R TG R, FEAUER T, 2 Tz g
ZBR, AL 2B, ATIFRAIL 1G5,

MR R PR AT RE A .0, 1558 TBCs
(40 YSZ) #£ 1200 °C LA I A fids AT = T8 (M
AR ESE ) WAL R L, HR5E T 1300 K
HY kyy DA B/ NS G R Ky, AN3R 5 BT
1300 K T ky, (HEFEY 0.535—2.357 Wom LK,
/T 300 K I RYME, HAS5TE 1273 K PRI TS
PLE) YSZ ABEIRZ B Ky (A (2.45 Wem LK) B
F 4. T VosrsFegi2sC 78 1300 K [ ky, hy 2.357
Wom LK ST B R85 IRER (A0 L,
71907, kyin N 1.2—1.4 W-m K1) sig5Eke A (40
Ln,SrAlLO7, ki A 1.49—1.60 W-m LK) ¥ )2,
V, ,Fe,C M ky, 52ZA TR —5 9%, b <&
B 7. BRI 2 RNIE I “ 2241 43 ad U 4 TR ik
Y B m iR T8 1. Bk, V) Fe,C L%
JE e iR TV TE IR EARL. it Clarke 205K
UTLETHR T Slack BEEIAYEER, V| Fe,C BRALYIN
koo YA 1.536—2.001 W-m K, 5 H LnyZr,
O; (1.2—1.4 W-m LK 1B Fl Ln,SrAl,O; (1.49—
1.60 W-m LK )07 20 s iy PR IR B A S 40k, b
WEE LW, V) Fe,C M fb 2 18 78 1) = 1R 44 b
WIEAEL

4 % @

ARSCHET B R BE A — TR I B3R, &R
SR T V) Fe,C AL & H A BEPE G, J2 22
FIRAS AR E Ve T A5 | SRR TERE | W2
R TT . FE AT

1) JEAEBEE TTR Fe &, LG T
LR N EUE, RV, Fe,C BRALYIE
PIyoe BB TRE. 2R, BE T ksl o
HEHE— R V) Fe,C HADITEEVE.

2) LT L5 R SR BB ST AN E,
BWE V. Fe,C ALY HA & @ Febk A S0k
V,_,Fe,C b Py A 2/ DL A 5 - 4w Bil- 25
BERIR AR N .V Fe,C ALY R eV BT
ARER ZUAHE T8 p-d 2216 C Al M R Z [E] 1Y
SERACAN A AR, A BB A AS RIS AR A mT L
AR, JEmism vV, Fe,C SRACDIHIERE.

3) SR R R A SRR, Vo grsFeqasC
f AL 4 LA i K B PR BB i | B AR o A PR A
i, R Vi grsFeg 105C B b4 2 G T i i) il
HARGAEIE. Vi srsFeq105C B = R
TR 107 ) A5 i SR B R LA i T AT TR A AL
S B I IR R 22 —. V., Fe,C ALY BT 2 80 e
PEMRT AIN Fl BN, $ifh %5 T AIN Fil -BN.

4) V, ,Fe,C ALPIFE 300 K i Y A% SR
Bk, 5N 2.139—9.427 Wem LK 1, ARAE /)
PR TR kL TE M 1.536—2.001 Wem LK 1,
KWV, Fe,C iibW 2 7E 0 R LR 2= Ak

S 30k
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Abstract

Vanadium carbides commonly serve as strengthening phases in metallic materials, where their elastic and
ductile-brittle characteristics are critical for mechanical performance. This work systematically investigates the
structural stability, electronic properties, mechanical behaviors, and thermal characteristics of multi-component
V, ,Fe,C carbides by using first-principles calculations, aiming to elucidate the influence of Fe content on their
physical properties and provide a theoretical basis for the design and application of carbides in high-
performance steels. The calculations are performed using the Vienna ab initio simulation package (VASP) based
on density functional theory (DFT). Special quasirandom structures (SQS) are employed to construct five
carbide models with varying Fe/V ratios (from Vj95Fe)575C to Vi gr5Fe)105C). Key parameters including for-
mation enthalpy, electronic density of states, elastic constants, Debye temperature, and thermal conductivity are
computed. The results indicate that as the Fe content decreases, the formation enthalpy shifts from positive to
negative, reflecting a significant improvement in thermodynamic stability. Electronic structure analyses reveal
metallic behavior of all compositions, with stronger covalent bonding in V-C than that in Fe-C. The
VisrsFeg125C carbide exhibits the highest elastic modulus (C); = 615.80 GPa) and Vickers hardness (21.06
GPa), which is attributed to its strong covalent interactions, though it also shows increased brittleness. The
Debye temperature rises with the decrease of Fe content, further confirming superior mechanical strength at
elevated temperatures. Calculations of the thermal conductivity for V g75Feg 125C vield values of 9.427 W-m . K!
at 300 K and 2.357 W-m LK™ at 1300 K. Its minimum lattice thermal conductivity (2.001 W-m 1K) is
comparable to that of typical thermal barrier coating materials, demonstrating high potential for high-
temperature thermal insulation. This study reveals the structure-property relationships in V,_,Fe C carbides on
an atomic scale, indicating that low-Fe compositions are advantageous for high-temperature and high-strength
applications. These findings provide important theoretical support for the development of novel heat-resistant
coatings and high-strength steels.

Keywords: steel, V,_,Fe,C carbides, first-principles calculations, special quasirandom structures, physical

properties
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