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Thermodynamic Description of the Cu-Ni-Si System
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A thermodynamic description of the Cu-Ni-Si ternary system has been carried out by using the
calculation of phase diagrams method. Among the three binary sub-systems, Cu-Ni, Cu-Si and
Ni-Si, are taken from earlier assessments and the Cu-Ni-Si ternary system are optimized in this
study by using the reported experimental data. Six isothermal sections and four vertical sections
with the experimental data are presented, along with the liquidus projection and the reaction
scheme. Comprehensive comparisons between the calculated and measured phase diagrams
show that the latest experimental information can be satisfactorily accounted for by the present

thermodynamic description.
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1. Introduction

It is well known that copper-based alloys exhibit
excellent electrical conductivity and improved mechanical
properties. The Cu-Ni-Si alloys play an important role in the
industry field for the application in lead frames and
connectors.!'! Up to now, researchers have been concen-
trating on understanding processing and compositional
optimization of these Corson-type alloys due to their
excellent combination of high strength, conductivity and
thermal stability.!”) Because of its broad potential applica-
tion prospect, comprehensive information about the ther-
modynamic description of the Cu-Ni-Si ternary system is of
great value.

Sun et al. investigated the isothermal section at 700 °C
recently.®! Afterwards, Liu et al.'¥) established comprehen-
sive isothermal sections in the system at 800, 900 and
1000 °C. The binary phase diagrams of the Cu-Ni,™! Cu-
Si'®! and Ni-Si'”! were calculated earlier. A thermodynamic
description in the copper-rich corner of the Cu-Ni-Si ternary
system has been published by Miettinen.*! However, the set
of parameters does not apply in the whole system consid-
ering the latest experimental data.'>** Thus a thermodynamic
assessment of the Cu-Ni-Si ternary system is essential.

The present work aims at a critical evaluation of the
Cu-Ni-Si ternary system using the CALPHAD method, as
well as developing a set of self-consistent thermodynamic
parameters for this ternary system.
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2. Experimental Information

The Cu-Ni-Si ternary system was comprehensively
studied by Okamoto,” ' several isothermal and vertical
sections as well as the liquidus projection were reported.
Review of the experimental determination of the ternary
phase equilibria was given by Kumar et al.l'?! However,
according to his review, the data are questionable due to the
differences of the homogeneity ranges of some phases.

Recently, Liu et al.l*! have investigated the system at 800,
900, 1000 °C, which provides sufficient data combined with
Sun et al.’s™ work at 700 °C for the present assessment. In
their work, the v (CuseSiyy), 8 (NixSi), v (NisSi,) and &
(Ni,Si) phases show a noticeable solubility of a third element
in the ternary system. The y (CuseSiy;) and 0 (Ni,Si) phases
can be stabilized by substituting Ni and Cu respectively. The
ternary compound T, has previously observed by Okamotot'”!
below 850 °C around Cu60.9_663Ni9A9_11A28i23.4_2813, which
has also been reported to be formed via the peritectic reaction,
liquid + v (CuseSiii) + 0 (Ni,Si) > 1y, at 859 °C.B1%1 Tt was
corroborated by the experimental data of electron probe
microanalysis (EPMA) and x-ray diffraction (XRD): the vy
(CuseSiq) can dissolve a large amount of Ni up to 21.9 at.%
mainly by substituting Ni for Cu at 700 °C. The solubility of
Ni in the v (CuseSip) phase varies from 5.67 to 21.37 at.% at
800 °C, and there still exists a homogeneous region with the
solubility of Ni ranging from 16.09 to 22.71 at.% at 900 °C,
however, not observed at 1000 °C. The 1, phase is only
observed at 700 °C and the t; disappears at 1000 °C. The
present work takes Liu et al.l* and Sun et al.’s experimental
data for the assessment.

3. Thermodynamic Models

Figure 1 shows the calculated phase diagrams for
binaries Cu-Ni,”) Cu-Sit® and Ni-Si.l”! They agree well
with the experimental phase equilibrium data as presented in
these studies.

