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Fig. 1. Cubooctahedral cluster in Cu matrix.

fe R L Cu-Ni-Si & & I i & &= 78 10%
DI, 38K Cu & i Coy KT 90%. WS AR 145
J Y AR Cu-Ni-Si R 816 443 Rk AN A 1 141
WM RIS Sy RS KT
5% MIHRE BT Cu-Ni-Si R45 4, K S feAsi il
[M-Cuyo)Cuy ¢ MRS EITR) Bit i 24;
W /N 5% MR TG 4, SR FHBUAT il
BTy PO, i, PR PR RS R Sl 4 ) B
TCH L, o 5R B s B 5 A BT [M-Cuyo) Cug 1
AR 4E Cu AR Y254 550 [Cu-Cuyy) Cug,
GBI {[M-Cuyo]Cug} 4 +{[Cu-Cuyy|Cug} (A4,
B oSl &R e S5 Boo iy IR A4, A/ B 43D
4/1,2/1, 1/1, 2/3 FEILA R BRLLGIE AR G Bl A
SC A B AN B3 s, X AR Cu B 4O
93.75%, 95%, 95.83%, 96.7% F1 97.5%, X HE— A%,
g3 w5, Ni/Si R L A3 il 4 260 B AH A 8-NipSi)
2.5(~-NizSiy) Fl 3(3-NigSi) A # A1 5 A 4 ik
g%, MIMASE WA TTH £ THE Fe i), Fe 5 Si &
BRMTIRAR, RIS RS Ni TR B B

196102-2


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. 68, No. 19 (2019)

196102

AENI-Si % R B N 6 R S A b A
i Cu-Ni-Si & 45 1 5 3 £ st 1 B84 43031 O <
AL SR AEAL [((NiFe)gn 5/551)-Cuyy) Cug XA %
it {[(Niz/2‘5/3Si)—Cu12]Cu3)}4+{[Cu—CulZ]Cu3},
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THT FRT N 25

2.1  §-Ni,Si 8 A& 1%

NipSi A 25 ¥ A = 7 45 1 28 B4 P71 H)IE 52
(orthorombic primitive) Z54FIFFZJT (hexagonal
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I, AT b AR BRAE R P, PRI LR B A i
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7, TR R T R R T )  H IR,
TR T RGERE R, XA R AT E
A B 12BN, A RO HEHES A J5
SEMIRERS (& IR R A B R R, T I

F 1 S-NipSiAHFLL 3 Bl i 457 S 0o AR ] SR -3 A

Table 1. Radial atomic distributions around 3 different sites in the 6-NiySi phase.

DT REETFHE REETRE FEREF 5O IR RS r/nm TR TF#Ep/am™®  FfE HfEE
1 Sit 0.20823 52.909
2 Sit 0.22614 82.615
1 sit 0.23232 95.245
2 Ni2 0.25359 102.526
Ni! 1 Ni? 0.26231 105.871 NigSiy  [&12(a)
1 Ni2 0.26268 118.602
2 Nit 0.27021 133.174
2 Ni2 0.27132 155.464
1 Sit 0.29611 128.795
2 Sit 0.24629 47.964
2 Sit 0.24872 77.619
1 Sit 0.24972 92.092
2 Nit 0.25359 117.172
- 2 Ni2 0.25818 138.792 NiSis  E2(b)
1 Nit 0.26231 145.573
1 Ni! 0.26268 158.136
2 Nit 0.27132 167.423
1 Sit 0.32162 107.695
2 Ni? 0.34426 93.668
1 Ni! 0.20823 52.909
2 Nit 0.22614 82.615
1 Ni! 0.23232 95.245
2 Ni? 0.24629 111.915
" 2 Ni2 0.24872 139.715 SN, FE2(0)
1 Ni? 0.24972 153.381
1 Ni! 0.29611 101.196
2 Sit 0.31484 99.496
1 Ni2 0.32162 100.515
2 Sil 0.34056 96.754
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fifp XA TR, BT R— e 2 el & iy AR Y,
2R AR S0 T BB HERE . %07 B LR A
AT LA HE A BERE B 25 th R R e SO =K, (R
TR AR R [ (e, HOLE ] e p, 75
BRI M AT E LA DT = T &S
LI ATHE . XA MER, DR $E R R T
JEAR ) 43 A R AR, BRI [R] 78 2 BT 35 i 40
K7 MIAS A b SO HE . A28 ) 288 B2 1) 3
i By, FIURA S AR w55 BE 52 2 LA
1) S5 T A B P 22 T A A 25— I SR M AT 72, 130
i BT B S ) 5 B ) Sy Sl v . X i B

