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Abstract Sixteen alloys were prepared to determine the

isothermal sections of the Ag–Cu–Nb system at 500, 600

and 700 �C using x-ray diffraction (XRD) and scanning

electron microscopy with energy dispersive x-ray spec-

troscopy (SEM/EDS). Based on the thermodynamic

descriptions of constitutive binary systems as well as the

experimental phase equilibria data obtained from the pre-

sent work and literatures, the Ag–Cu–M (M = Nb, Fe, Pb)

ternary systems were thermodynamically evaluated by the

CALPHAD (CALculation of PHAse Diagrams) method.

The solution phases were described by the substitutional

solution model and a set of self-consistent thermodynamic

parameters was finally obtained for each of the ternary

systems. The calculated isothermal sections are in good

agreement with most of the reliable experimental data.

Keywords CALPHAD � experimental investigation �
phase equilibria � thermodynamic modeling

1 Introduction

Ag–Cu based alloys are well known for their good elec-

tronic conductivity, higher strength of brazing joints and

excellent process performance,[1–3] and have been applied

in various industries, such as electronic industry, brazing

fillers, and lead frames. As high strength and high con-

ductivity materials, the addition of alloying elements to

Ag–Cu alloys can lead to a significant improvement of

electrical and mechanical properties through precipitation

hardening and solid solution strengthening mechanisms.

The Ag–Cu–M (M = Nb, Fe, Pb) systems represent the

base of multicomponent Ag–Cu based alloys with Nb and

Fe as additional alloying elements in our efforts.[4–6] The

addition of Nb and Fe in Ag–Cu alloys improves the

wettability of solder and the grain boundary structure of

brazing joints through solid solution strengthening.

Although Pb-containing solders have been almost com-

pletely replaced by lead-free solders in the electronic

industry due to its toxicity, for seeking out alternative

elements, i.e., Fe, Ni, and Zn, to avoid toxicity and improve

oxidation behavior investigation of the phase equilibria of

the Ag–Cu–Pb system is still needed. Consequently, the

information on the phase equilibria and thermodynamic

properties of the Ag–Cu based ternary systems are required

for the solders or brazing materials fabrication processing.

There are numerous phase equilibria and thermody-

namic studies regarding the constitutive binary and ternary

systems except the Ag–Nb system. The phase equilibria of

the Ag–Nb system were determined by Kieffer et al.[7] by

means of x-ray diffraction (XRD), electrical conductivity

and metallographic and the results show that the solubility

of Nb in liquid Ag is extremely small. Baren[8] reviewed

the data for the Ag–Nb system and reported three solution
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phases, liquid, fcc(Ag) and bcc(Nb), and an invariant

reaction, liquid ? bcc(Nb) ? fcc(Ag).

So far, no phase equilibria data and thermodynamic

properties of the Ag–Cu–Nb ternary system have been

reported in the literature and the present work was dedi-

cated to determining the isothermal sections of the Ag–Cu–

Nb system at 500, 600 and 700 �C. The phase equilibria of

the Ag–Cu–Fe system at 1207 and 1550 �C were

Table 1 Nominal compositions, identified phase and compositions of the Ag–Cu–Nb alloys annealed at 500, 600 and 700 �C determined by

XRD and SEM/EDS

Alloy No Nominal composition, at.% Annealed time (days) Annealed temperature, �C Phases identified Composition, at.%