As there are many studies concerning about the optimi-
zation of the Ni-Si system, the optimization of the ternary
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Cu-Ni-Si system was be%un with checking the three binary
Ni-Si descriptions.””"'*!* In both Lindholm!*! and Dul"*"’s
works, the fcc solubility was too high in regard to the
experimental observations made by Okamoto.”'"! In
Tokunaga’s work,[”! the agreement was better through
integrated into account. In this work, we treat the ordered
B1 (Ni3Si) phase as a simple stoichiometric phase.

The phase equilibria of the Cu-Ni-Si system in the copper-
rich corner above 700 °C have been reviewed by Miettinen.®!
Due to the numerous silicides of binaries Cu-Si and Ni-Si, the
ternary system is quite complicated. The following phases and
their phase equilibria are present: liquid, fce, bee, CuyoSig (1),
CuseSinn (v), NisSiz (v), NixSi (8), NixSi (8), NisSi_,
NizSi_B,, NizSi_ 5, NiSi, NiSi, (a), T; and 1,. The disordered
solution phases, liquid, fcc, and bee are described with the
substitutional solution model. The ternary y (CuseSi;;) phase is
a nonstoichiometric compound expanding from CuseSiy;
towards NiseSiy; but it has a large homogeneity range. The y
phase was treated as a simple stoichiometric phase in the earlier
Cu-Mn-Sit"¥ and Cu-Fe-Sil'® descriptions, which allows an
easy extension of the phase in a multicomponent system.
However, Novikov and Dautova'” treated the y phase as a
ternary compound. In the present work, we also treat it as a
ternary compound with the sublattice model (Cu,Ni)g ¢>(Cu,Ni)
0.18(S1)o.2, which gives a better agreement with the experimental
data. The t; and 1, phases are modeled as (Cu,Ni)ge3

(Ni)o.1(Si)o27 and (Cu,Ni)g 46(Ni)o 25(Si)o 20, respectively.

3.1 Liquid and Solid Solution Phases

By applying the substitutional solution model to the
solution phases of the Cu-Ni-Si system, the molar Gibbs
energy of the phases becomes

Gh= Y NG +RT > xilnx) +°G0 + ™Gt
i=Cu,Ni,Si i=Cu,Ni,Si

(Eq 1)

where GY is the molar Gibbs free energy of pure element i in
the structure ¢ phase, and the term “*G? is the excess free

Table 1 Thermodynamic models
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Fig. 1 Binary phase diagrams constituting the Cu-Ni-Si ternary
system

Phase Model

L Substitutional solution model
FCC Substitutional solution model
BCC Substitutional solution model
v (NisSi)  (Ni,Cu)g.7143Si0.2857 Two-sublattice model

& (NipSi) (N1,Cu)o.6667510.3333 Two-sublattice model

By (Ni3Si) (N1,Cu)o 7651024 Two-sublattice model

B2 (Ni3Si) (N1,Cu)o.75S19.25 Two-sublattice model

N (CuyoSig)  (N1,Cu)g.76S10.24 Two-sublattice model

o (NiSi,) (N1)0.3333(Cu,Si)g 6667 Two-sublattice model

NiSi (Ni)g 5(Cu,Si)g 5 Two-sublattice model

0 (Ni,Si) (Ni)(Cu,Ni,Va)(Si) Three-sublattice model

Y (CuseSiyy)  (Cu,Ni)g62(Cu,Ni)g 15(Si)o,  Three-sublattice model

T (Cu,Ni)g 63(Cu,Ni)g 1(Si)go7 Three-sublattice model

T (Cu,Ni)g 46(Cu,Ni)g5(Si)o20 Three-sublattice model
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Fig. 2 Calculated isothermal section of the Cu-Ni-Si system at 700 °C
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Fig. 3 Calculated isothermal section of the Cu-Ni-Si system at 800 °C
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v (CuseSin) + 6 (Ni2Si) + 1

FCC (Cu, Ni) + B1 (NisSi) + v’ (NisSi2)
FCC (Cu, Ni) + v (CuseSin) + vy’ (NisSi2)
¥ (CussSii) + M (CuioSis) + Tt

Liquid + 6 (Ni2Si) + NiSi

Liquid + NiSi + o NiSiz

Liquid + o NiSi2 + (Si)

Liquid + n (CuisSis) + (Si)

Liquid + 6 (Ni2Si) + Tt

& (Ni2Si) + 6 (Ni2Si) + T

Y (CuseSiin) + ' (NisSiz2) + & (Ni2Si)
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The binary and the ternary interaction parameters ”L?; where a, b and c are the coefficients to be optimized.

and ”L,‘B,k take the following form: In the Cu-Ni-Si ternary system, there is a magnetic contri-
nrh ) bution to Gibbs free energy for the (Cu, Ni, Si) phase due to the
Ly =a+bT +cT7, (Eq 5) present of Ni. The term ™*G? is expressed as follows.['”!