TEWCR) AT FEAE A F Y Jay 83 Bl PN 347 52 B0 vy 1) A
D ol 1 S e o o N o= O
YD - B T LA R Re i B9tk vy A1 2 5 4 A
rh, BRSO AR TP X 45 i S B T W) 0 i 64
2550, JuHIR B RE kg VA N 0 O A v Y
TS A AR AL A5 L o KRR b d 280,

L 1A T 8-NipSi A, LA 3 MR 5 iz
S R DN 09 7 e B BN P e L SN 2
T ER IR TR B | A% T B RO I AR, 5] 2
g = 0-NipSi PR R A B . 428 [m) J5t 15 B 43 A 2
&l 3, 7 A2 ) 5 B e R AL . e 3 &
Ni,Si 7 A DL Ni2 AU B I - 19 NigSis, X R Al
I 2 AR A [Ni-NigSis | Ni.

(c)

B 2 &Ni,Si FIFE Y = Fhfly il

Fig. 2. Three configurations of §-Ni,Si cluster.

—6— NigSiy
150 | =~ NisSis
—*— SiNiy
@
g
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<
50 F
0.20 0.24 0.28 0.32 0.36

r/nm
3 &-Ni,Si A 43 B LA Nit, Ni2, Sit Sy 3 J5 - 14 A 55
1 1) JEF % B

Fig. 3. Radial atomic density around 3 different sites Nil,
Ni? and Si! in the 8-Ni,Si phase.
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] J5L P2 B A A Won e 5, AIFEETEAR 0] IR 2%
JE R RAL, BB HERY) ~-NigSiy B M LA Sit Ryl
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2.3 (-Ni;Si tHHF & HIEEL
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. BT, FAARIR A5 AH M52 B E AR
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SiNio, X PR LAY AR fcfe . LA B-NiygSi AHfx
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2 ~NigSiy ML 13 B 5467580 AR ) R F- o A

Table 2. Radial atomic distributions around 13 different sites in the ~-Ni;Si, phase.

DT FERERETHRE GERETRE FEA T 5 O T BIE S r/nm BmEFEEp/mm®  PfE AR

3 Si® 0.23282 113.557
6 Ni® 0.25853 138.229
2 Sit 0.26156 160.177
6 Ni” 0.32954 120.138
[§ Nit 0.39376 93.896
Ni! Ni;Si;  Kl4(a)
6 Nif 0.42716 91.935
3 Si® 0.43428 96.236
6 Ni® 0.45646 97.946
[§ Si? 0.47401 100.921
2 Ni? 0.49734 91.258
1 Ni? 0.23332 37.61
1 Sit 0.23578 54.668
3 Sit 0.2421 100.995
3 Nif 0.24757 141.671
3 Ni® 0.25331 176.342
3 Ni° 0.34555 86.834
Ni2 NigSi;  El4(b)
3 Ni” 0.34582 103.957
3 Ni? 0.38621 87.072
3 Si3 0.4174 78.829
3 Nif 0.41824 88.149
3 Ni° 0.42043 96.421
3 Ni? 0.43617 94.99
3 Sit 0.24409 65.696
1 Si? 0.24965 76.755
3 Ni® 0.25453 115.879
3 Nif 0.26112 147.572
) 3 Ni® 0.26706 175.563 o
Ni? NijSiy  KEl4(c)
1 Si3 0.36558 73.329
3 Ni” 0.37339 82.588
3 Ni? 0.38621 87.072
3 Nif 0.41335 81.169
3 Ni° 0.42222 85.68
3 Si® 0.23225 76.265
1 Si3 0.25456 72.399
3 Ni® 0.25532 114.807
3 Ni” 0.25574 157.083
3 Ni# 0.27402 162.522
Nit NiSi,  [&l4(d)
1 Si? 0.35821 77.949
3 Nif 0.37974 78.514
3 Nit 0.39376 82.159
3 Ni” 0.39797 90.948
3 Ni® 0.41739 88.689
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2 (Z)  ~NigSiy AAFLL 13 Bl i ST A0 AR [ T4 A1

Table 2 (continued). Radial atomic distributions around 13 different sites in the ~-Ni;Si, phase.

