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K11 Feyq, , Mn,TiMo, #IHE (a) Fei; (b) FejyTisMoy; (c) Fey3TijMoy; (d) FeysMn;Tiy; (e) Fer3MnyTiMoy; (f) FepaMn;Moy;

(8) FeisMn,Tij; (h) FejsMnyMoy; (i) FeygMn,yTiMo,

Fig. 1. Supercell model of Fe;s,, ,Mn,Ti Mo, (a) Feis; (b) Fe3TioMoy; (¢) Fe3TijMoy; (d) FejsMn;Tiy; (e) FeyzMn,TiMoy;

(f) Fe;3Mn Moy; (g) Fe;sMn,Tip; (h) Fe;sMnyMoy; (i) FeygMnyTisMos,.
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Table 1.
percentage content of M-doped a-Fe.

Orthogonal experimental design and atomic

JLEMEF A5/ %
i

Mn Ti Mo

Feyq 0 0 0
Fe 3 TisMo, 0 125 6.25
Fe,3Ti, Mo, 0 6.25 12.5

FeysMn, Tiy 6.25 125 0
Fe 3Mn;Ti;Mo, 6.25 6.25 6.25
Fe,sMn,; Mo, 6.25 0 125

Fe,;Mn,Ti, 12.5 6.25 0
Fe sMnyMo, 125 0 6.25
Fe,oMn,TiyMo, 125 125 125
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Table 2.  Calculated values of ¢, Hg,,,, and E_, for
Fey . , Mn,Ti,Mo..
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Fe,TiMo,  190.51 656 1652  —477.95
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Fe,Mn,TiMo, 194.98 9.06  12.97  473.45
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Table 3. Orthogonal test analysis of €, H,,, and E, of Fey , , ,Mn,Ti Mo..

_ 5/% Hform/(k']'mOI 1) Ecoh/(kJ'InO1 1)
Bt
Mn Ti Mo Mn Mo Mn Ti Mo
K, 13.22 8.85 6.1 34.76 17.46 32.53 1405.30 1357.24 1354.30
K 14.48 13.95 14.47 -31.25 -30.66 -31.50 —1384.78 —1383.60 —1385.04
K, 14.53 19.43 21.39 27.08 44.97 29.07 1363.02 1412.25 1413.76
R 1.31 10.58 15.29 7.68 27.51 3.46 42.28 55.01 59.46
Ranking Mo > Ti>Mn Ti> Mn > Mo Mo > Ti>Mn
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Fig. 2. Density of states and partial density of states plots: (a) Fes; (b) FesTipaMoy; (¢) FegMnyTisMoy; (d) FeysTiiMoy;

(e) Fe;sMn, TijMoy; (f) FejsMn,; Ti,.

FEFOR AR VS A, 2K A Fe 3d, Ti 3d
1 Mo 4d BTk, 7E 0.3—5.6 eV JufEIN, 1%
K H Fe 3d, Ti 3d #1 Mo 4d #uE ny sk, Hrb A ig
I Fe 3d #HiB suikf b, Hi HE T Fe 3d, Ti 3d
1 Mo 4d LA K HJiE b Ti 3d F1 Mo 4d H3RARL
U, FAAE I i 2 A IS, SR IIAA A 5 4 e B A B
Fe 5 Ti Moy, POKBEHAL I ZFEALUA 4.294 states/
eV, fIT Fe 3TisMoy, Ti W/, Mo HEEHIR,
Fe 3d 1 Mo 4d M5 HEZ LT Fe 3d 1 Ti 3d,
B Fe 3d 1 Mo 4d 2 b BL43% T Fe 3d 1 Ti 3d,
HETT T BT K BB Fe,3Ti; Mo, /N F FeysTisMoy,
Jt LA Fei3TiyMo, FE LT Fe3Ti,Mo,.
M 2(e) FF 7R (1) FeysMn, Ti Mo, 2 % J& 7]