Ag Cu Nb

A1 Ag70Cu20Nb10 60 500 fcc(Ag) 90.03 9.12 0.85

fcc(Cu) 4.46 89.13 6.41

bcc(Nb) … … …
A2 Ag10Cu50Nb40 60 500 fcc(Ag) 87.78 11.85 0.37

fcc(Cu) 2.68 93.27 4.05

bcc(Nb) 0.76 1.44 97.80

A3 Ag30Cu60Nb10 60 500 fcc(Ag) 90.44 8.94 0.62

fcc(Cu) 4.58 88.77 6.65

bcc(Nb) 1.15 2.13 96.72

A4 Ag15Cu65Nb20 60 500 fcc(Ag) 94.33 4.63 1.04

fcc(Cu) 4.32 89.40 6.28

bcc(Nb) … … …
B1 Ag70Cu20Nb10 50 600 fcc(Ag) 91.56 7.99 0.45

fcc(Cu) 2.21 97.59 0.20

bcc(Nb) … … …
B2 Ag35Cu30Nb35 50 600 fcc(Ag) 90.03 9.46 0.51

fcc(Cu) 2.13 97.43 0.44

bcc(Nb) 0.22 0.99 98.79

B3 Ag30Cu60Nb10 50 600 fcc(Ag) 89.42 10.18 0.40

fcc(Cu) 1.97 97.83 0.20

bcc(Nb) 0.50 2.39 97.11

B4 Ag10Cu50Nb40 50 600 fcc(Ag) 90.50 9.19 0.31

fcc(Cu) 1.91 97.77 0.32

bcc(Nb) 0.49 5.48 94.03

C1 Ag70Cu20Nb10 40 700 fcc(Ag) 88.46 11.28 0.26

fcc(Cu) 3.53 96.07 0.40

bcc(Nb) 0.51 5.21 94.28

C2 Ag40Cu30Nb30 40 700 fcc(Ag) 88.72 10.83 0.45

fcc(Cu) 3.47 96.26 0.27

bcc(Nb) … … …
C3 Ag25Cu25Nb50 40 700 fcc(Ag) 88.55 10.37 1.08

fcc(Cu) 2.31 97.29 0.40

bcc(Nb) … … …
C4 Ag47Cu45Nb8 40 700 fcc(Ag) 88.17 11.44 0.39

fcc(Cu) 2.62 96.66 0.72

bcc(Nb) 0.34 6.07 93.59
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investigated by Aria et al.[9] and Petzow and Effenberg,[10]

respectively, and the liquidus projection was investigated

by Lüder.[11] The phase boundaries of the liquid /liq-

uid ? (aFe) and liquid/liquid#1 ? liquid#2 were deter-

mined, and no ternary compound was found. Klassen

et al.[12] investigated the phase evolution of alloys Ag25-

Cu50Fe25 and Ag40Cu20Fe40 with milling time by XRD and

differential scanning calorimetry, and two models based on

kinetic and energetic considerations were discussed and

compared to the results. It was found that the immiscibility

of Ag and Fe is caused by their high enthalpy of mixing

rather than the differences in the mechanical properties or

incoherency. Later, microstructure and properties of three

Cu–Fe–Ag in situ composites (Cu–12Fe–1Ag, Cu–14Fe–

3Ag and Cu–11Fe–6Ag, wt.%) were studied and the dis-

tribution of Fe and Ag in the matrix were analyzed by Gao

et al.[13] using energy dispersive x-ray spectroscopy. The

presence of Ag reduced the solubility of Fe in the matrix at

high temperature, and the strength and conductivity of Cu–

Fe–Ag composites increased at the same time. Wang

Fig. 1 The BSE micrographs of

the Ag–Cu–Nb alloys at 500,

600 and 700 �C annealed 60, 50

and 40 days, respectively:

(a) alloy A2 (Ag10Cu50Nb40);

(b) alloy A4 (Ag15Cu65Nb20);

(c) alloy B3 (Ag30Cu60Nb10);

(d) alloy B4 (Ag10Cu50Nb40);

(e) alloy C1 (Ag70Cu20Nb10)

and (f) alloy C4 (Ag47Cu45Nb8)
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et al.[14] investigated the effect of Ag addition on the dif-

fusion mechanisms of aging precipitation processed Cu–Fe

alloys by first-principles calculations. The calculated

results agree well with the available experimental

observation. The thermodynamic data from literature[10–14]

enable finding other suitable alloying elements for prepa-

ration of high strength and high conductivity Ag–Cu alloys

or in situ composites. For the Ag–Cu–Pb system, the

Fig. 2 XRD patterns of the Ag–Cu–Nb alloys at 500, 600 and 700 �C annealed 60, 50 and 40 days, respectively: (a) alloys A1–A4; (b) alloys

B1–B4 and (c) alloys C1–C4
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experimental phase equilibria data at 527 and 727 �C and

complete liquidus projection were available from Petzow

and Effenberg.[10] One three-phase region Liq-

uid ? fcc(Ag) ? fcc(Cu) and three two-phase regions, i.e.,

Liquid ? fcc(Ag), Liquid ? fcc(Cu) and fcc(Ag) ?

fcc(Cu), were determined. In the work of Jiang et al.,[15]

vapor–liquid equilibria of the Ag–Cu–Pb system were

experimentally investigated by vacuum distillation.

