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K1 SRS RBIEREE (a) MoyC; (b) MogCy; (c) MogVCy; (d) MogVaCy; (e) MogWCy; (f) MogW,C,y
Fig. 1. Schematic diagram of crystal structure and the supercell: (a) Mo,C; (b) MogCy; (¢) Mo,VCy; (d) MogV,Cy; (e) Mo,WCy;

(f) MogW,C,.
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RV, WBIEHIERGHEESE 0, b, ¢, VLI o, 8,7

Table 1.  Lattice parameters a, b, ¢, volume V, and angles «a, (3, 7 before and after doping with V and W.
Configuration a/A b/A c/A V/A a B8 2 Volume expansion rate/%
Mo,C 3.059 3.059 4.665 37.794 90.00 90.00 120.00 —
(Mo, Cy)12! 3.056 3.056 9.331 75.476 — — — —
(Mo,C)*3] 3.054 3.054 4.652 37.58 — — — —
(Mo,C)09] 3.051 3.051 4.624 37.3114 — — — —
MogCy 6.108 3.054 9.346 150.996 90.06 89.98 120.00 —
Mo,VC, 6.083 3.041 9.282 148.737 90.04 90.02 119.98 -1.50%
MogV,Cy 6.051 3.026 9.215 146.201 89.84 90.34 119.96 -3.18%
Mo, WC, 6.109 3.055 9.350 151.139 90.07 89.96 119.99 0.09%
MogW,Cy 6.112 3.054 9.355 151.272 90.09 89.97 119.98 0.18%
(V,0)R0 3.045 3.045 4.409 35.4 — — — —
(Vo)1 2.89 — — — — — — —
(W,C)Rl 3.19 3.19 4.626 40.77 — — — —
(W,C)R0l 3.060 3.060 4.703 — — — — —

FREE. Z5HALIG MogCy S AB IR 4514 (1) f s S8
FURFAR L3R 1 Frgll, o] LG B 4Lhi i i4 7Y
SRS B AiAs S SO (LR I [12:13:15.2021],
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MogC, A Et, MogV,Cy AR AR B K, J/IMI B 5
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Table 2.  Enthalpy of formation for different configura-

tions.

Configuration AH/(eV-atom™)

MogC,y -0.131
(Mo,C)13! -0.113
Mo;VC, -0.192
MogV,Cy -0.264
Mo, WC,4 -0.121
MogW,C,4 0.111

3.2 GHEEEH
3.2.1  EEEME K
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Table 3. Single crystal elastic constants of different configurations.

Configuration C1,/GPa C)5/GPa C13/GPa C33/GPa C,4/GPa Cie/ GPa
MogC, 475.26 119.88 180.55 451.77 137.69 178.17
Mo,VC, 481.10 117.69 177.65 466.54 134.82 178.91
MogV,Cy 473.96 119.00 166.23 461.58 141.35 176.42
Mo,WC, 478.11 125.91 187.67 459.93 137.32 177.95
MogW,Cy 483.65 131.41 196.03 468.71 137.92 178.09

NOT dn R ST B SRR BOR Cy, Css, Cu,
Cy, Cys. WA 27 A0E Ve mT LAAR i I 8- B3 B A
P K5, 757 S A R AR E TR HE 22 Dy O >0,
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Fig. 2. Elastic constants of different configurations: (a) Elastic moduli (B, G, E); (b) modulus ratio (G/B) and Poisson’s ratio (v).
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Table 4.

hardness (H) of different configurations.

AT AE 7 4 4 FC A By, Hardness (Tian) Al

Vickers hardness (Hy), hardness (Tian), and

Configuration ~ Hy/GPa  Hardness/GPa  H/GPa
MogCy 16.64 16.57 42.79
Mo,VC, 16.84 17.46 43.00
MogV,C,y 18.12 18.13 41.71
Mo,WC, 15.98 16.00 43.92
MogW,Cy 15.43 15.59 45.25

BeAh, W H 5 AR A BT OCHK, H UK,
[ BRSPS B4 s, H S B Y
IHHS 2507 Ay )

H = (0.189B — 68.2) /10,

(13)

b, HRYBRAL GPa. HIAR I, V 89BN, 41

106301-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 10 (2025)

106301

RIS FIAYE AL A e T Se G S )N, TR
W, HriR A AR B R A T .
3.23 FBHE@FME
S 2% o) S M i 122) 2 UM L0 P A A
PR, Z A REA AR BT AR A R 44 ) S
PEA S Hesl I, LA = AN hn kil 5
PR T e, BV FH 2% 1) SR AR A AY L 4 45 1) S
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K. 7E 10—25 eV XI5, EZH Mo JR 1 s, p #L
B C R p Bl T =44k, JE s Mo—C
I, E-3 eV A5 eV £ 4, Mo Y p, d i
FC Y p FLEHTZ4k. C7E-5 eV AbUEIET HR
B, AT STER K. Mo By d BB A C T s Bl
7E-12 eV b Z:Ak. 7562 eV F1-35 eV JF i 5 PR
B, WA DTRR MBIk H T Mo JEF 1Y s, p $ll
I, SR bERsn, H-35 eV AbJayiel .