W, #5-5.3 2-1.8 eV JLFN, EZKH Fe 3d, Mn
3d, Ti 3d Fil Mo 4d HUE M BTHk, ABEL Ti 3d $L
BTk, Fe 3d i1 Mn 3d HIUAHRLR0E, P24
ZAb L. fESOKRE R TS N, EEkH Fe
3d, Mn 3d, Ti 3d #l Mo 4d %38 iy 57k, b Ti
3d BB STk D 7E 0.2—5.0 eV JEHE N, FER
H Fe 3d, Mn 3d, Ti 3d #1 Mo 4d #Li (0 sk, H
t A iE | Fe 3d Al Mn 3d B siskis b, Hb A

i€ Fe 3d, Mn 3d, Ti 3d #il Mo 4d 4 & A i€ I-
Ti 3d Fl Mo 4d BAEES, fETEZALINE. FHET
Fe,oMn,Ti,Mo, #¢ K A g ib 25 %5 FBF I FHk 7.150

states/eV, J& 5 42k BEFE I, Mn 3d, Ti 3d
Hl Mo 4d TTlkIESS, 5 Fe 3d HuBEERS W/, 224k
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RN, FEOKRERA BT,

MEL 2(f) s FesMn, Tiy 5% BT WL, 78
5.8 £-1.6 eVILMHI N, EZRKH Fe 3d, Mn 3d
F1Ti 3d FiE M TTMk, FiE L Ti 3d PE sk,
AJiE L Fe 3d fl Mo 4d Z4EEZ, FmERMEH4.
TE K B L fHE U Fl N, 25K A Fe 3d Fl Mn
3d #E B sk, Hodb Mn 3d siEREC L. E 11—
4.9 eV B, EZKH Fe 3d, Ti 3d 1 Mo 4d
HiA R sk, Horb A b Ti 3d PuB sk £, H
HEBE T 5 i Fe 3d, Mn 3d #1 Ti 3d 5i#k,
FERL 0, FEAERT AN S. TORREGALKTT Mn
3d B4R AR LT, Mn 3d A BEm _E AR
W JLF 25 SR RE AR AHAS, KRR T SR s,
SRR BEHAL S B FEFHEh 8.687 states/eV.

NI B B TE A R S oK RE AL v 1 A EE 1Y
K/NATVE R PG ARG 2 PR AR, BRI 2K RE AL
TR/, MR E P2 25 00T, 45 AR
TR REG AL 1) B8 % B B IR 20 = HE PN FegsTh
Mo,, Fe;3Ti;Mo;, Fe;gMn,Ti,Mo,, Fe;sMn;Ti;Moy,
Fe sMn,Tiy, Feyg, MIEE PEMNGR Z55HEF B FeyyTiy
Mo,, Fei3TisMoq, FejgMnyTisMo,y, FeqsMn;Ti;Moy,
Fe sMn, Tiy, Feg, BV EEFILE 5 REH E 45 [
VSR I REE R4 SR A — 3L

BETESEE

El 3 ﬁ%ﬁ}%u ﬂﬂ Felﬁ? FelgTiQMOh FeloMHQ
TiyMoy, Fe;3Ti;Moy, Fe;sMn;Ti;Mo; Hl Fe;sMn, Ti,

3.3

(a) [Fe “Fe Fe (b) [ Ti Fg (o)
| g
Fe @ Mo Mo
‘Fe ‘Fe_ Fe bq Ti
(e)v " v ()
I
e ow o
[l 3 2245 Hfar 2 A