OEET  RETEE RRE TR FE R 5 O HFEE r/nm B FHREp/mm 3 B B
1 Sit 0.23142 38.544
1 Si? 0.23246 57.044
1 Sit 0.24177 67.606
1 Nif 0.25071 75.786
1 Ni6 0.25316 88.328
Ni® NigSiy  [El4(e)
1 Ni2 0.25331 102.866
1 Nib 0.25375 116.951
1 Ni3 0.26706 137.942
1 Ni6 0.28031 130.136
2 Ni® 0.29349 132.276
1 Si? 0.22997 39.278
1 Sit 0.23889 52.56
1 Sit 0.2445 65.366
1 Ni2 0.24757 78.706
1 Si® 0.24916 92.651
1 Ni® 0.25071 103.499
it NigSiy  4(f)
1 Nib 0.25316 117.77
1 Ni8 0.25429 130.733
1 Ni? 0.25495 144.134
1 Ni? 0.26059 148.474
1 Ni3 0.26112 160.988
1 Ni? 0.26728 162.621
1 Si® 0.22567 41.566
1 Sit 0.22958 59.218
1 Sis 0.23849 70.434
1 Si? 0.24038 85.982
1 Ni# 0.24588 96.408
1 Ni8 0.25044 106.443
Ni? NigSi;  Kl4(g)
1 Ni6 0.25495 115.307
1 Nit 0.25574 128.522
1 Nib 0.26021 135.569
1 Ni6 0.26059 148.474
1 Ni6 0.26728 150.111
1 Ni8 0.27224 153.893
1 Sis 0.23059 38.962
1 Sis 0.24054 51.486
1 Ni# 0.2457 64.413
1 Ni? 0.24588 80.34
Ni8 1 Si? 0.24656 95.613 NigSiy  [E4(h)
1 Ni? 0.25044 106.443
1 Ni6 0.25429 116.207
1 Nit 0.25531 129.173
1 Nit 0.25853 138.229
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2 (Z)  ~NigSiy AAFLL 13 Bl i ST A0 AR [ T4 A1

Table 2 (continued). Radial atomic distributions around 13 different sites in the ~-Ni;Si, phase.

OEET  RETEE RRE TR Fe)R T 5.0 EF RIEE R r/nm T p/nm 3 Mg AR

1 Sit 0.27197 130.605

Ni® 1 Ni” 0.27224 142.055 NigSiy El4(h)
1 Nit 0.27402 150.913
3 Ni” 0.22958 78.957
1 Ni? 0.23578 91.113
3 Nib 0.23889 140.161
1 Nit 0.26156 120.132

gt 3 Ni® 0.27197 142.479 SiNi,, 4G
3 Ni° 0.34489 87.334
3 Si® 0.35017 100.131
3 Si? 0.38543 87.602
3 Si3 0.39237 94.898
3 Sit 0.41136 92.647
3 Nib 0.22997 78.556
3 Ni7 0.24038 120.375
3 Ni® 0.24656 159.354
1 Ni? 0.24965 168.861
3 Ni® 0.33462 89.249

Si? SiNijg  [E4())
3 Si° 0.35153 93.475
1 Nit 0.35821 93.539
3 Sit 0.38543 87.602
3 Si3 0.38982 96.772
3 Sit 0.40727 95.466
3 Ni” 0.22567 83.132
3 Ni® 0.23246 133.102
3 Nib 0.24916 154.418
1 Nit 0.25456 159.277
3 Ni® 0.33473 89.161

st SiNip  FE4(k)
3 Sit 0.35895 87.797
1 Ni? 0.36558 87.995
3 Si? 0.38982 84.676
3 Sit 0.39237 94.898
3 Si® 0.40056 100.344
2 Ni® 0.23142 57.816
2 Ni® 0.24177 84.507
2 Ni? 0.2421 117.827
2 Ni? 0.24409 147.817
2 Nib 0.2445 179.758

G SiNiy,  [El4(1)
2 Ni® 0.29512 120.803
2 Si? 0.35895 77.468
2 Sit 0.36743 81.857
4 Sit 0.39431 81.816
2 Si? 0.40727 81.323
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2 (Z)  ~NigSiy AAFLL 13 Bl i ST A0 AR [ T4 A1

Table 2 (continued). Radial atomic distributions around 13 different sites in the ~-Ni;Si, phase.