HE 3(b) A 3(c) ATAL, $B4% VG, 1£-65
F1-38 eV Ab3E Inwa A~ /Nl 6, H g 5T ik 430 ok B
T Vs, p LB T, A=, BE V ETF
B2, Mo J5 1) 5 P A2 B v gl e v B A o
R, LA SR BT EIES. E-5—5 eV B IX P,
Mo, V 1y d LB C 1y p Bl v 7 &Sk, i
R V—C . fIE 3(d) FIE 3(e) AIAHBZ: W A,
W JEF 1 s, p, f HLIBEHE FHKIKTE-T5 eV, -39 eV,
—29 eV M= AR A B, HIGEMKRIG R, J5ik
PERG SR, BEE W R385, Mo J5F I HELAi DTk
[ FEA BT 55, B2 W5 Mo, W Y d BLii fil C
) p BB T & A2k, TR W—C 8. HE 3(f)
AL BV, W SRR, V, W Ak

# 5  ANIFEMBR RS SRR R (AY, Ap, Ag)

Table 5.  Elastic anisotropy indices (AY, Ap, Ay) of different configurations.
Configuration By/GPa Gy/GPa Br/GPa Gr/GPa AV Ap/% Ac/%
MogCy 262.69 152.04 262.30 149.30 0.0931 0.0753 0.9073
Mo,VC, 263.86 153.98 263.30 149.99 0.1352 0.1059 1.3137
MogV,Cy 256.93 155.90 256.62 153.64 0.0750 0.0617 0.7319
Mo, WC, 268.74 151.14 268.20 148.90 0.0773 0.1017 0.7471
MogW,Cy 275.88 151.23 275.17 148.98 0.0779 0.1295 0.7472
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Fig. 3. Density of states for five configurations and the partial density of states for each atom: (a) MogCy (b) Mo;VCy;
(c) MogV,Cy; (d) Moy WCy; (e) MogW,Cy. (f) Total density of states for four doped configurations.
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Fig. 4. The density of states for different configurations:
(a) (Mo, V)sCy; (b) (Mo, W)5Cy.

3% 6 AT LVE X 5 P RIEIE it 16 b2
i, WA RERE , BRI ADE ) C—X 4 (X =
Mo, V, W) ¥ F —PAh R EK K, 76 0.7 2247, M
B2 EAEEN, 7E 0.3 247, XAl fEe i T
Tr a5 RS FRRRE S R ). — R U, & A0 R AL
MR, Fep i 2335, C—X B A A e (24 1F
B, PRI 5 Fia 78 Bt s A2 S Sy S .
5 Cr 54 M) s — 20 BiE V A, A6
JEAE R Mo—C 8, HAR fu s gp 2 oK, 3
Wt 2 B, AR R AR E/NMP Mo—C 4, L4
PEARAE. BEE V BN, C—V BERY A R E AR
Az H S5 HIR ) C—Mo 8EAH H, Jer A e an.
1MW BE N, Mo—C Hr7R JEECH Brs/h, a4
PEIRES, 5 Mo—C 8EAH b, C—W 4 (1) A7 J& {1

D2, SEAPERTE. JLANAT LIRS, BT i B
BT L A A R (N B IR 1 (L
Je, SRR BT R G, R A,
b R R 0, C— X B PR 1L, 5454

FasE A RAR) &
* 6 AR AT
Table 6. Different configurations of bond popula-
tion.
Configuration Bond  Number Population Length/A
C—Mo 8 0.67 2.1141
MogC,4 C—Mo 8 0.28 2.1143
C—Mol?! — — 2.118(1)
C—DMo 7 0.69 2.1116
C—Mo 7 0.28 2.1131
1\107\/04
C4—V1 1 0.17 2.0367
C3—V1 1 0.60 2.0380
C—DMo 6 0.73 2.1057
C—DMo 6 0.28 2.1076
NIOGVQC4
c—V 2 0.59 2.0420
c—V 2 0.17 2.0675
C—DMo 7 0.66 2.1152
C—Mo 7 0.27 2.1164
1\407WC4
C4—W1 1 0.34 2.1173
C3—W1 1 0.79 2.1233
C—DMo 6 0.65 2.1162
C—DMo 6 0.26 2.1187
MogW,Cy
C—W 2 0.31 2.1210
C—W 2 0.76 2.1238

