Journal of Alloys and Compounds 509 (2011) 9776-9781

journal homepage: www.elsevier.com/locate/jallcom

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

ALLOYS
AND COMPOUNDS

Phase equilibria of the Cu-Ni-Si system at 700 °C

Weihua Sun®P, Honghui Xu®?*, Shuhong Liu®P, Yong Du®P, Zhaohui Yuan?, Baiyun Huang?

a State Key Laboratory of Powder Metallurgy, Central South University, Changsha, Hunan 410083, PR China
b Science Center for Phase Diagrams & Materials Design and Manufacture, Central South University, Changsha, Hunan 410083, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 7 March 2011

Received in revised form 7 July 2011
Accepted 30 July 2011

Available online 4 August 2011

Keywords:

Cu-Ni-Si system

Phase diagram

X-ray diffraction

Electron probe microanalysis

The phase equilibria at the isothermal section of the Cu-Ni-Si system at 700°C were experimentally
investigated. Thirty Cu-Ni-Si alloys were prepared by arc melting and annealed at 700 °C for 30 or 80
days, and examined with optical microscopy, X-ray diffraction, scanning electron microscopy with energy
dispersive X-ray spectroscopy and electron probe microanalysis. Twelve three-phase regions were deter-
mined. The existence of the ternary compound t1-Cusgg-g3Ni10.4-16.1Si266-273 reported in literature was
confirmed and a new compound 7,-Cuys gNiys5Sizg» with nearly no homogeneity range was observed. The
6-Ni,Si compound, which exists above 820 °C in the binary Ni-Si system, was found to be stable at 700°C
and the composition range of Cu is 12.7-20.6 at.% Cu. The ternary solubilities of binary compounds were
measured and noticeably the CussSi;; compound can dissolve Ni up to 21.9 at.%.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The Cu-Ni-Si system is an important system in industry. Typi-
cally, the Corson alloys (Cu rich, Cu-Ni-Si-X(x=none or Mg, Sn, Zn, et al.)
alloy) attracted much attention due to their good balance of
high strength, high electrical conductivity and bending formability
[1-7]. For example, the Corson alloys C7025 (Cugg 2 Ni3Sig g5Mgo 15,
in wt.%) with high efficiency are widely used for connectors,
lead frames and CPU sockets [8]. NKC164E (Cugg o5Niq Sig 35, in
wt.%) alloy with high electric conductivity can be used for con-
nectors and wire harness [8]. These Corson alloys feature the
age-hardening effect by precipitation of low-temperature Ni,Si
(8-NiySi) particles or other compounds during heat treatment
between 450°C and 550°C [9-11]. In addition, the silicon Monel
alloys (Nisz_sgcllzg_31Si3.5_4.5Fe<3MDO.5_1.5, in Wt.%) are used for
machine parts subjected to friction and operated under special
conditions because of their high strength, ductility, corrosion resis-
tance and wear resistance [12]. Knowledge of the phase equilibria
on the Cu-Ni-Si system is very significant for development of
advanced Cu-Ni-Si alloy. However, information on the phase equi-
libria of Cu-Ni-Si is very limited.

The Cu-Ni-Si system has been assessed by Janecke [13], Chang
etal.[14] and Drits et al. [15]. Recently, Hari Kumar et al. [16] made
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a critical review of the phase equilibria [1-4,17-30] and thermo-
dynamic properties [31] up to the year 2002. He pointed out that
there was a great disagreement among the literature data. The sig-
nificant discrepancies lie in the solubility of the binary compounds,
the solubility of the Fcc_A1 phase in the Cu rich corner, the existence
and stability of ternary compounds and so on. In the following, the
phase diagram data are briefly reviewed with emphasis on the data
concerning the present experiment. More information was pub-
lished by Hari Kumar et al. [16]. By means of thermal analysis (TA),
metallographic, X-ray diffraction (XRD), dilatometry and hardness
measurement, Okamoto [20-23] investigated and reported several
isothermal sections in the Cu-rich corner and many vertical sec-
tions. A ternary compound 7 with 12-15wt.% Si and 11-12wt.%
Ni was reported [22]. This ternary compound is formed by the
ternary peritectic reaction Liquid + CusgSiy; +0-NiySi < 7 at 859°C
and can be stable down to 450°C. Large solubilities of 6-Ni,Si
(20wt.%), Ni31Si12 (35 wt.%), and CusgSiqq (25 wt.%) were reported
[21,22]. Lashko and Sorokina [26] reported several phase equilib-
ria observed in the Cu-Ni side by examining several alloys and
found the solubilities of Ni3Si, Ni3;Si;o and §-Ni,Si are small.
Sokolovskaya et al. [27,28] measured the isothermal sections at
500°C. The ternary compound t found by Okamoto [22] was not
observed. The 6-Ni,Si phase, which is stable above 820°C in the
binary Ni-Si phase diagram, was observed at 500°C in the ternary
system and it can dissolve 10 at.% Cu.