DT SERE T FEIR R LRI T 50 F R R r/nm I % 8 p/nm 3 i 7 iy R
2 Ni® 0.23059 58.364
2 Ni# 0.23225 95.331
1 Nit 0.23282 113.559
2 Ni7 0.23849 140.868
- 2 Ni® 0.24054 171.621 SiNi, ]75]4(111)
2 Ni® 0.28808 119.887
2 Sit 0.35017 77.879
2 Si? 0.35153 76.979
4 Si® 0.37643 80.603
2 Si3 0.40056 74.329

EE. FEESSE N 2.3 x 103 MPa iy H43 1B Ak
H IR EEIS 950 C I, A BE BV 1 h 5K, SR
JE7E 450 C R BE T AIRL 4 h K ¥, F D60K-type
H, S R I SO P o, B el = B
BIEAE g dcJa 9D B2 25 285 76 HV-1000 A 52 )
A 0 A LA B, I R BB G 4 1 A
{&; H Bruker D8 Forcus ! X S5 (XRD)
ST A 535 H Zeiss Supra 55 F## HL 4% (SEM,
FEMTRZS 30 % HNO; + 40 % CH;COOH + 30 %
H,O R B IR A R 1) Fil Tecnai G2 20 Y
7% B BB (TEM, FESLTEH 25 % HNO; +
75 % CH3OH {RBUM IR AAE —40 °C HEFTL
% L FAl Y ) FAERE T A T4 4.

4 EREREITH

W Ni/Si 5+ AR Cu-Ni-Si &A1&
e AR TR IS R

4.1 UG

Cu &&H 93.75%, 95%, 95.83%, 96.7%, 97.5%
B FLAS BT 85, o AT 4 AE 8-NipSi, ~-NisSiy 1
B-NiySi B HIRE S XRD 5 41E 7 (a)— & 7(c)
P, i b R SEA B — SR fee [V AL
1, VNI AETE /N BE o1 A %, AR Cu sk B R
SEARNTI L. W, il AHD L ROBE/N HBRHL,
Bk Cu Fgiesm H sy, B0 XRD 15§ B g
F| 6-Ni,Si #fr tH AH, & 7(b) P WML H] /b &) ~-
NizSiy. Joie e MR AT AT & & 80y, &4
PERE F A I G 3R AL A 6-NioSi Afr i, 1 ~-NisSiy

H1 B-NigSi W2 Cu-Ni-Si A 4 A6 AR i 72 v iy
SRR, G0 SR A 4 P B 18] L 5 K, TP R A A
LR R E A §-NipSi.

K 8 & Cu &l 93.75% il 96.7% WA~ A
Ay AL Ni/Si= 2, 2.5 FI 3 B ROTOUIE S, 1K i
B TT LR T Sk g BT A 1B 8(a)— & 8(c)
SFRE Cu R 93.75% BT HIAH 20 54 6-NiySi,
~-NisSiy Fl 3-NisSi HHATRESRHOITES, 1€ 8(d)—
] 8(f) 43X Cu B8k 96.7% HHAT HAH 43 31
g 6-NipSi, ~-NisSiy Fl 3-NigSi AURE § B SO 5.
&l 8(a) HHRYHT AR/ L REL . B8 L2, 14 8(b)
AT A I A T 8(a) TR 2 . AT FNER L,
Kl 8(c) Hr AT i AH B HLE 8(b) Hh g £ (HA 4N
&l 8(a) UM HHAHTREL . Y92, HLIE 8(b) Al 8(c)
TR AT R A, X0 & & 2R A PERERY
PFFRAFA. F 8(d) — 8(f) AT AT S
P&, & 8(e) HrryAT i AHAE N L RHEL . 35 H
Z, i 8(d) & 8(f) i, B BHSA KBTS
AL BT LRL, B 8(a)(Ni/Si = 2) FTA 8(e)(Ni/Si =
2.5) X Coy N 93.75% 1 96.7% WA BL5 15 1Y