JE () g B e T AR E PEEA TVEA , B
R, MORESE. I3 6 TTLIE Y, AR B AT
XANAEE, AR Mo—C 4, Shor ik sram, H
KA/, FEMER . VTSI Mo—C # ¥ 4,
FeE VT . WS Il Mo—C BT, FRE Pk
TR, AR EE R C—W 4, e rhdar, (B H
BRER, EATEE. C—Mo K #4211 A, 5
SCHR [15] B K 2.118 AWy A 5. C—V B K4
205 A, C—W K 2.12 A. 5 C—Mo #AH I,
C—V Hs K I W 4 0, FeuE METE R, 1 C—W 4
B, FEMERES. C—X B E N E SRS

7 MogC, MHHm1fE
Table 7. Charge distribution of MogC,.
Configuration Atom S p d f Total electron/e Muliken charge/e
Mo 2.20 6.64 4.86 0.00 13.70 0.30
MogC,
C 1.44 3.16 0.00 0.00 4.60 -0.60
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# 8 VIBA MoyCy AT &
Table 8. Charge distribution of V-doped MogC,.
Configuration ~Atom  Total electron/e Muliken charge/e || Configuration Atom Total electron/e Muliken charge/e

Mol 13.76 0.24 Mol 13.80 0.20

Mo2 13.70 0.30 Mo2 13.80 0.20

Mo3 13.76 0.24 Mo3 13.80 0.21

Mo4 13.72 0.29 Mo4 13.80 0.20

Mob5 13.74 0.26 Mo5 13.80 0.21

Mo,VC, Mo6 13.78 0.22 MogV,C, Mo6 13.80 0.20
Mo7 13.76 0.25 Vi 12.38 0.62

Vi 12.38 0.63 V2 12.38 0.62

C1 4.60 -0.60 C1 4.62 -0.61

C2 4.60 -0.60 C2 4.62 -0.61

C3 4.62 -0.62 C3 4.62 -0.62

C4 4.62 —-0.61 C4 4.62 -0.61

£9  WBZE Moy, LA &
Table 9.  Charge distribution of W-doped MogC,.
Configuration ~Atom  Total electron/e  Muliken charge/e || Configuration ~Atom  Total electron/e Muliken charge/e

Mol 13.70 0.29 Mol 13.70 0.30

Mo2 13.70 0.31 Mo2 13.70 0.30

Mo3 13.70 0.29 Mo3 13.72 0.29

Mo4 13.70 0.30 Mo4 13.72 0.29

Mo5 13.70 0.30 Mo5 13.66 0.33

MonWC, Mo6 13.68 0.32 MogW,C, Mo6 13.66 0.33
Mo7 13.66 0.33 W1 27.70 0.29

W1 27.84 0.27 W2 27.70 0.29

C1 4.60 -0.60 C1 4.60 -0.60

C2 4.60 -0.60 C2 4.60 -0.60

C3 4.62 -0.61 C3 4.62 -0.62

C4 4.60 -0.61 C4 4.62 -0.62

TRk TSRS A &, HED C—X SRS e MY
ZRRES A ERA .

& TATLLEH, Moy s, p, d HLEH A H
i oTik, H p i siikix £ . 3k 8 f1Fk 9, Mo,
V, WH¥KHF, CHRET. fFERAMBE L C<V<
Mo<W. X ZKN W JFRFIAAE £ FUE A HLfaf pTik,
L H far BTk b AL E 2 AN, BE W B2,
C3, C4 BB TR Z, ORI W B4 55
C3, C4 3. BEE V524, Mo KL TH /L W 2%,
M Mo KHLFHEZ. X ZEHNE Mo fHEL, VKH
FHZ, W RKH T

333 E5p9wFEAE
27 Hi Aoy 4 B LR IR 9 25 B F e 2 —,

CINZNERUR AT NG i Sun il e R R 2 S DR e
L. BRic 2250 i B 24 MogCy 1122 43 i fif 45 J
B, anEl 5 fis. V, W B4R 102545 i g 2 3 1]
mE 6 frs. & 6(a) FAE 6(c) A9 VI, W1 Hf
Mo8 [ & , [ 6(d) H i #8 2% 5 7, A it
Mo7 il Mo8 i &, SR SCHTiR —2. 227 W ff
R A BT RS, U A S
TE I A i 5 € X Ry A H -, AR LT R A
ZT A DX B R R L, AR AL RE, RS FL T
AR T XIS SR e 2 AR AN 1B 5
MogCy 122 47 H oy 25 FE 1], AHAB Y Mo #2Kk L
i, fifi Mo Z [0 JE .4 Ja . Mo J&F-Ab 2k i 172
FERA —E W . O REAS Mo JR 4R IE
W — 3R A Mo—C #1585 Mo—C 8. 1l Mol—
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K5 RBARWE (a) 2250 1B (b) 2200 A3 2
Fig. 5. Undoped configuration: (a) Differential fragment; (b) differential charge density map.
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Fig. 6. Differential charge density maps: (a) Mo;VCy; (b) MogV,Cy; (¢) Mo,WCy; (d) MogW,Cy.
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SFEALEIYN
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W Bl SRR i R PR ZR S
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EPET R C—V B W SN Mo—C a5
PEREAR. Mo, V, W ¥LHF, C T, 5 Mo #
b, VRHTFHEZ, W R H TR .