)~ T 22 4 ey 285 B2 TR, 25 4 W g 25 3 AT LAAR G
b Sz WA &8 S5 22 [] 7 S BEEA T oA, AR 5 B2 AT 3
T B BRSRT R BERA 291, X T Feyg, 1A HABE AR
FZ 5K NIV BEETTA. X T Fe3TiMoy,
Fe;oMn,TiyMo, Fll Fe 3 Ti;Mo,, 17 7E Fe—Mn, Fe—
Mo, Ti—Mo, Mn—Ti 4 &M Fe—Ti 214,
BT Feyg 0T DOMEL B M s s S 4728 Hir,
Fe,3TisMo, Fil Fe 3Ti; Mo, - T 22 43 H, faf % J& 1€
AL, 15 Fe,sTi, Mo, #EA 1T 0 M &, KA
& 3(d) Hrigrta BE YR, REFRERE SR LM
HLfof B 2. Fey MnyTisMo, #5147 Ak T Fey3Tiy
Mo, Fil Fe;3Ti;Mo,, I HAE 3(c) AL, Wit
WYk, BV R SR LRy AT E D, AT
Fe,3TisMo, #il Fe 3Ti;Mo,, Al 3iHH Mn 8 42 A F)
THIREE A, Ti 1 Mo B4 F] TR, & 5%
J&. Fey3Ti;Moy, M1 8 T Fey3TisMoy, K Mo ¥
Hehn, T1 MBI, AR THEREE G IREE. Fei3Mn,
Ti,Mo, #EG 1T HHE T Fe;oMn,Ti,Mo, B 55, 3
W] Mn, Ti Fl Mo B4k BE ARG AL T, 456 58
FEE 55, XFF FejsMn Tiy, FH Mn 84 & Ti
BAR BRI, HOAR T HE KRGS G

“Ha
N ERE
WAL S EXi IS TBUKL LS (LS INEL S S 84 O x 1B
RN 124 T o 3, T AR Bk
ARTE T IR N ) 5 AR I Ze P e R, S WA RHIE
PO PEARIE R RE . X T i AR S, S tag

3.4

W L Tiy m (d)F Ti *q
Fe ® Fe Mo Mo
Ma wzé A B 0w A
i Mn 9.0
@
45
S
[Fe Fe Fe 0 ::
S
_45%
. -
Fe Ti —-9.0

(a) Feyq; (b) FesTisMoy; (¢) FejpMnyTipsMoy; (d) Fe3TiiMoy; (e) FejsMn; Ti;Moy; (f) Fe;sMn, Tiy

Fig. 3. Differential charge density diagram: (a) Fey; (b) FejsTi;Moy; (¢) FegMnyTipMoy; (d) Fey3TiMoy; (e) FejsMn;TiMoy;

() Fe,3Mn, Ti,.
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FEMZRMEHN: O >0, Oy >0, Cy— Cpy> 0 Fl
Ci1 + 205 > 0. TR TG4 [BA A ) s 40
TIEFRERNDN T3 4. TLIEH Feyq, Fe3TioMoy,
Fe;oMn,TisMoy, Fe 3TijMoy, FejsMn,Ti;Mo, i
Fe,3Mn, Ti, #fl & 127 VERERGE 2514

] 5 A 1) R BT (B) MBS Ul (G) W
kM Voigt-Reuss-Hill S8l ] (5) 2L (6) ok
HE.

Ci1 +2C

By = By — 113 12

Gy = Ci1 — C'152 +3C44,

5(C11 — C12) Cuy
Gr = , 5
R 4C 44 + 3 (C11 — C12) 5)

By + B Gv+G

Bu= =g Gi="rg O

KH, B, G THR V, R Il H 735137R Voigt, Reuss
F1 Voigt-Reuss-Hill i 14418, H. Voigt-Reuss-
Hill #7187 Voigt il Reuss JTLlH & B AS-H{E 24,

Y5 B, GAIRH (7) 2 HE 5 R im s
e (v). B ICELR (F). S U E (Gy) FARTE &
(By) Z 0 (K), DA RHEIRRERE (Hy), TTHAZ35]TF
=5 M.