EEZEATERE (S MRS O ) BRI, X
5 Hu %5 B2 (s 25 58— 2, BIAT AR/ L o
B B2 2, &4 s A TERE VRS R B i 1.
Cu-Ni-Si & & 4 1 3 Ak A A7 1 2508 A ek 00,
Wit 8 IEA, 456G anPEREXS L Jn, [ &
ARAIHT AR TG S 2R A HERE.

K1 9 J& Cugg7Niy 36510.94 FF i 7EZ ST HLEE TR
DI P W S AR X AT S T, PT AR A P 7 3 4 K
SRR SRACHT A, bR E— 2B, BR T3
& Cu F1 8-NiySi Mt AH, IAETE ~-NisSiyp AH. X
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(a)

Bl 4 ~-NizSi, AR+ =iy 5

Fig. 4. Thirteen configurations of ~-Ni;Si, cluster.

FIRLTE] 5 2R [332])0n// [612]0// [T109)y. Z RTHFSE
& 4 Cugs 75Nij 75515 gsFeq 40 TE 5 LB T B
SEESFEL RIS AT AR 6-NiySi Al B3-NigSi.
4.2 SHBMNEMEREE

K 10(a) B TR HERIGE R FERE Cp, 1978

fRAE L. FERFGE R & B, Cu-Ni-Si R &4, A
TR LA TR, B ESEMNMWERZSH
P, [ eI 42 SR BE (BURERE ). AAIZT 10(a) BA
BEM, X Co, < 95.63% B, A4 FHIERERN
i Ni/Si = 2, #£ 90% < Cg, < 95.63% iX— 4
DX[H], BEi Cu-Ni-Si R a4 i, Hr AR % 6-
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[ - Nifsi; Ni,Si #it; 24 95.63% < Cq, < 97.5% B}, 54 %

160} o S MRS EEI Ni/ST = 2.5, FF LR — W AM B,

- DE v, VIV Cu-Ni-Si R &AM, B AR ~-NiSiy
Tovl

S M Jo SN Ni/SiAMBISET 2, 2.5 3 0, 445 A

D = N 2k FCAH 3 72— M B Cu,Ni Al Si B9 5408

wl | - E;gi A BB AE 10 (b) A& 10 (c) iR, 34 Cp, F

e e T ik 97.5% Z 5, A4 i H PR RN A DG A AN 1B

r/nm & Ni/SifamAfbimA R MR, £2lTE

B 5 ~NigSiy d FHT 40 1L NI, N2, Sil, N#®, N, Si2, a AT — 5L (Coy N 100%), X—45 R 3K

Si%, Si, Si%, Ni®, Nif, Ni7, Ni® .0 By 543 ) L 40 4

B, 4 Coy > 97.5% J&, Ni/Si {HRAEEXT A 41

Fig. 5. Radial atomic density around 13 different sites Nil, _@Eﬁlréﬂgng& EEEEE E"J%ﬂ[ﬁjﬁj{, %@m‘% [ﬂ%, m‘@

Ni2, Si', Ni%, Ni¢, Si2, S, Si, Si, Ni, Nif, Ni7, Ni® and Nis

in the ~-Ni;Si, phase.

& 6 B-NigSi 1% B Wi fil by 74

Fig. 6. Two configurations of 3-NisSi cluster.

Ni/Si = 2, 2.5, 3 PE—{HE &M

3 B-NigSi AHH LA R G A0 A2 1] S~ 4341
Table 3. Radial atomic distributions around 2 dif-
ferent sites in the B-Ni3Si phase.
o ot R e ST e
BE R ERE e #
4 Sit 0.24791  203.795

8 Nit 0.24791  203.795

Sit 12 Ni* 024791 203.795 SiNij, [6(b)

kE

# 4  Cu-Ni-Si-M (M = Fe or null) RFIE4H Ni/Si(E T tb) . BIFER K BT (T340  4ERRERE (kgf/mm?) Fil

FHUR (%IACS)

Table 4. Ni/Si(at.%), Cluster formula, Composition(at.%), Vickers Hardness (kgf/mm?) and Electrical conductivity

(%IACS) of Cu-Ni-Si-M (M = Fe or null) alloys.