Experimental data
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Fig. 4 Calculated isothermal section of the Cu-Ni-Si system at 900 °C
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Fig. 5 Calculated isothermal section of the Cu-Ni-Si system at 1000 °C
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mEGh = RTIn(B® + 1)f (*), *=1/T2, (Eq 6)

where B? is a quantity related to the total magnetic entropy,

which in most cases is set to Bohr magnetic moment per follows:
Si
NiSi
0 (Ni2Si)
¥ (CuseSiin) ~— 0 (Ni2Si)
v (NisSiz)

N (CusSis,

Cu 20 40 60 80 Ni
Ni (at.%)

Br (NisSi)

CC + FCC2
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Fig. 6 Calculated isothermal section of the Cu-Ni-Si system at 600 °C
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the critical temperature for magnetic ordering, and
represents the polynomials obtained by Hillert and Jarl
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Fig. 7 Calculated isothermal section of the Cu-Ni-Si system at 1200 °C
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Fig. 8 Calculated liquidus projection of the Cu-Ni-Si system
Table 2 Invariant reactions
o 1 [791~! 474 /1 B0 b
f(r)zl_i T\ 1 ~ Tt a0 Composition, at.%
D | 140p 497 6 135 600 P s 4L 70
for © <1, T, °C Reaction Cu Ni Si
(Eq 7) 1303.3 Lo y+p +6 52 63.3 31.6
1259.7 B+d—>L+y 35.0 39.8 25.2
1 /3 1B % 1161.5 L+p, — FCC+v 1.8 78.2 19.9
¢’ N 1
() = D ( ot 315 T1500) Pre>lL (Eas) 11584  L+B, — v +FCC 306 8.1 613
1144.0 L > FCC+7vy + B, 0.1 78.8 21.1
where D = (518/1125) + (11692 + 15975)((1/p) — 1) and p 945.6 L+y — y+FCC 69.1 13.3 17.6
depends on the structure, 0.4 for the bec structure and 0.28 902.0 Lty — 8+7 185 26.0 55.5
for others. 887.6 L+d - 0+ 54.3 18.6 27.1
878.5 L+0+y - 1 53.9 18.4 27.7
) ) . 862.2 Lo y+n+m 66.0 9.9 24.1
3.2 The Binary Phases with Ternary Solubilities 856.5 L = v+FCC+n 40 17.9 779
Some phases in the Cu-Ni-Si system are formed from the 842.8 L+FCC — n +BCC 04 164 83.2
terminal binary phases extending into the ternary system. 823.7 L+BCC > n+CUsSL, 813 18.69 0.01
The phases NiSi, NiSi, are extended from the binary phases 798.6 L+6 - 7, +NISI 398 207 39.5
NiSi, NiSi, respectively with partial Si substituted by Cu. 7874 L+NISI > 7 +a 394 203 40.3
The Gibbs free energy of the phase ¢ (¢ = NiSi or o) 753.1 Lt ->mta 4.9 403 14.8
21] 747.7 L - 1 +a+ (Si) 463 11.8 419

with the sublattices (Ni),(Cu,Si), is expressed as follows:
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Table 3 Reaction scheme
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G = yL,Gricu + V§Grisi + cRT (vey Inyey + v Inyg;)

+ eS| D "Inicusi (7, —78)" (Eq 9)

The phases 6, ', By, B, are extended from the binary
phases ) (lesl), ’Y, (N15812), Bl (N13SI), Bz (N13S1)
respectively with partial Ni substituted by Cu. The phase
1 is extended from the binary phase 1 (Cu;¢Sig) with partial
Cu substituted by Ni.

