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First-principles Calculations of the Effect of C and Si Single Doping on the Properties of
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Abstract: As the core components of circuit breaker, electrical contacts shall possess have excellent electrical conductivity, mechanical
properties and anti-melting properties. CuCr alloys are widely used because of high strength and high conductivity, but there are defects
such as brittleness enhancement at high temperatures. By constructing a model of CuCrX (X=C, Si) replacement solid solution with
different Cr concentrations, the lattice parameters, thermodynamic stability, elastic constants and electronic structure of the alloys were
analyzed using CASTEP software. The results show that C doping significantly affects the lattice constant, the lattice distortion increases
with the increase of Cr concentration, and significantly improves the thermodynamic stability, but reduces the modulus of elasticity,
enhances the brittleness, and its elastic change is favorable to improve the resistance to fusion welding. Si doping has a weak effect on
the lattice and enhances the elastic modulus, CuCro.16Sio.0s has the optimal integrated elastic strength, while enhancing brittleness to
improve fusion welding resistance. The electronic structure shows that both C and Si doping enhance the electrical conductivity, and the
theoretical electrical conductivity of CuCrC is stronger. In terms of bonding characteristics, CuCrC hybridization plays a significant role,
and Si-Cr hybridization in CuCrSi enhances the bonding energy and deformation resistance. This study provides a theoretical basis for
the optimization of the properties of CuCr-based contact alloys.
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Table 1  Cell parameters of CuCr solid solution

T alA pl(g-cm?) VIAS




CuCros 7.133 9.252 362.902
CuCro.06 7.133 9.179 363.706
CuCro.go 7.137 9.147 362.852
CuCro 13 7.141 9.033 365.337
CuCro 15 7.198 9.006 364.269
CuCro 1o 7.210 8.921 365.609
CuCro, 7.264 8.856 366.124
CuCro s 7.416 8.806 366.711

F 2 CuCrC EHik R RSE

Table 2  Cell parameters of CuCrC solid solution

A alA pl(g-cm™®) VIA®
CuCrg03Co.03 7.071 9.026 362.513
CuCrg.06Co.03 7.099 9.019 360.664
CuCrg09Co.03 7.173 8.827 366.328
CuCrg.13Co03 7.294 8.749 367.385
CuCrg.16Co.03 7.305 8.770 364.331
CuCrg.19Co 03 7.377 8.660 366.742
CUCro2Cos 7.445 8.638 365.449
CUCro2:Co.s 7.704 8.621 363.938
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Table 3 Cell parameters of CuCrSi solid solution

A alA pl(g-cm®) VIAZ
CuCrg03Sip.0s 7.002 9.071 363.634
CuCrg06Sio.03 7.086 9.001 364.040
CuCrg0gSip.03 7.100 8.956 364.333
CuCrg 13Sig 03 7.090 8.858 365.896
CuCrg 16Sig.03 7.129 8.823 365.171
CuCrg 14Sig .03 7.140 8.750 365.895
CuCrg,Sig g3 7.215 8.682 366.039
CuCrg5Sig 03 7.423 8.648 366.685
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Table 4 Elastic constants and mechanical parameters of CuCrC alloys with different compositions

it C1/GPa C1,/GPa C4/GPa B/GPa G/GPa E/GPa y
CuCr03Co.03 161.463 149.105 25.312 153.226 17.659 51.029 0.375
CuCr06Co.03 174.704 144.704 35.533 154.074 27.320 63.570 0.364
CuCr0Co.03 174.884 146.773 40.239 156.143 29.766 84.205 0.349
CuCro13Co.03 185.942 141.449 35.856 156.280 30.412 85.679 0.330
CuCr16Co0 185.204 148.805 46.738 160.939 35.323 98.407 0.333
CuCro16Co.03 190.613 147.599 51.090 161.973 39.257 108.968 0.328
CuCro2Co0s 198.832 146.632 51.700 164.032 41.460 114.266 0.318
CuCr25Co.03 219.538 138.995 53.786 165.843 48.380 132.948 0.314
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Table 5 Elastic constants and mechanical parameters of CuCrSi alloys with different compositions

TR Cu/GPa C1,/GPa CulGPa B/GPa GIGPa E/GPa y
CUCro,05Sio.0s 194.409 147.013 62.973 162.803 47.263 129.395 0.369
CUCro,06Si0.08 194.489 147.907 79.646 163.434 57.104 153.444 0.344
CUClo,06Si0.0s 196.200 148.637 94.751 164.491 66.363 160.9632 0.326
CUCrg.15Si00s 198.444 153.242 97.842 168.309 67.746 178.494 0.320




CuCrg 16Sig03 199.170 155.415
CuCrg 19Sig 03 197.833 153.843
CuCrg2,Sig 03 200.826 153.746
CuCrg 25Sig03 205.775 154.637

101.472
99.950
97.433
95.485

169.680 69.634 183.776 0.317
168.214 68.768 179.504 0.322
169.439 67.876 178.813 0.314
171.963 67.519 182.047 0.314
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Fig. 9 The total density of states of CuCr, CuCrC and
CuCrSi alloys with different compositions

# 6 CuCr EEf& HOMO. LUMO REZR I RERR

Table6 HOMO, LUMO energy levels and energy gap of
CuCr solid solution

it HOMO/eV LUMO/eV RER Ep eV
CuCrg o3 -5.314 -4.968 0.346
CuCrg 0 -5.207 -4.620 0.587
CuCrg 1 -5.163 -4.385 0.778
CuCrg -4.810 -3.536 1.274