106301-10


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 10 (2025)

106301

Sk
[1] Dahl J M, Novotny P M 1999 Adv. Mater. Processes. 155 23
[2] Speich G R, Leslie W C 1972 Metall. Trans. 3 1043
[3] Garrison W M, Maloney J L 2005 Mater. Sci. Eng. , A 403
299
[4] Wu D 2016 Ph. D. Dissertation (Qinhuangdao: Yanshan
University) (in Chinese) [ZiH 2016 T -240ii8 3¢ (%552 5 #
27)
[5] Li AN, LiY, Wang C X, Liu X M 2007 Iron Steel 42 60 (in
Chinese) [ZEBTHE, I8, EAM, XIZER 2007 2k 42 60]
[6] Wang C X, Zhang P J, Gao Y H, Li Y, Han S, Liu S Z 2020
Heat Treat. Met. 45 7 (in Chinese) [E& A, 5KMSA, =L,
Di B8, BN, X0 2020 4@ 45 7)
[7] Kwon H 1991 Metall. Trans. A 22 1119
[8] Kwon H, Lee K B, Yang H R, Lee J B, Kim Y S 1997 Metall.
Mater. Trans. A 28 775
[9] Lee K B, Yang H R, Kwon H 2001 Metall. Mater. Trans. A
32 1862
[10] Lee K B, Yang H R, Kwon H 2001 Metall. Mater. Trans. A
32 1659
[11] Speich G R, Dabkowski D S, Porter L F 1973 Metall. Trans.
4 303
(12] Liu X T, Zhou X L, Yang M S 2023 J. Mater. Sci. Mater.
Electron. 34 961
(13] Liu HL, Zhu J C, Lai Z H, Zhao R D, He D 2009 Scr. Mater.
60 949
(14] Wang X R, Yan M F 2009 J. Wuhan Univ. Technol. Mater.
Sci. Ed. 24 37
(15] Wang X R, Yan M F, Chen H T 2009 J. Mater. Sci. Technol.
25 419
[16] Liu Y Z, Jiang Y H, Zhou R, Liu X F, Feng J 2015 Ceram.
Int. 41 5239
[17] Vanderbilt D 1990 Phys. Rev. B. 41 7892

18]
[19]
[20]
[21]
[22]
23]
[24]
[25]
[26]

27]
(28]

(29]
30]
(31]

(32]
33]

(34]

(35]

106301-11

Perdew J P, Burke K, Ernzerhof M 1996 Phys. Rev. Lett. T7
3865

Guo J, Feng Y L, Tang C, Wang L, Qing X L, Yang Q X,
Ren X J 2022 Materials 15 4719

Abderrahim F Z, Faraoun H I, Ouahrani T 2012 Physica B
407 3833

Luo Y, Cheng C, Chen H J, Liu K, Zhou X L 2019 J. Phys.
Condens. Matter 31 405703

Peng M J, Wang R F, Wu Y J, Yang A C, Duan Y H 2022
Vacuum 196 110715

Zhao R D, Wu F F, Liu X, Zhu J C, Zhao Z F 2016 J. Alloys
Compd. 681 283

Wu M M, Wen L, Tang B Y, Peng L M, Ding W J 2010 J.
Alloys Compd. 506 412

Jang J H, Lee C H, Heo Y U, Suh D W 2012 Acta Mater. 60
208

Yan M, Zhang H, Gong C, Zhang M, Gao Q 2025 J. Phys.
Chem. Solids 196 112374

Boucetta S, Zegrar F 2013 J. Magnes. Alloys 1 128

Gao X P, Jiang Y H, Zhou R, Feng J 2014 J. Alloys Compd.
587 819

Li S M, Zhang Q F, Qiu X P, Zhang Z Y, Zhong H F 2022
Mater. Prot. 55 9 (in Chinese) [Z21-B, 5K)5 &, IS & B, 5k T
H, s 2022 FPEMED 55 9]