The Gibbs free energy of the phase ¢ (¢ = 9, Y, Bis
B, or n) with the sublattices (Ni,Cu),(Si). is expressed as
follows:

G = 3iGnisi + Voo Geusi + aRT (W Inyly + v, Inygy)

+ e Z "Lni,cussi (y%\]i - yICu) ! (Eq 10)

where )! and y!! are the site fractions of a certain component
located on sublattice I and II, respectively, and the
parameters °G,,., represents the Gibbs free energy of the
compound phase when the two sublattices are occupied by
element m or n. Lyj.cusi and Lnicusi are the interaction
parameter between Cu and Si as well as Ni and Cu in the
second or first sublattice, when the other sublattice is
occupied by element Ni or Si. G rms Lni.cusi and Ly cussi
are evaluated in the present work.

3.3 Ternary Compounds

As mentioned above, the y (CusgSi;;) phase was treated as a
ternary compound and the 0 phase was modeled as (Ni)
(Cu,Ni,Va)(Si), the 1, and 1, phases were modeled as (Cu,Ni)g 63

(Ni)o.1(Si)o27 and (Cu,Ni)o46(Ni)o25(Si)o29 respectively. The
Gibbs free energy of the phase ¢ (¢ = v, 0, 1; or 1,) with the
sublattices (41, 42).(B1, B2),C is expressed as follows:

GS:, - )/',141yg1 GA] :B]ZC +,y§l,yg2GA1:Bz:C +)/,142J/g1 GAz:Bltc
+ V4.V, G-y + aRT (yi. Iny}, + 4, lnyiz)

+ BRT (v, 0y -+, Inyf, )

+ YV |, Z"LAI,Az:B]:C()/Al —)/Az)
n
+ BIZ ZﬂLAl,AZ:BZ:C( A, —)/ﬁlz)]
n
+ }_gl 5{2 y,lqlanAlzBl‘BZ:CO/g;l *J/Q;z)
n

+y,l42 ZHLAziB],BziC (ygl _)éz)] (Eq 11)

where y! and y! are the site fractions of a certain component
located on sublattice I and II, respectively, and the parameters
Gypc represents the Gibbs free energy of the compound
phase when the two sublattices are occupied by element 4, B

or C. Ly, 4,:8,:cand Ly, 4,.5,:c are the interaction parameter
between Cu and Ni in the first sublattice, when the second
sublattice is occupied by element Cu or Ni, the third
sublattice is occupied by element Si. Ly, .5, 5,:c and Ly4,.p, 5,:c
are the interaction parameter between Cu and Ni in the
second sublattice, when the first sublattice is occupied by
element Cu or Ni, the third sublattice is occupied by element Si.
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Fig. 9 Calculated enthalpy of mixing in liquid Cu-Ni-Si alloys
at 1575 K
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Table 4 Thermodynamic parameters of the Cu-Ni-Si system optimized in the present work

Thermodynamic parameters (J/mol)

Liquid phase (Cu,Ni,Si)

0LEs = —387300 + 100T
L5 6 = —127300 + 100T
2pkd = 313300 + 1007

FCC phase (Cu,Ni,Si)
OLECLCLNi,Si:Va = —387300 + 100T
LE Nisiova = —227300 + 1007
2LEE i siva = 172700 + 1007
BCC phase (Cu,Ni,Si)

0L i sizva = —470000 + 1007
M (CuyoSis_ETA) phase (Cu, Ni)o 76(Si)o.24

OLQ‘u,Ni:Si = —2000

'Ly nissi = —90650 + 50T

2L s = —123300 + 1007

7 (NisSi5) phase (Cu,Ni)o 7143(Si)o 2857

OGY, & = 0.7143°GEC + 0.2857°GE 4 143119.08125 — 246.8875T + 0.106257>

°LE, nisi = 9460 — 20T
'LE, nisi = 4865 — ST
zLéu,Ni:Si = 3Léu,Ni:Si =0
LY, Nissi = 36650 — 50T