The experimental binary phase diagrams were compiled in Ref.
[32]. Table 1 shows the crystallographic data of the phases at 700 °C
in the Cu-Ni-Si system. In the Ni-Si system, Ni3Si and NisSi;
show narrow homogeneity. Only Cu;5Sis has no homogeneity in
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Table 1

List of the crystallographic data of the phases at 700 °C in the Cu-Ni-Si system.
Phase Pearson symbol Space group Prototype Lattice parameters (A) Reference

ajo? b/ cly?
Liquid - - - - - - -
Fcc Al cF4 Fm-3m Cu 3.615(Cu) [33]
3.5238(Ni)

Si cF8 Fd-3m C 5.4309 [34]
Ni3Si cP4 Pm-3m AuCus 3.506 [35]
Nis; Siq2 hP43 P321 Nisy Sit2 6.667 12.277/120° [36]
8-Ni,Si oP12 Pbnm Co,Si 7.0649 5.0012 3.7307 [37]
Nis3Si 0C80 Cmc2, Nis3Si; 12.229 10.805 6.924 [38]
6-Ni,Sib hP4.5 P63/mmc Ni,In 3.855 4.952/120° [39]
NiSi oP8 Pnma MnP 5.18 3.34 5.62 [40]
NiSiz cF12 Fm-3m CaF, 5.395 [41]
CuySic hP2 P63 /mmc Mg 2,561 4.184/120° (37]
CusgSit1 4 cP19.98 P4,32 AMn 6.222 [42]
CuysSiy cl76 1-43d Cuys5Sig 9.714 [43]
Cuy9Sis oP16 P - 6.041 6.356 4.288 [37]
3 The degrees of the missing «, 8, and y angle are 90°.
b The composition is Cug.15Nig5Sig35.
¢ The composition is Cug goSi.
d The composition is Cugs 3Sii6.7.

the Cu-Si system. The present work is intended to measure the a Ni

isothermal section at 700°C to provide phase equilibria data for — Single phase 1.0

the Cu-Ni-Si system.

2. Experimental procedure

Thirty ternary alloys were prepared in this work using raw materials of
Cu(99.99 wt.%), Ni(99.99 wt.%) and Si(99.9999 wt.%) blocks, with their nominal com-
positions presented in Table 2 and plotted in Fig. 1. The alloys with weight between 1
and 2 g were prepared by arc melting under high purity argon atmosphere. Encapsu-
lated in evacuated silica tubes with a residual argon pressure of 10-3 bar, the alloys
were annealed at 700 °C for 30 days or more, followed by water quenching. Since
the weight loss of each alloy after arc melting was less than 0.5 wt.%, the alloys were
not subjected to chemical analysis.

The phase identification was conducted by means of XRD using Cu Ko radiation.
After standard metallographic preparation, the alloys were investigated using opti-
cal microscopy (Leica DMLP, Germany) and scanning electron microscopy (SEM)
equipped with energy dispersive X-ray spectroscopy (EDS) (JSM-6360LV, JEOL,
Japan) to determine tie-lines or tie-triangle data. It was found that the nominal
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Fig. 1. Nominal alloy composition.
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Fig. 2. Experimental isothermal section at 700 °C (a) with EPMA results; (b) without
EPMA results.
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Table 2

Summary of the identified phases, their compositions and lattice parameters for the Cu-Ni-Si alloys annealed at 700 °C.