Vol. 74, No. 24 (2025) 246202
L 3By — 2Gy _ 9BuGph
_2(3BH+GH), _?).BI-[-i-GI-[7
BH (1 — 2V) E
K=— Hy=-——""—. 7
Gn' VT 6(1+w) (™)

XH BRI RHRBT R R IE AR R RE 1, (AR
FOR AP IR B AR T #kR, B i KB/ NRHE
¥4 Feyg, FesTisMo,, Fe;sMn;Ti;Moy, Fe;sMn,
TiyMo,, Fe 3Ti;Moy, Fe;sMn, Tiy, FH] M B4R 0%
I8 T AR R AT fg

A AR B B P R P PTARE KOR w SR . Y
K = 1.75 i}, MOBIERBUCAIEPE, (8RR i
AT 2, MORRRIA I, BRIt R K 27
v = 0.26 FRIBIE, RZ WA NETE, BE0 v R
R I I B M RV R I e a1 W 24 e 0 129, ey
25 WA, K F v EREVINAIRTAA Fey3TijMo,,
Fe;sMn;Tiy, Fe;3TioMo;, FesMn;Ti;Mo,, Feyg,
Fe,oMnyTisMo,, ELEATHIMESHIRT 1.75 F10.26,
BRI ZRH 6 i [ AR5 o ¥BPE M B, H Fe3Ti; Mo,
AVIAYERR S, FeoMn,Ti,Mo, HY#MER 22, R M2
TR TE T ARG IE. Hy FAEARHIR TR
IMPEASIERRE ) BT R 5 AT, 6 FPERAAR) Hy
MKENIMEIR A Feyg, Fe;pMnyTisMoy, Fei3TisMoy,
Fe;3Mn; Ti; Moy, Fe;3Ti;Mo,, FesMn, Tiy, Bl M
RS T A AR . 5251 6 Fh VA R M R AR

# 4 Fey, , Mn,Ti Mo, I~y #: 5 BOR AR E M
Table 4. Independent elastic constants and mechanical stability of Feys , , .Mn,Ti,Mo.,.
Eves Cn Ca Cu Ci=Cy Cii+2Cy
Feyg 296.273 159.033 126.763 137.240 614.339
Fe,3Ti,Mo, 292.506 158.281 117.403 134.225 609.068
Fe;gMn,yTi; Moy 293.869 148.470 116.251 145.399 590.809
Fe 3T Mo, 210.409 103.675 92.415 106.734 417.759
Fe;3Mn,; Ti; Mo, 291.402 158.680 123.704 132.722 608.762
Fe;3Mn;Ti, 275.790 150.536 112.712 125.254 576.862
%5 Feyg, , Mn,TiMo, FJI#ERESHL
Table 5. Mechanical property parameters of Feyq , 4-:Mn,Ti Mo..
B/GPa G/GPa
i E/GPa K v Hy
By By By Gy Gr Gu
Feyg 204.779 204.779 204.779 103.506 94.675 99.091 255.983 2.067 0.292 13.737
Fe 3Ti;Mo, 210.383 210.383 210.383 103.675 92.403 98.039 254.573 2.146 0.298 13.206
FegMn,yTi,Mo, 196.401 196.401 196.401 98.830 91.632 95.231 245.942 2.062 0.291 13.272
Fe 3Ti;Mo, 202.961 202.961 202.961 97.287 90.163 93.725 243.667 2.165 0.300 12.496
Fe3Mn; Ti;Mo, 202.921 202.921 202.921 100.767 91.929 96.348 249.548 2.106 0.295 13.168
Fe;3Mn,; Ti, 192.287 192.287 192.287 92.678 85.395 89.036 231.393 2.159 0.299 11.933
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b, FEEHT M (Ti, Mn, Mo) 5 Fe R T2E124F
FE—E 5, BATILR A% B AR, H55 Fe—Fe
ZIAH) S VR, 2L Feyg,, Mn,Ti, Mo,
[ 7 AR 8 B0 P AR T R g R 88 AR 1280, {HL A%
WAF ARSI T A5 BTV B B G2 BTG BRI, (A5 M RHAE
SN TIVER T B 5 B AR AR, INIMARIE T 98 M i 42
T, 33X A1) SRR R AR S A A R B TR T
%%% [29] .