O(Ni,Si) phase(Cu,Ni)g ¢667(S1)0.3333

0GL i = 0.6667°GEC + 0.3333°Gdi + 54431.3775 — 102.185T + 0.047572
OLgu,Ni:Si =-12513+T

lLé“«Ni:Si =2L% nisi = Leunisi = 0

LY nissi = 11460 — 20T

A(Ni2Si) phase(Ni);(Cu,Ni,Va);(Si);

OGcusi = GREAOGE 4G ~80000

OLY cuvasi = 20314 — 18T

"Licuvasi = —29460 + 20T

ZL%i:Cu;Ni:Si = —25460 + 20T

7 (CuseSiy;) phase(Cu,Ni)o2(Cu,Ni)g 15(Si)o.o

OGY nisi = 0.62°GEC +0.18°GEe + 0.2°Gd — 37026.58 + 42.92T — 0.0272
G s = 0-8°GR +0.2°Gd 1 2682.5 — 2.5T

0Glicusi = 0.62°GE? +0.18°GES +0.2°Gd

OGlinisi = 0-8°G% +0.2°Gdn

'NiNiSi
OLéu,Ni:Cu:Si = —22000
L, ninisi = —25000

OL:éu:Cu,Ni:Si = —26470.5 + 8.5T
"L y.cunisi = —97840 + 80T

OLLi:Cu,Ni:Si = —63460 + 20T
OLéuNi:Cu,Ni:Si =0

B1 (Ni5Si) phase (Cu,Ni)o76(Si)o 24
OGglu:Si = 0.76°G¢; +0.24°Gg
oLgluNi:Si = —49239 +43T

B2 (Ni5Si) phase (Cu,Ni)o 75(Si)o .25
OGgZU:Si =0.75°G; + 0‘2506(51}8
LY \isi = 27644 — 28T

LY, nisi = — 15460 + 207

NiSi phase(Ni)g s(Cu,Si)o s

Gyicu = 0-50G§f + 0‘50ch?§
OLicusi = 6460 — 20T

1LNi:Cu.Si = 5000

o (NiSi;) phase (Ni)o 3333(Cu,Si)o.c667
G2, cu = 0.3333°GY; + 0.6667°G%,
OLIO\(Ii:Cu.Si = —15000
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Table 4 Continued

Thermodynamic parameters (J/mol)

7, phase (Cu,Ni)p 3(Ni)o.1(Si)o.27
Glunisi = 0-63°GES +0.1°GRE +0.27°GE! — 16446 + 2T
OGlinissi = 0.73°Gls +0.27°Gda
OLTClu,Ni:Ni:Si = —35270 — 10T

72 phase (Cu,Ni)g 46(Ni)o.25(S1)o 29
Gy = 040°GE, +025GY, + 029G 24255.04-+ 045
OGinisi = 0.71°GEe +0.29°Gg

°G 5.0 Ly rpyC L4, ay:By:Cy Lay:, po:c and Ly, p,.c are
evaluated in the present work.

All the thermodynamic models adopted in this work are
listed in Table 1.

4. Results and Discussions

Based on the recent experimental data, the thermodynamic
parameters of each phase in the Cu-Ni-Si system are
evaluated using the CALPHAD method. Four calculated
isothermal sections of this system at 700, 800, 900 and
1000 °C are presented in Fig. 2-5. At 900 °C, the Liquid +
NiSi + o NiSi, region shows a little discrepancy with the
experimental data. We attribute it to the fact that the
composition of the liquid phase is not that precise with the
poor measuring techniques. Apart from that, the consistency
between the experimental data and the calculated results is a
good indicator of the accuracy of the proposed assessment. It
was found that the y (Cus¢Sij;) and 6 (Ni,Si) phases can be
stabilized by the increasing temperature, which is also
confirmed by the present calculation.”! Then a prediction
of the isothermal sections in the Cu-Ni-Si system at 600 and
1200 °C using the present parameters are presented in Fig. 6
and 7, respectively. It can be seen from Fig. 6 that both the 1,
and 1, phases are stable, there exists an area of phase
separation FCC; + FCC, at 600 °C and the area becomes
larger with the temperature decreasing, the & (Ni,Si) phase
which has been identified responsible for the strengthening
effect®”! has a solubility of Cu up to 11.2 at.%. At 1200 °C,
the solubility of Cu is predicted to be about 5.1 at.% in the &
(Ni,Si) phase. Meanwhile, the NisSi_f3, phase will be stable
instead of the Ni3Si_f; phase. Figure 8 shows the calculated
liquidus projection for the entire ternary system and also
invariant reactions are presented in Table 2. The reaction
scheme is presented in Table 3. Among all the seventeen
invariant reactions, there are five eutectic transitions: liquid
<" (NisSiy) + & (Ni,Si) + B; (Ni3Si) (1303.31 °C), liquid
< v" (NisSip) + FCC + B, (Ni3Si) (1143.95 °C), liquid <>y
(Ni56Si11) +n (Cu198i6) + 17 (86219 OC), llqu1d<—>y (Ni56
Sij) + n (CuyeSig) + FCC (856.51 °C), liquid «» o (NiSiy)
+ 1M (CuyoSig) + (Si) (771.20 °C). The calculated temperature
of the peritectic reaction (liquid + y (CuseSij;) + 0 (NiySi)
1) is 878 °C, which agrees reasonablely well with the
experimental data. We have also calculated the enthalpy of
mixing in liquid Cu-Ni-Si alloys at 1575 K, at different