£ 7 CuCrC E¥k HOMO. LUMO fagt K Rk
Table7 HOMO, LUMO energy levels and energy gap of

CuCrC solid solution

it HOMO/eV ~ LUMO/eV  BERR EyfeV
CUCro5Co.03 -5.049 -4.928 0.121
CUCrg0eCo.03 -5.135 -4.979 0.156
CUCry16Co.03 -5.283 -4.994 0.289
CUCry2Co.03 -4.802 -4.416 0.386

#£ 8 CuCrsi @& HOMO. LUMO Fedk & BERR
Table8 HOMO, LUMO energy levels and energy gap of
CuCrsSi solid solution

T HOMO/eV ~ LUMO/eV  fEf Ey/eV
CUCrg 03Sio 03 -5.403 -5.203 0.200
CUCIg 00Sio 03 -5.051 -4.783 0.268
CUCrg 16Sio 03 -5.266 -4.849 0.417
CUCrg S0 03 -4.948 -4.137 0.811

B4k, BE Cr %K TH R, CuCrC. CuCrSi &
CHE AP, SRR bR S
Cr R BE BIEARSC 4518 —5. CuCrC #1 CuCrSi &4
A% EALE 10, 11, NEREW, REEET S
FUEHAT /8. CuCrC w1, Cu 5 Cr 1) d HUBE AR
KER. FMAZIE, RUBIERBR. CHT
) pBUES Cu. Crif d PUBESMFAEN R Aktk, HBE
CrikEETtm, C5 Crxfbifsg, JExfdKkpediabrt
T TR, X H S MR RE9E T CuCr &L
CuCrSi 11, Si Jii7 /) p HliE 5 Cu. Cr i) d HLiE 4k
MRS T C, SEFHIMERENRE; (HEERE AT Cr
iRy EERTE, Sis TR Cr i Z, HAhT
I Si i s BUIE S Cr i) p BLIE MG 58, 1RTH& e
e S PRI A e
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Fig. 12 The energy band structure diagram of CuCr alloy
with different composition
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Fig. 13 The energy band structure diagram of CuCrC alloy
with different composition
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2.7 HEME

Milliken H3{a7 47 J& 43 Hr (population analysis) A& %
RLT-HUIE SRR E BT, AT TR R R AR
T B B A U ) L TR RS 1. Milliken
R, A5 B BT EAREEEOC, S TR

SRR A EAOE, BT

AR CuCrC &< Al J& WAk 9, HIR 9 &
7N, CuCrC &4 Cuy CrJf-FHNBH T, Bk
7 HIM-0.06 e f£Z-0.2e. 0.8 [#Z 054 e, HFTAIL
Syl py pld HUEE S C T Hm GG, &%
AL S 4 P9 0 B i R PR AR R A . SRRy
CuCrSi &4 Hifr fii J& W3 10, H15% 10 A %1, CuCrSi
et CuJi T RIMKHT, HAHAN-0.05 e THE
-0.01e, MMARMAKIRGE T p PUil; Cr 5y B3
KAG 5 CuCrC &4 Cr J&F AL Si i T BT,
H s BB TTER. MHAHER S ILRE CuCrSi &N
BRI TR LA AL SRR, BRI R R s, kD
firRE T T AR e ) BE B K R A

£ 9 FEBPA CuCrC &&HiE
Table 9 The charge population of CuCrC alloys with different compositions

A TCE s YE p ¥iE d #id p58i Ffifle
Cu 0.86 0.53 9.67 11.06 -0.06
CuCrp03Co.03 Cr 2.49 5.63 5.09 13.20 0.80
C 1.52 291 0.00 4.43 -0.43
Cu 0.86 0.55 9.68 11.09 -0.09
CuCrp09Co.03 Cr 2.49 5.85 5.06 13.41 0.59
o 1.48 3.04 0.00 4.52 -0.52
Cu 0.86 0.58 9.67 11.10 -0.10
CuCrp16Co.03 Cr 2.48 5.95 5.05 13.47 0.53
o 1.47 2.96 0.00 4.43 -0.43
Cu 0.86 0.66 9.67 11.20 -0.20
CuCrg22Co.03 Cr 2.48 5.98 5.02 13.47 0.54
o 1.37 3.13 0.00 4.50 -0.50
# 10 ARFEES; CuCrsi A& BfififE
Table 10 The charge population of CuCrSi alloys with different compositions
it TCE s PE p ¥LiE d #iE P58 Fififle
Cu 0.83 0.53 9.69 11.05 -0.05
CUCro 03Sio.03 Cr 2.59 5.69 5.07 13.35 0.65
Si 1.30 2.63 0.00 3.94 0.06
CUCTs geSinas Cu 0.85 0.51 9.68 11.04 -0.04
Cr 2.59 5.81 5.09 13.48 0.52




Si 1.27

Cu 0.82
CuCrq 16Sio.g3 Cr 2.57
Si 1.22
Cu 0.83
CuCryg 2,Sio.03 Cr 2.59
Si 1.20

2.57 0.00 3.84 0.16
0.51 9.70 11.03 -0.03
5.85 5.09 1351 0.49
2.55 0.00 3.77 0.23
0.48 9.71 11.01 -0.01
5.92 5.08 13.59 0.41
2.57 0.00 3.77 0.23
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