1) Hpp SRR T, i EBASIREA L
e, H Ti B4 FEEAIE R, Mn ikZ, Mo
AH], Hr FeyyTioMo, TE AR, A5 H K
TE L.

2) B, AR RW, B A R B AT 45
FRa e, H Mo 8 24 % HL 25 Fa e M 04 52 il i
K, TiBARZ, Mn B2 5/, Hh Fe3Ti Mo,
i AR HARK, Z5RSE PR AT

3) HLFEE TR, 8245+ Mn 3d, Ti 3d
Fl Mo 4d 5 Fe 3d A8 S MIF HH B M 244k
MG, FEITKEERIEAL, Hrh Fej3Ti, Mo, 9K
Pk, B iy

4) SR A R R, MBI T
VR B hr R AT i ) RN R R (H AR T T
%, Fey3Ti;Mo, SHE T Fey;3sMn, Ti, i FE AR
DR AR R AR A B B R T 5%

B o =

AT B SO IR T 7622 B8 247 https://doi.
org/10.57760/sciencedb.j00213.00227 H1ij5 A1 ZRHL.
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Abstract

Ferrite (a-Fe), as a fundamental phase of steel materials, plays a decisive role in determining their macroscopic
mechanical behaviors through its microscopic properties, particularly in engineering applications involving resistance
to plastic deformation and fracture, fatigue resistance, wear resistance, and low-temperature toughness. Therefore,
alloying elements are commonly introduced to improve the performance of steel via mechanisms such as grain
refinement strengthening and precipitation strengthening. However, in these strengthening mechanisms, the effects of
doped alloying elements on the stability, electronic structure, and mechanical properties of ferrite itself have not
been thoroughly investigated. In this study, orthogonal experimental design and first-principles calculations are
employed to investigate the effects of ternary alloy doping with M (Mn, Ti, Mo) on the stabilities, electronic
structures, and mechanical properties of a ferrite-based supercell model Fe;s_, , ,Mn,Ti Mo, (z, y, or z= 0, 1, or 2),
aiming to provide both theoretical insight and experimental reference for improving the comprehensive performance
of ferrite-based steels by modifying the properties of the matrix phase. The results of the formation enthalpy (Hy,)
calculations indicate that all solid solutions have negative formation enthalpies, suggesting that they can form
spontaneously. Among them, Ti doping is the most favorable for solid solution formation, followed by Mn, with Mo
being the least favorable. The Fe;3Ti;Mo, configuration is the easiest to form spontaneously. The cohesive energy
(Een) results demonstrate that all solid solutions exhibit structural stabilities. Fe;3Ti;Mo, has the largest (most
negative) cohesive energy of —477.96 eV, indicating that it possesses the highest structural stability. The
contribution of Mo doping to stability enhancement is the greatest, followed by Ti, while the influence of Mn is the
smallest. Electronic structure calculations reveal that M doping consistently reduces the density of states (DOS)
at the Fermi level for Feys_, , ,Mn,Ti,Mo,. The lowest DOS at the Fermi level is found to be 4.294 in Fe;3Ti;Mo,,
indicating enhanced hybridization and overlap between Mn 3d, Ti 3d, Mo 4d, and Fe 3d states. This strong
hybridization leads to a decrease in the Fermi level and contributes to the high stability of the Fe;3Ti;Mo, phase.
Mechanical property calculations indicate that M doping reduces the Young’s modulus (F) and Vickers hardness
(Hy) of the solid solutions. However, the K values (K = Gy/By) are all greater than 1.75, and Poisson’s ratios (v)
exceed 0.26, implying that while stiffness and hardness decrease, the ductility of the materials is improved. This
study provides valuable guidance for designing ductile and tough ferrite-based steel materials.