Ni/Si . e s . Vickers Hardness Electrical
(at.%) cluster formulas composition wt.% /at.% kef-mm 2 Conductivity /%TACS
. . 95.18Cu3.52Ni0.93Si0.37Fe
Fey /15Nig /15 Cuys]Cu: X . 258 35
[( €1/15N19/15 15/15) 1] Cug (%légﬂacl\h?ffg(g};%%‘u)
. . . uo. 1U. 1
([(Niyp/15515/15) Cuyg) Cug) 4+ ([CuCuyy] Cug) (C%5Ni3_3;;1\8111,67) ) 161 51
. . 96.79Cu2.59Ni0.62Si
2 Nigg/15Si5/15) Ctyo] Ctig)o+ ([CuCuys) Cu JINIO 189 35
([( 110/15. 15/1: ). U19] Cug)a+([CuCuyp] Cuy) (Cugs.slez.7§811.3q)
{[(Niy9/15515/15) 1.0602C12] Cuiz }.906 97.4Cu2.1Ni0.551 191 40
+{[CuCuy,|Cug} (0186,71\112,13]811.1)78
. . 98.08Cul.55Ni0.37Si
([(Niyg15515/15) Cug) Cug) g +([CuCuyp Cug)s (Cqu:Nil 67Slio 53) ! 172 48
- 95.04Cu3.75Ni0.85i0.41Fe
Fey/14Nig /1451, /14)Cuyy)C . . 262 2.
[(Fey/14Nig/14Si4/14) Cuiyo] Cug (%298§g1§0§§§823%10) 6 32.5
. . . uo. 1U. 1
([(Niyp/14S14/14) Cuyg) Cug) 4 +([CuCuy,] Cug) 96(6058"1\]21%71\81161;%8 201 41
. . . uz. 1U.9 1
2.5 ([(N110/14Sl1/14)01112]Cu3)2+([cuculz]cu3) (Ctgs 55Ny 0551, 10) 201 38
{([(Nilu/14Si4 14) 1.060201112]0113)}0.996 97.39Cu2.2Ni0.41Si 168 41
+((CUCU12]CU3) (Cu%JNizs&Sio.m)S
. . 98.02Cul.66Ni0.32Si
([Niyg/14514/14) Cupa] Cug)y+([CuCuyy| Cug)s (CUQ';;Nil 798110 ) ' 176 48
. 94.93Cu4.02Ni0.75i0.35Fe
Fey 16Niy 1 /16514 /16) Cga] Cu N 241 30
([( €1/16:M111/16 14/1(’) ;5] Cuy) (%%9%£g1§3§§§};g%39)
([(Nijg)1651/16) Cup] Cug) s+ ([CuCuyy] Cug) ('Cug,lﬁn;, 7rSli1.2r) 1 225 33
o« 96.63Cu2.91Ni0.46Si
3 ([(N112/16.314/16).Cu12}Cu3)2+([CUCU12]CU3) (Cu95.83Ni3.13sil.04) . 191 36
{([(Nll2/16S14{16)1.060201112]0113)}0.996 97-33CU2-31N1(_]~36SI 160 39
+ ([CuCuyy|Cuy (Cu%)'JNIQ.MSlO.&i)S
. . 97.98Cul.74Ni0.28Si
([(Nig16514/16) Cugg] Cug) g+ ([CuCuy,) Cug) s " . ' 171 47