Chen X Q, Niu H, Li D, Li Y 2011 Intermetallics 19 1275
Tian Y J, Xu B, Zhao Z S 2012 Int. J. Refract. Met. Hard
Mater. 33 93

Teter D M 1998 MRS Bull. 23 22

Haines J, Leger J M, Bocquillon G 2001 Annu. Rev. Mater.
Res. 31 1

Lu C B, Li X M 2021 Sci. Techno. Eng. 21 10646 (in
Chinese) [JF%M, 250 2021 RREHAR S TR 21 10646]
LiYF, Gao Y M, Fan 7 J, Xiao B, Yue Q W, Min T, Ma S
Q 2010 Phys. B: Condens. Matter. 405 1011


https://doi.org/10.1007/BF02642436
https://doi.org/10.1007/BF02642436
https://doi.org/10.1007/BF02642436
https://doi.org/10.1007/BF02642436
https://doi.org/10.1007/BF02642436
https://doi.org/10.1007/BF02642436
https://doi.org/10.1007/BF02642436
https://doi.org/10.1016/j.msea.2005.05.021
https://doi.org/10.1016/j.msea.2005.05.021
https://doi.org/10.1016/j.msea.2005.05.021
https://doi.org/10.1016/j.msea.2005.05.021
https://doi.org/10.1016/j.msea.2005.05.021
https://doi.org/10.1016/j.msea.2005.05.021
https://doi.org/10.13228/j.boyuan.issn0449-749x.2007.09.020
https://doi.org/10.13228/j.boyuan.issn0449-749x.2007.09.020
https://doi.org/10.13228/j.boyuan.issn0449-749x.2007.09.020
https://doi.org/10.13228/j.boyuan.issn0449-749x.2007.09.020
https://doi.org/10.13228/j.boyuan.issn0449-749x.2007.09.020
https://doi.org/10.13228/j.boyuan.issn0449-749x.2007.09.020
https://doi.org/10.13228/j.boyuan.issn0449-749x.2007.09.020
https://doi.org/10.13228/j.boyuan.issn0449-749x.2007.09.020
https://doi.org/10.13228/j.boyuan.issn0449-749x.2007.09.020
https://doi.org/10.13228/j.boyuan.issn0449-749x.2007.09.020
https://doi.org/10.13228/j.boyuan.issn0449-749x.2007.09.020
https://doi.org/10.13228/j.boyuan.issn0449-749x.2007.09.020
https://doi.org/10.13228/j.boyuan.issn0449-749x.2007.09.020
https://doi.org/10.13228/j.boyuan.issn0449-749x.2007.09.020
https://doi.org/10.13228/j.boyuan.issn0449-749x.2007.09.020
https://doi.org/10.13251/j.issn.0254-6051.2020.11.002
https://doi.org/10.13251/j.issn.0254-6051.2020.11.002
https://doi.org/10.13251/j.issn.0254-6051.2020.11.002
https://doi.org/10.13251/j.issn.0254-6051.2020.11.002
https://doi.org/10.13251/j.issn.0254-6051.2020.11.002
https://doi.org/10.13251/j.issn.0254-6051.2020.11.002
https://doi.org/10.13251/j.issn.0254-6051.2020.11.002
https://doi.org/10.13251/j.issn.0254-6051.2020.11.002
https://doi.org/10.13251/j.issn.0254-6051.2020.11.002
https://doi.org/10.13251/j.issn.0254-6051.2020.11.002
https://doi.org/10.13251/j.issn.0254-6051.2020.11.002
https://doi.org/10.13251/j.issn.0254-6051.2020.11.002
https://doi.org/10.13251/j.issn.0254-6051.2020.11.002
https://doi.org/10.13251/j.issn.0254-6051.2020.11.002
https://doi.org/10.1007/BF02661107
https://doi.org/10.1007/BF02661107
https://doi.org/10.1007/BF02661107
https://doi.org/10.1007/BF02661107
https://doi.org/10.1007/BF02661107
https://doi.org/10.1007/BF02661107
https://doi.org/10.1007/BF02661107
https://doi.org/10.1007/s11661-997-1005-6
https://doi.org/10.1007/s11661-997-1005-6
https://doi.org/10.1007/s11661-997-1005-6
https://doi.org/10.1007/s11661-997-1005-6
https://doi.org/10.1007/s11661-997-1005-6
https://doi.org/10.1007/s11661-997-1005-6
https://doi.org/10.1007/s11661-997-1005-6
https://doi.org/10.1007/s11661-997-1005-6
https://doi.org/10.1007/s11661-001-0163-1
https://doi.org/10.1007/s11661-001-0163-1
https://doi.org/10.1007/s11661-001-0163-1
https://doi.org/10.1007/s11661-001-0163-1
https://doi.org/10.1007/s11661-001-0163-1
https://doi.org/10.1007/s11661-001-0163-1
https://doi.org/10.1007/s11661-001-0144-4
https://doi.org/10.1007/s11661-001-0144-4
https://doi.org/10.1007/s11661-001-0144-4
https://doi.org/10.1007/s11661-001-0144-4
https://doi.org/10.1007/s11661-001-0144-4
https://doi.org/10.1007/s11661-001-0144-4
https://doi.org/10.1007/BF02649630
https://doi.org/10.1007/BF02649630
https://doi.org/10.1007/BF02649630
https://doi.org/10.1007/BF02649630
https://doi.org/10.1007/BF02649630
https://doi.org/10.1007/BF02649630
https://doi.org/10.1007/s10854-023-10364-3
https://doi.org/10.1007/s10854-023-10364-3
https://doi.org/10.1007/s10854-023-10364-3
https://doi.org/10.1007/s10854-023-10364-3