W. Sun et al. / Journal of Alloys and Compounds 509 (2011) 9776-9781

No. Nominal composition (at.%) Phase?® Phase composition® (at.%) Lattice parameters (A)"
Cu Ni Si Cu Ni Si a b c
1 8 35 57 T 61.2 11.8 27 -
NiSi; 5 32.7 62.3 5.405(1)
NiSi 0.5 49 50.5 5.183(1) 3.343(2) 5.622(2)
2 7 47 46 NiSi 0.2 49.5 50.3 5.188(1) 3.341(1) 5.622(1)
6-Ni,Si 174 46.4 36.2 3.889(1) 4.988(2)
3¢ 35 20 45 T 59.8 13.3 26.9 -
Cuy9Si 73 2.7 243 6.0156(9) 6.337(9) 4.277(7)
NiSi, 5.8 32 62.2 5.4021(5)
4¢ 20 40 40 T, 45 25.5 29.5 -
NiSi 0.7 48.5 50.8 5.184(1) 3.342(2) 5.625(2)
0-Ni,Si 19.5 44.5 36 -
5 53 7 40 Si 0.5 0.1 99.4 5.439(1)
NiSi; 49 32.6 62.5 5.407(1)
Cuy9Sis 74.9 13 23.8 6.03(1) 6.323(7) 4.288(5)
6 15 50 35 0-Ni,Si 14.8 49.7 35.5 3.897(3) 4.992(2)
7¢ 40 25 35 T 61.5 11.2 27.3 -
NiSi 0.6 49 50.4 5.199(5) 3.347(5) 5.640(6)
8¢ 45 20 35 T 62.3 11.2 26.5 -
NiSi; 54 32.4 62.2 5.408(1)
NiSi 0.8 48.4 50.8 5.198(2) 3.347(2) 5.629(3)
9 47 18 35 T 63 10.4 26.6 -
NiSi; 52 32.6 62.2 5.4043(8)
NiSi 0.5 48.9 50.6 5.186(3) 3.349(5) 5.619(7)
10¢ 30 40 30 CusgSitg 61.2 17.7 21.1 6.1771(6)
0-Ni,Si 13.9 50.7 354 3.895(2) 4.990(2)
11¢ 40 30 30 T2 45.3 25.3 294 -
CusgSitg 64.6 13.9 215 6.189(1)
0-Ni,Si 203 43 36.7 3.884(3) 4.991(5)
12 12 59 29 8-Ni, Si 1.2 65.3 335 7.074(2) 5.005(1) 3.7351(9)
Nisq Si2 8.7 62.7 28.6 -
Fcc.Al 93.1 6.1 0.8 3.6171(5)
13 51.5 20 28.5 T1 57.7 15.7 26.6 -
T2 46.7 24.6 28.7 -
NiSi 0.4 49.6 50 -
14 6 68 26 Nis Sit2 1.8 69.9 283 6.688(7) 12.319(7)
Ni;Si 1.8 73.8 244 3.5107(4)
Fcc.Al 814 17.8 0.8 3.6051(6)
15¢ 40 34 26 CusgSitg 61.5 17.6 20.9 6.176(1)
8-Ni, Si 9.2 56.7 34.1 -
0-Ni,Si 12.7 52.1 35.2 3.896(4) 4.991(7)
16 66.5 8 25.5 T 61.4 12 26.6 -
CuyoSig 72.9 3 241 6.0258(8) 6.3298(6) 4.2771(4)
17 54 21 25 CusgSitg 65.2 13.6 21.2 6.1837(4)
0-Ni,Si 20.6 43.4 36 3.893(3) 4.989(6)
18¢ 55 20 25 T2 45.7 25 293 -
CusgSiqg 65 13.7 213 6.1841(6)
0-Ni,Si 19.2 438 37 3.880(3) 4.995(5)
19¢ 60 16 24 T 56.8 16.1 27.1 -
T2 46.1 24.6 29.3 -
CusgSitg 65.1 13.3 21.6 6.1878(8)
20 64 12 24 T 60 13.2 26.8 -
CuseSiyg 67 11.8 21.2 6.192(1)
21 70.5 6.5 23 T 61.3 11.9 26.8 -
Cuy9Sis 72.6 3 244 6.023(4) 6.332(2) 4.271(2)
CusgSiqg 68.2 10.9 20.9 6.1932(4)
22¢ 749 4 21.1 Cuy9Sig 74.1 1.3 24.6 6.011(5) 6.322(3) 4.276(3)
CusgSitg 73 6.1 20.9 6.2000(3)
23¢ 40 40 20 8-Ni,Si 2.6 63.7 33.7 7.082(5) 5.004(3) 3.744(2)
Fcc Al 94.7 4.2 1.1 3.616(2)
24 57 25 18 CusgSitg 57.8 219 20.3 6.167(1)
8-Ni,Si 33 63 33.7 7.065(5) 5.015(3) 3.742(2)
Fcc Al 94.8 29 2.3 3.619(1)
25 7 77 16 NisSi 2 74.8 232 3.521(1)
Fcc.Al 11.9 78.3 9.8 3.5345(6)
26 65 20 15 CusgSitg 58.1 213 20.6 6.1598(8)
8-NiySi 3.6 62.6 33.8 7.068(2) 5.003(1) 3.7297(8)
Fcc.Al 94.4 3.1 2.5 3.614(2)
27 85 1.5 135 CusgSitg 774 4.2 184 6.216(1)
Fcc Al 88.7 0.3 11 3.6252(3)
28 3 90 7 Fcc.Al 3.1 89.5 7.4 3.525(1)
29¢ 75 20 5 Nis1 itz 7.5 64.5 28 6.694(4) 12.30(1)
Fcc Al 85.5 12.5 2 3.609(2)
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No. Nominal composition (at.%) Phase? Phase composition® (at.%) Lattice parameters (A)"
Cu Ni Si Cu Ni Si a b c
30°d 40 50 10 Ni;Si 3 72.7 243 -
Fcc Al 46.6 46.3 7.1 -