Keywords: ferrite (a-Fe), Mn, Ti, Mo doping, first-principles calculations, mechanical properties
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CSTR: 32037.14.aps.74.20251044

* Project supported by the Key Program of Yunnan Provincial Joint Special Fund for Agricultural Basic Research, China
(Grant Nos. 202301BD070001-012, 202501BD070001-032).

1 Corresponding author. E-mail: wyuan88@126.com

246202-9


http://doi.org/10.7498/aps.74.20251044
https://cstr.cn/32037.14.aps.74.20251044
mailto:wyuan88@126.com
mailto:wyuan88@126.com
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

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

M(Mn, Ti, Mo)#B% a-FefdfElt. HFEHRIIHEIEREHIF—1EIREETHH

HINEAE LI YAk B TR IR

First—principles study of stabilities, electronic structures, and mechanical properties of M(Mn, Ti, Mo)-doped « -
Fe

HUA Sunminggiang KONG Detong HU Xiao SHE Xu  WANG Xiao  WANG Yuan

5] Fi{i5 &, Citation: Acta Physica Sinica, 74, 246202 (2025) DOI: 10.7498/aps.74.20251044

CSTR: 32037.14.aps.74.20251044

TELERE View online: https://doi.org/10.7498/aps.74.20251044

BN 2 View table of contents: http://wulixb.iphy.ac.cn

AT RE RSB HAN S R

Articles you may be interested in

TCRBIRR A o v TR N P RE R e A 25— PR B 031 30 g 27 A 4L
First principles and molecular dynamics simulations of effect of dopants on properties of high strength steel for hydrogen storage

vessels

WIFAEA. 2024, 73(6): 067101 https://doi.org/10.7498/aps.73.20231735

L o €82 L N iR L DA R AL

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

WAL 2025, T4(10): 106301 https://doi.org/10.7498/aps.74.20250039

VIR RIS y '-Coy(V, M) (M = Ti, TayfHINES IR E M . J12# A M

First principles study on structural stability, mechanical, and thermodynamic properties of y ~Co,(V, M) (M = Ti, Ta) phase
Y2, 2024, 73(8): 086104  https://doi.org/10.7498/aps.73.20231755

P2 Janus MoSSeEAS ] - A SRR RN AR T g 27 PE o i) 55— PR PR 5T

First—principles study of mechanical properties of Janus monolayer MoSSe under uniaxial tensile strains at different chiral angles

YIBR2EA. 2025, 74(16): 166201  hitps://doi.org/10.7498/aps.74.20250437

Ta, Hf CHITa, Zr CIEFERAZEFIREE MR 2 PR A 26— I A5

First—principles study of structural stability and mechanical properties of Ta; Hf Cand Ta| Zr C solid solutions
X X X X

YIBR2E4. 2021, 70(11): 117102 https://doi.org/10.7498/aps.70.20210191

Er”HBARTIO {9 JRy BREk M T L T R B 85— P SR B 5

First—principles calculations of local structure and electronic properties of Er3+—d0ped TiO,

YIBR2EA. 2022, 71(24): 246102 hitps://doi.org/10.7498/aps.71.20221847


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.74.20251044
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231735
https://doi.org/10.7498/aps.73.20231735
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20250039
https://doi.org/10.7498/aps.74.20250039
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231755
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231755
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231755
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231755
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231755
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231755
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231755
https://doi.org/10.7498/aps.73.20231755
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20250437
https://doi.org/10.7498/aps.74.20250437
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20210191
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20210191
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20210191
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20210191
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20210191
https://doi.org/10.7498/aps.70.20210191
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20221847
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20221847
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20221847
https://doi.org/10.7498/aps.71.20221847

	1 引　言
	2 计算方法与模型
	3 结果与讨论
	3.1 结构稳定性
	3.2 态密度
	3.3 电荷差分密度
	3.4 力学性能

	4 结　论
	数据可用性声明
	参考文献