https://doi.org/10.1007/s10854-023-10364-3
https://doi.org/10.1007/s10854-023-10364-3
https://doi.org/10.1007/s10854-023-10364-3
https://doi.org/10.1007/s10854-023-10364-3
https://doi.org/10.1016/j.scriptamat.2009.02.010
https://doi.org/10.1016/j.scriptamat.2009.02.010
https://doi.org/10.1016/j.scriptamat.2009.02.010
https://doi.org/10.1016/j.scriptamat.2009.02.010
https://doi.org/10.1016/j.scriptamat.2009.02.010
https://doi.org/10.1016/j.scriptamat.2009.02.010
https://doi.org/10.1007/s11595-009-7037-6
https://doi.org/10.1007/s11595-009-7037-6
https://doi.org/10.1007/s11595-009-7037-6
https://doi.org/10.1007/s11595-009-7037-6
https://doi.org/10.1007/s11595-009-7037-6
https://doi.org/10.1007/s11595-009-7037-6
https://doi.org/10.1007/s11595-009-7037-6
https://doi.org/10.1007/s11595-009-7037-6
https://doi.org/10.1179/174328408X270211
https://doi.org/10.1179/174328408X270211
https://doi.org/10.1179/174328408X270211
https://doi.org/10.1179/174328408X270211
https://doi.org/10.1179/174328408X270211
https://doi.org/10.1179/174328408X270211
https://doi.org/10.1016/j.ceramint.2014.10.167
https://doi.org/10.1016/j.ceramint.2014.10.167
https://doi.org/10.1016/j.ceramint.2014.10.167
https://doi.org/10.1016/j.ceramint.2014.10.167
https://doi.org/10.1016/j.ceramint.2014.10.167
https://doi.org/10.1016/j.ceramint.2014.10.167
https://doi.org/10.1016/j.ceramint.2014.10.167
https://doi.org/10.1016/j.ceramint.2014.10.167
https://doi.org/10.1103/PhysRevB.41.7892
https://doi.org/10.1103/PhysRevB.41.7892
https://doi.org/10.1103/PhysRevB.41.7892
https://doi.org/10.1103/PhysRevB.41.7892
https://doi.org/10.1103/PhysRevB.41.7892
https://doi.org/10.1103/PhysRevB.41.7892
https://doi.org/10.1103/PhysRevB.41.7892
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.3390/ma15134719
https://doi.org/10.3390/ma15134719
https://doi.org/10.3390/ma15134719
https://doi.org/10.3390/ma15134719
https://doi.org/10.3390/ma15134719
https://doi.org/10.3390/ma15134719
https://doi.org/10.3390/ma15134719
https://doi.org/10.1016/j.physb.2012.05.070
https://doi.org/10.1016/j.physb.2012.05.070
https://doi.org/10.1016/j.physb.2012.05.070
https://doi.org/10.1016/j.physb.2012.05.070
https://doi.org/10.1016/j.physb.2012.05.070
https://doi.org/10.1016/j.physb.2012.05.070
https://doi.org/10.1088/1361-648X/ab2847
https://doi.org/10.1088/1361-648X/ab2847
https://doi.org/10.1088/1361-648X/ab2847
https://doi.org/10.1088/1361-648X/ab2847
https://doi.org/10.1088/1361-648X/ab2847
https://doi.org/10.1088/1361-648X/ab2847
https://doi.org/10.1088/1361-648X/ab2847
https://doi.org/10.1088/1361-648X/ab2847
https://doi.org/10.1016/j.vacuum.2021.110715
https://doi.org/10.1016/j.vacuum.2021.110715
https://doi.org/10.1016/j.vacuum.2021.110715
https://doi.org/10.1016/j.vacuum.2021.110715
https://doi.org/10.1016/j.vacuum.2021.110715
https://doi.org/10.1016/j.vacuum.2021.110715
https://doi.org/10.1016/j.jallcom.2016.03.269
https://doi.org/10.1016/j.jallcom.2016.03.269
https://doi.org/10.1016/j.jallcom.2016.03.269
https://doi.org/10.1016/j.jallcom.2016.03.269
https://doi.org/10.1016/j.jallcom.2016.03.269
https://doi.org/10.1016/j.jallcom.2016.03.269
https://doi.org/10.1016/j.jallcom.2016.03.269
https://doi.org/10.1016/j.jallcom.2016.03.269
https://doi.org/10.1016/j.jallcom.2010.07.018
https://doi.org/10.1016/j.jallcom.2010.07.018
https://doi.org/10.1016/j.jallcom.2010.07.018
https://doi.org/10.1016/j.jallcom.2010.07.018
https://doi.org/10.1016/j.jallcom.2010.07.018
https://doi.org/10.1016/j.jallcom.2010.07.018
https://doi.org/10.1016/j.jallcom.2010.07.018
https://doi.org/10.1016/j.jallcom.2010.07.018
https://doi.org/10.1016/j.actamat.2011.09.051
https://doi.org/10.1016/j.actamat.2011.09.051
https://doi.org/10.1016/j.actamat.2011.09.051
https://doi.org/10.1016/j.actamat.2011.09.051
https://doi.org/10.1016/j.actamat.2011.09.051
https://doi.org/10.1016/j.actamat.2011.09.051
https://doi.org/10.1016/j.jpcs.2024.112374
https://doi.org/10.1016/j.jpcs.2024.112374
https://doi.org/10.1016/j.jpcs.2024.112374