2 The determination of 71 and 7, depends on the comparison between the XRD patterns of the corresponding alloys and EPMA results because there are no standard XRD

patterns for 77 and 73.

b For 6-Ni,Si and Nis; Sij phases, o =8=90°, y =120, for other phases, a=8=y=90°.
¢ These alloys were annealed for 30 days at 700 °C while the others were annealed for 80 days.
d The result of alloy 30 is deleted in constructing the phase diagram since the microstructure shows the alloy does not reach equilibrium.

compositions of some alloys, whose weight loss after arc melting was negligible,
were not in the tie-triangle measured by SEM/EDS. Then, all the alloys were further
examined by electron probe microanalysis equipped with wave dispersive X-ray
spectroscopy (EPMA/WDS) (JXA-8100, JEOL, Japan) to acquire more accurate data.

3. Experimental result and discussion

The identified phases, their compositions and lattice parameters
in the alloys are presented in Table 2. Fig. 2 shows the measured
isothermal section at 700°C. Sixteen alloys are in three-phase
regions, so 12 tie-triangles were determined: Cu;gSig+NiSi,+Si,
CuqgSig+t1+NiSiy, T1+NiSi+NiSiy, CusgSiq1+71+Cuq9Sig, To+71 +NiSi,
CusgSiq1+T2+T1, To+6-Niy Si+NiSi, CusgSiq1+6-Niy Si+75, CusgSiq1+5-
Ni,Si+6-Ni,Si, Fcc_A1+35-Ni,Si+CusgSiqq, Fcc_A1+NizqSij3+8-NiySi,
Fcc_A1+Ni3Si+Ni3;Siq,. Figs. 3 and 4 show the XRD patterns and
microstructure of representative alloys.

The XRD pattern of alloy 5(Cus3Ni;Sigg) in Fig. 3a shows
this alloy is in CuygSig+NiSi»+Si three-phase region, which is
in agreement with the microstructure and EPMA result pre-
sented in Fig. 4a. Alloys 3(CussNiySigs) and 21(Cuyq5Nig5Siz3)
determine the three-phase triangles of CuygSig+77+NiSiy
and CusgSij+CuygSigtty, respectively. Alloys 1(CugNissSis7),
8(CuysNiygSiszs) and 9(Cuy7NiigSiss) are all in the t1+NiSi+NiSi,

three-phase region. Alloys 7(CuyggNiysSiss), 16(CuggsNigSioss),
20(CU54Ni]25i24) and 22(CU74‘9Ni4Si2].] ), which locate in two-
phase regions, further confirm the determined tie-triangles.
Alloys 13(CUS].5Ni205i28.5 ), 4(CU20Ni4()Si40), 19(CUGONi1GSi24),
11(CuyggNizpSizg) and 18(CussNiygSips) determine the three-
phase regions of t,+71+NiSi, T5+0-NiySi+NiSi, CusgSij1+12+7;
and CusgSii1+0-Ni,Si+1,, respectively. Fig. 4b and c present the
microstructure of alloys 9(Cus7NiqgSizs) and 13(Cusq 5NijgSizgs)
respectively. All the analyses on these alloys reveal two
ternary compounds tv; and t,. The 7 phase has previ-
ously been observed by Okamoto [22] below 850°C around
Cugo.9-66.3Nig9-11.251234-28 3. The present EPMA results show that
its homogeneity range is Cusgg_g3Ni1g4-16.15i26.6-27.3 at 700°C.
The ternary compound 7, is observed in this work for the first time.
The composition of this phase is determined to be almost constant
Cuys gNiys5Sing » from EPMA analyses on alloys 4, 11, 13, 18 and 19.
It should be mentioned that there are no standard XRD patterns
for t; and 7;. The determination of these two phases depends on
the comparison between the XRD patterns of the corresponding
alloys and EPMA results.