(Cugy 5Niy 7Sig.63)
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(a) y v Cu (b) v Cu
& NiySi & NiySi
Ni/Si(at.%) = 2 A NisSis Ni/Si(at.%) = 2.5 A Ni;Sip
: + NisSi + NigSi
4
L |975(Cusatn) X p
: - ]
g 96.7 I g 97.5(Cu/at. %) N
G |95.83 7 |8 +
E T—-‘- £ (9583 N A
= o5 ). ¥ 3 [os Jo X
93.75 L I\ A 93.75 v v
Cu | | 1 1 Cu | | 1 1
Ni,Si [ Ni,Si [
NisSiy [ NisSiy [
Nigsi [ | ., L 1o Nisg8i [ | L. 1
20 40 60 80 100 20 40 60 80 100
260/(°) 20/(°)
(c) ¥ Cu
o & NiySi
Ni/Si(at.%) =3 A NisSi,
* NigSi
:j' 3
& [97.5(Cu/at.%) y
Z [96.7
Z [95.83 Y )
g 95
S [9375 ] . N
Cu | | 1 1
Ni,Si | )
NisSiy [
NS, | ), L L |
20 40 60 80 100
20/(°)

B 7 Ni/Si(at.%) 51H (a) 2, (b) 2.5l (c) 3 1E Ce, 573K 93.75%, 95%, 95.83%, 96.7% 1 97.5% Hf— W4T 15 AL I A 4 XRD i &
Fig. 7. XRD patterns of the alloys when Cg, is 93.75%, 95%, 95.83%, 96.7% and 97.5%, and the Ni/Si (at.%) is (a) 2, (b) 2.5 and

(c) 3 in each composition point, respectively.

B8 A&MMMIES. Coy N 93.75% B Ni/Si 4348 (a) 2, (b) 2.5 F (¢) 3 & Cpy M 96.7% B Ni/Si 43410 (d) 2, (e) 2.5 8% (f) 3
Fig. 8. The microstructure of the alloys. The Ni/Si is (a) 2, (b) 2.5 and (c) 3 when Cg, is 93.75% and Ni/Si is (a) 2, (b) 2.5 and (c)

3 when Cg, is 96.7%, respectively.
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50 nm

K9

. [332]0“[6'12];[71l)f,i

Cugg.7Niy 3651094 FES Y (a) WA 371% il (b) T X AT 5 PR o (b)(123) L 2 b A R AT R

Fig. 9. (a) Bright-field micrographs and (b) selected area diffraction patterns of the Cugg7Niy 355194 sample.

(b) 0.00  9.07

TACS
--- Ni/Si(at%) =3
S --- Ni/Si(at%) =2.5 0.01 0.06 I 30.00
& IACS% B --- Ni/Si(at%) = 2
L (a
g 50 () = 2S5 {450 B 35.25
S : z 40.50
> S
S 40} s
'fé {350 M} - I 45.75
g a 0.03
8 | 8 51.00
T 30} ~o- 2:1(Ni/Si) 5
4 i\ -0- 25:1 1950 &
;S e -a-3:1 =
= 20T TR o & 0.06 001
3 10 . . . . 150> 0.07 0.00
94 95 96 97 98 0.93 0.95 0.97 0.99
Cu/at.% Cu/at.%
(c)
0.00 1 0.07 o OV
--- Ni/Si(at%) =3 ‘
-~ Ni/Si(at%)—2.5 0.01 0.06 B s
--- Ni/Si(at%) =2 A
B 184
f
o 0 \
@ ' . u 240
A
0.05 : 0.02
0.06 l l \0.01
A
¥
0.07 V0,00
0.93 0.95 0.97 0.99
Cu/at.%

10
IR T BRI AL (a) T (b) )k BIACS***

(a) Ni/Si o350k 2, 2.5, 3 I, 2k A B 715 i 4 B C, BYZR4E; =SCARKI R (b) SHUERN () 4 R B2 R Cu, Ni il Si o

Fig. 10. (a) Ni/Si is 2, 2.5 and 3 respectively, the variation of vickers hardness and electrical conductivity as increase Cg,; the vari-

ation of (b) electrical conductivity and (c) vickers hardness as atomic percent of Cu,Ni and Si in ternary phase diagram.