1100

B Okamoto [10]

1000 4

O 900
; FCC+m+BCC
]
L+(Si)
800 T
(Si)y+n
700 \F.CC+V+5. . i ) i i i i
0 4 8 12 16 20

Si (Wt.%)

Fig. 11 Calculated vertical section at 1 wt.% Ni of the Cu-Ni-
Si system

1100

B Okamoto [10]

1000 1

900 1

T (°C)

800 1 N
FCC+y+y

N =
\ L+(Si)+n (Si)+n
‘>CC+~/+8 FCCM\ \Fec+nipan
FCC+7+4

0 4 8 12 16 20
Si (wt.%)

700

Fig. 12 Calculated vertical section at 2 wt.% Ni of the Cu-Ni-
Si system
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composition ratios. As can be seen in Fig. 9, expect for the
calculated Ni:Si = 4:1 curve shows more negative enthalpy
values at high copper contents than the experimental data, the
agreement with the experimental data is good on the
whole.** The enthalpy of mixing in liquid Cu-Ni-Si alloys
at 1576 K with Ni:Si = 1:1, at 1577 K with Ni:Si = 4:1, at
1579 K with Ni:Si=1:4 are shown in Fig. 10. The
Ni:Si = 4:1 curve shows a little more negative enthalpy
values at high copper contents than the experimental data, the
results are in good consistent with the experimental data.'**)

1100
Okamoto [10]

1000 4

L
& 900 -

; FCC+n+BCC
800 1

FCC+y+y
L+(Si)+n
FCCerS (S
700 T T T T T T T T T
0 4 8 12 16 20

Si (wt.%)

Fig. 13 Calculated vertical section at 3 wt.% Ni of the Cu-Ni-
Si system

1400
B Okamoto [10]
¢ [-Phase

1300 A V  2-Phase

1200 -

1100 -

FCC

T (°C)

1000 1

900

800 1 FCC1+FCC2+B1

Cu 4 8 12 16 20 24 28 32 36 40
Ni (wt.%)

Fig. 14 Calculated vertical section at 0.5 wt.% Si of the Cu-Ni-
Si system

The thermodynamic description of the Cu-Ni-Si system
is presented in Table 4. Figure 11-14 show four vertical
sections with constant nickel contents of 1, 2, 3 wt.% and
silicon content of 0.5 wt.%, respectively. In Fig. 13, the
FCC + v” area shows a little discrepancy with the experi-
mental data taken from Okamoto’s work.'”) As that
experimental work was done long before, the only discrep-
ancy is acceptable. On the whole, the calculated results
agree reasonably well with the experimental data.l'"]

5. Conclusion

On the basis of the latest literature data, a set of self-
consistent parameters is obtained in the frame work of
CALPHAD method. This set of parameters takes into
account the newly found ternary compound 1, and repro-
duces it very satisfactorily; comparisons between the
isothermal sections, vertical sections, liquidus projection
and invariant reactions show a good agreement with the
present description; the liquidus projection and the invariant
reaction scheme for the whole system can be used as
predictive tool for future experimental studies and materials
design.
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