The 6-Ni,Si phase exists only above 820°C in the binary Ni-Si
system, but can be stabilized down to 500 °Cin the Cu-Ni-Si ternary
system by dissolving Cu, as observed by Sokolovskaya et al. [28]
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Fig. 3. XRD patterns for alloys (a) 5(CU53Ni7Si40): (b) Z(CU7Ni47Si46); (C) 6(CU15NisoSi35): (d) 26 (CU55N1205115).
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T

Fig. 4. Back scattered electron images of alloys (a) 5(Cus3Ni7Siap); (b) 9(Cua7NiysSiss); (¢) 13(Cusy.5NizgSizgs); (d) 26 (CupsNizgSits).

using XRD. It was corroborated by the present experimental obser-
vation, for example, the XRD identification of this phase in the alloys
2(Cu7Nig7Sige) and 6(Cuy5NisSiss) equilibrated at 700 °C shown in
Fig. 3b and c. By substituting Cu for Ni, the 8-Ni,Si phase can extend
into the ternary system with a solubility of Cu varying from 12.7
to 20.6 at.% at 700 °C, together with a Si content varying from 35.2
to 37 at.%, which indicates a slight substitution of Si for Ni. The 6-
Ni, Si phase was identified to be equilibrated with NiSi (alloy 2), 7
(alloys 4, 11, and 18), CusgSiqq (alloys 10, 11, 15, 17 and 18), and
8-Ni;Si (alloy 15).

Alloys 14(CugNiggSizg) and 12(CuqyNisgSiag) are in three-
phase regions Fcc A1+Ni3Si+Ni3(Si;; and Fcc A1+Niz;Sijp+3-
Ni,Si, respectively. Alloys 24(Cus7Niy5Siig) and 26(CugsNiygSiys)
are in the same three-phase region, Fcc_A1+6-NiySi+CusgSiyy.
Figs. 3d and 4d show the XRD pattern and microstructure of
alloy 26(CugsNiyoSiys), respectively. Alloys 29(Cuy5NiySis) and
23(CuygNiggSipg)) are in two-phase Niz;Sijp+Fcc A1 and Fcc A1+5-
Ni,Si regions. The tie-triangles determined by these alloys show
agreement with the results of Sokolovskaya et al. [28] at 500°C.
The EPMA result shows that in the copper rich corner, the solubil-
ity of Si is decreased to minimum, which means a little addition
of Si can cause the precipitation of §-Ni,Si or Ni3;Si;» compounds
from the Fcc_A1 matrix. This trend can further demonstrate the
mechanism of the age-hardening of the Corson alloy although the
current experimental temperature is higher than the optimal heat
treatment temperature of 450-500 °C.

The CusgSiyp can dissolve a large amount of Ni up to 21.9at.%
mainly by substituting Ni for Cu. At the same time, the Si content
also varies slightly with increasing the Ni content. This trend was

previously observed at 500 °C [28]. Fig. 5 shows the lattice param-
eters of CusgSi;; phase versus Ni content while the Si content is
within 21 £ 0.7 at.%. The lattice parameter decreases as Ni content
increases. Such an increase can be explained by the substitution
of large Cu atom with smaller Ni atom in CusgSiq; phase. CuqgSig
can dissolve 3 at.% Ni and the Si content remains about 24 at.%. Less
than 1at.% Cu is observed in NiSi compound. NiSi, can dissolve Cu

6.205 ~
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6.195-
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6.185-
ot 6.180-.
6.175-
6.170-:

6.165

6.160 -

6.155 ~rrft° 1 rr-r-rrr-r-tr°"1°t°"1 "1
0 2 4 6 8 10 12 14 16 18 20 22 24
Atom percent Ni in CuseSi11 phase

Fig. 5. Lattice parameters of CusgSiy; phase versus Ni content.
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to 5.8 at.%, but Cu substitutes more Si than Ni. In contrast, Cu sub-
stitutes much Ni to 9.2 at.% Ni and 8.6 at.% Ni in §-Ni,Si and Ni3;Siq,
respectively, but the Si content remains nearly constant.

4. Conclusion

The isothermal section at 700°C was determined by XRD,
SEM/EDS and EPMA. The existence of the ternary compound 7,
is confirmed and it shows a limited homogeneity. A new ternary
compound 7, is observed and nearly no homogeneity range was
observed. It is corroborated that the 6-Ni,Si phase can be stabilized
by substituting Cu for Ni at low temperatures in the Cu-Ni-Si sys-
tem. Significant or noticeable solubilities of the third element in the
ternary system were observed in the binary compounds CusgSiqq,
N131Si12, 8-N1251 and G-lesl at 700°C.
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