Wt Cu-Ni-Si &4 it , WG 4 n e
sl R o I R4
Cow < 93.93% B}, #rilh AH#E 8-NiSikit; 4
93.93% < Cy < 94.34% W}, M1 iM% ~-NiySi,
Bt 24 94.34% < Cp, < 95.63% Bf, #r H A%
B-NisSi % 11; 95.63% < Cp, < 96.12% i}, #r it
HHHE ~-NigSiy BT Coy > 96.12% H1H AT LI

, I 10(a) WA, 24 90% <

8-NiySi, ~-NisSi, 3 3-NisSi HE—AHE I

L) FH P68 I 32 4 D A AU 4 < A t0 A T
Cu-Ni-Si RH5 4 sy
2) MR A IS, AribiAH 6-NiySi, +-NisSiy
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1 B-NigSi 1) A1 #5350 51135 2 4 [Ni-NigSis]Ni, [Si-
Ni,]Sig 1 [Si-Niyo)Sis.

3) 7 Cu-Ni-Si & 4 1 43 X | N (Co, >
90%), M6 4T M RUCh B BT E R, 7R
90% < Coy < 95.63% iX— DX ], B b A+ &
Ni,Si Bit; 1 95.63% < Cp, < 97.5% X — W4
DX [, M AR ~-NigSiy Bit; Gy > 97.5%, #r
HYAH AT 4% 6-NipSi, ~-NisSiy 8% 8-NiySi A AE—4H %
Th. GRG0 i B Bl BE R R B B = A
90% < Cey <93.93% W, M7 A% 6-Ni,Si 5T
93.93% < Cgy < 94.34% W}, Hr HAH$% ~-NiSi,
Wit; 94.34% < Cp, < 95.63% I, Hr AT -
NiySi % it; 95.63% < Coy, < 96.12% I}, Hr H A
i N-NigSiy 531 Cpy > 96.12% B, M AT 45 6-
Ni,Si, N-NisSi, 8 3-NiySi FFfFE—Hi%it.
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Abstract

Cu-Ni-Si alloy has good electrical conductivity, thermal conductivity, high strength, and high hardness, and
is widely used in electronic components and other fields. When the compositions of the Cu-Ni-Si alloy are
designed, the determination of the phase component is critical. In this work, the composition of Cu-Ni-Si alloy is
designed according to the "precipitation phase" by cluster-plus-glum-atom model. Following the cluster selection
criteria, the 8-NiySi, +-NisSi, and (3-NizSi phase clusters are determined, respectively, and the corresponding
cluster formulas are [Ni-NigSi5|Ni,[Si-Ni;(|Sis, and [Si-Nijo]Sis. the compositions of a series of Cu-Ni-Si alloys are
designed according to the different precipitated phases of 8-NiySi, ~-NisSiy, and (3-NizSi each with Cu atom
content being 93.75%, 95%, 95.8%, 96.7% and 97.5%, respectively. The alloy raw material is melted into alloy
ingot in an argon-filled vacuum arc furnace. The ingots undergoes solid-solution at 950 ° C for 1 hour and water
quenching then aging treatment at 450 °© C for 4 hour and water quenching. The conductivity and Vickers
hardness of the alloy are tested by conductivity meter and hardness meter, respectively. The microstructure of
the alloy is characterized by x-ray diffraction (XRD), scanning electron microscopy (SEM), and transmission
electron microscopy (TEM). In general, the electrical conductivity of Cu-Ni-Si is the main consideration in the
design of alloy composition, the content values of matrix Cu atoms are in the ranges of 90%-95.63% and
95.63%-97.5% respectively, the precipitated phases are designed according to 8-Ni,Si and ~-NisSiy respectively;
the content of matrix Cu atoms is over 97.5%, it can be designed according to any phase of §-NiySi, 4-NizSi, and
B-NisSi, with no difference in electrical conductivity among them. If the strength of the alloy is the main factor
in the composition design, the content values of Cu atoms in the matrix are in the ranges of 90% — 93.93%,
93.93% — 94.34%, 94.34%— 95.63%, and 95.63%—96.12% respectively, according to the composition intervals
the precipitated phases are designed as 6-Ni,Si, ~~NisSiy, 3-NisSi, and ~-NizSiy, respectively. Once the content of
Cu in the matrix is greater than 96.12%, the precipitated phase can be designed according to any of the phases
of 8-NiySi, vNizSiy, and B-NisSi.

Keywords: Cu—Ni—Si alloy, cluster plus glue atom, precipitation phase composition design, high hardness,

electrical conductivity
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