https://doi.org/10.1016/j.jpcs.2024.112374
https://doi.org/10.1016/j.jpcs.2024.112374
https://doi.org/10.1016/j.jpcs.2024.112374
https://doi.org/10.1016/j.jpcs.2024.112374
https://doi.org/10.1016/j.jpcs.2024.112374
https://doi.org/10.1016/j.jma.2013.05.001
https://doi.org/10.1016/j.jma.2013.05.001
https://doi.org/10.1016/j.jma.2013.05.001
https://doi.org/10.1016/j.jma.2013.05.001
https://doi.org/10.1016/j.jma.2013.05.001
https://doi.org/10.1016/j.jma.2013.05.001
https://doi.org/10.1016/j.jma.2013.05.001
https://doi.org/10.1016/j.jallcom.2013.11.005
https://doi.org/10.1016/j.jallcom.2013.11.005
https://doi.org/10.1016/j.jallcom.2013.11.005
https://doi.org/10.1016/j.jallcom.2013.11.005
https://doi.org/10.1016/j.jallcom.2013.11.005
https://doi.org/10.1016/j.jallcom.2013.11.005
https://doi.org/10.16577/j.issn.1001-1560.2022.1002
https://doi.org/10.16577/j.issn.1001-1560.2022.1002
https://doi.org/10.16577/j.issn.1001-1560.2022.1002
https://doi.org/10.16577/j.issn.1001-1560.2022.1002
https://doi.org/10.16577/j.issn.1001-1560.2022.1002
https://doi.org/10.16577/j.issn.1001-1560.2022.1002
https://doi.org/10.16577/j.issn.1001-1560.2022.1002
https://doi.org/10.16577/j.issn.1001-1560.2022.1002
https://doi.org/10.16577/j.issn.1001-1560.2022.1002
https://doi.org/10.16577/j.issn.1001-1560.2022.1002
https://doi.org/10.16577/j.issn.1001-1560.2022.1002
https://doi.org/10.16577/j.issn.1001-1560.2022.1002
https://doi.org/10.16577/j.issn.1001-1560.2022.1002
https://doi.org/10.16577/j.issn.1001-1560.2022.1002
https://doi.org/10.1016/j.intermet.2011.03.026
https://doi.org/10.1016/j.intermet.2011.03.026
https://doi.org/10.1016/j.intermet.2011.03.026
https://doi.org/10.1016/j.intermet.2011.03.026
https://doi.org/10.1016/j.intermet.2011.03.026
https://doi.org/10.1016/j.intermet.2011.03.026
https://doi.org/10.1016/j.intermet.2011.03.026
https://doi.org/10.1016/j.ijrmhm.2012.02.021
https://doi.org/10.1016/j.ijrmhm.2012.02.021
https://doi.org/10.1016/j.ijrmhm.2012.02.021
https://doi.org/10.1016/j.ijrmhm.2012.02.021
https://doi.org/10.1016/j.ijrmhm.2012.02.021
https://doi.org/10.1016/j.ijrmhm.2012.02.021
https://doi.org/10.1016/j.ijrmhm.2012.02.021
https://doi.org/10.1016/j.ijrmhm.2012.02.021
https://doi.org/10.1557/S0883769400031420
https://doi.org/10.1557/S0883769400031420
https://doi.org/10.1557/S0883769400031420
https://doi.org/10.1557/S0883769400031420
https://doi.org/10.1557/S0883769400031420
https://doi.org/10.1557/S0883769400031420
https://doi.org/10.1557/S0883769400031420
https://doi.org/10.1146/annurev.matsci.31.1.1
https://doi.org/10.1146/annurev.matsci.31.1.1
https://doi.org/10.1146/annurev.matsci.31.1.1
https://doi.org/10.1146/annurev.matsci.31.1.1
https://doi.org/10.1146/annurev.matsci.31.1.1
https://doi.org/10.1146/annurev.matsci.31.1.1
https://doi.org/10.1146/annurev.matsci.31.1.1
https://doi.org/10.1146/annurev.matsci.31.1.1
https://doi.org/10.3969/j.issn.1671-1815.2021.25.012
https://doi.org/10.3969/j.issn.1671-1815.2021.25.012
https://doi.org/10.3969/j.issn.1671-1815.2021.25.012
https://doi.org/10.3969/j.issn.1671-1815.2021.25.012
https://doi.org/10.3969/j.issn.1671-1815.2021.25.012
https://doi.org/10.3969/j.issn.1671-1815.2021.25.012
https://doi.org/10.3969/j.issn.1671-1815.2021.25.012
https://doi.org/10.3969/j.issn.1671-1815.2021.25.012
https://doi.org/10.3969/j.issn.1671-1815.2021.25.012
https://doi.org/10.3969/j.issn.1671-1815.2021.25.012
https://doi.org/10.3969/j.issn.1671-1815.2021.25.012
https://doi.org/10.3969/j.issn.1671-1815.2021.25.012
https://doi.org/10.3969/j.issn.1671-1815.2021.25.012
https://doi.org/10.3969/j.issn.1671-1815.2021.25.012
https://doi.org/10.3969/j.issn.1671-1815.2021.25.012
https://doi.org/10.1016/j.physb.2009.10.045
https://doi.org/10.1016/j.physb.2009.10.045
https://doi.org/10.1016/j.physb.2009.10.045
https://doi.org/10.1016/j.physb.2009.10.045
https://doi.org/10.1016/j.physb.2009.10.045
https://doi.org/10.1016/j.physb.2009.10.045
https://doi.org/10.1016/j.physb.2009.10.045
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 74, No. 10 (2025) 106301

First-principles studies of influence of V or W doping on
mechanical properties of Mo,C"

YANG Zhenggang!) DOU Erkang? YANG Yong"? LI Tianruil
ZHANG Xiaofeng?  WANG Zhaodong?

1) (School of Metallurgical Engineering, Anhui University of Technology, Ma’anshan 243000, China)
2) (National Key Laboratory of Rolling Technology and Continuous Rolling Automation,
Northeastern University, Shenyang 110819, China)

( Received 10 January 2025; revised manuscript received 12 February 2025 )

Abstract

Secondary hardening ultra-high-strength steel is widely utilized in aerospace and other advanced
engineering, with the nanoscale M,C precipitates serving as the primary strengthening factor. Mo plays a crucial
role in the forming of Mo,C secondary hardening phase, which can form composite M,C precipitates with
elements such as Cr, V, and W, thereby modifying the composition and properties of Mo,C. To investigate the
effects of V and W doping on Mo,C, first-principles calculations are used to analyze the formation enthalpy,
electronic structure, and mechanical properties of the doped systems. The CASTEP module is utilized in this
study, with the Perdew-Burke-Ernzerhof (PBE) functional adopted in the generalized gradient approximation
(GGA) framework. The results indicate that V doping reduces the lattice parameters and the formation
enthalpy, thereby enhancing structural stability. In contrast, W doping increases the lattice parameters and
lowers the formation enthalpy but leads the structural stability to decrease. In terms of mechanical properties,
V doping reduces toughness while increasing hardness, whereas W doping improves the strength-toughness
balance by mitigating the rate of hardness reduction. Covalent bonds are formed within the system, with V and
W doping changing their characteristics: compared with the C—Mo bond, the C—V bond exhibits weaker
covalency, while the C—W bond displays stronger covalency. Additionally, V doping enhances the stability of
Mo—C bonds, whereas W doping reduces their stability. Charge population analysis reveals that metal atoms

(Mo, V, and W) act as electron donors, while carbon atoms act as electron acceptors.
Keywords: first-principles, M,C, elastic properties, electronic structure
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