The purpose of the present work was to determine

microstructure and phase equilibria at 500, 600 and 700 �C
in the Ag–Cu–Nb system using XRD and scanning electron

microscopy with energy dispersive x-ray spectroscopy

(SEM/EDS), and to obtain a set of thermodynamic

parameters for the Ag–Cu–M (M = Nb, Fe, Pb) systems

using the CALPHAD approach.[16,17]

2 Experimental Procedures

Silver (99.99 wt.%), copper (99.99 wt.%) and niobium

(99.99 wt.%) (New Metal Materials Technology Co., Ltd.,

China) were used as starting materials to determine the

phase equilibria of the Ag–Cu–Nb system. Sixteen ternary

alloys were designed, and their nominal compositions are

listed in Table 1. The alloys were weighed using a high-

precious balance with a sensitivity of 0.0001 g. The

designed sixteen ternary alloys with various compositions

were melted in a non-consumable vacuum arc-melting

furnace (WK-I, Physcience Opto-electronics Co., Ltd.

Beijing, China) with water-cooled copper crucible under

99.999% pure Ar (Shanghai Pressure Reducer Factory Co.,

Ltd.) atmosphere. The experimental pressure of the pro-

tective gas is 0.98 MPa. In order to reduce oxygen pollu-

tion of the sample during the melting process pure

zirconium was first melted to reduce the oxygen amount in

the melting vessel. Each alloy was re-melted at least five

times to ensure the specimen homogeneous. After arc

melting, the mass losses of each sample were less than 1

wt.%. The equilibrated alloys were then wrapped with

molybdenum wire, sealed in evacuated quartz capsules

with vacuum sealing machine (MRVS-1002, Wuhan Bai-

libo Technology Co., Ltd., China), and annealed at 500 �C
(60 days), 600 �C (50 days) and 700 �C (40 days) in the

high temperature diffusion furnace (KSL-1200X, Hefei

Kejing Material Technology Co., Ltd., China), followed by

quenching in cold water to retain the equilibrium

microstructures at high temperature.

The microstructure and phase compositions were

obtained from SEM/EDS (JSM-6360LV/GENE-

SIS2000XM60, JEOL, Japan) using 20 kV acceleration

voltage, 10 ls scanning speed and 4.5 mm working dis-

tance. Generally, three points of each phase were measured

by EDS analysis and their average value was taken as the

phase composition. The powder XRD measurements of the

annealed alloys were performed using a Cu-Ka radiation at

40 kV and 300 mA to identify phases. Diffraction patterns

were generally acquired with a scan step 0.02� of over a 2h
range 20–80�. The identified phases and compositions of

the annealed alloys were listed in Table 1. The phase

composition was not calibrated with a standard sample and

the error range of the average value compared to the

composition of each point is about 1 at.%.

3 Thermodynamic Model

The Gibbs energy functions of the pure elements Ag, Cu,

Nb, Fe and Pb were taken from the SGTE database com-

piled by Dinsdale.[18] The thermodynamic parameters of

the Ag–Cu,[19] Ag–Fe,[20] Ag–Pb,[21] Cu–Nb,[22] Cu–Fe[23]

Fig. 3 The calculated phase diagram of the Ag–Nb system using the

thermodynamic parameter from the present work
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Table 2 Summary of the thermodynamic parameters in the Ag–Cu–M (M = Nb, Fe, Pb) systems

System Phases/Models Thermodynamic parameters References

Ag–Cu–Nb liquid:

(Ag, Cu,

Nb)1

0Lliquid
Ag;Cu ¼ 16914:949 � 14:7721 � T þ 1:54955 � T � lnðTÞ [19]

1L
liquid
Ag;Cu ¼ �1963.3 þ 0.8623 � T [19]

0Lliquid
Cu;Nb ¼ 204361.19 � 89.93141 � T [22]

1Lliquid
Cu;Nb ¼ �105148:17 þ 57:81653 [22]

fcc:

(Ag, Cu,

Nb)1Va1

0Lfcc
Ag;Cu:Va ¼ 32580.365 � 7.4547 � T [19]

1Lfcc
Ag;Cu:Va ¼ �10144:596 þ 5:5617 � T [19]

0Lfcc
Cu;Nb:Va ¼ 45699:84 � 5:22785 � T [22]

0Lfcc
Ag;Nb:Va ¼ 35002 This work

0Lfcc
Ag;Cu;Nb:Va ¼ 102011 This work

bcc:

(Ag, Cu,

Nb, Va)1

Va3

0Lbcc
Ag;Cu:Va ¼ 12000 [19]

0Lbcc
Cu;Nb:Va ¼ 49480.18 [22]

0Lbcc
Ag;Nb:Va ¼ 62000 This work

hcp:

(Ag, Cu,

Nb)1Va0.5

0Lhcp
Ag;Cu:Va ¼ 25000 [19]

0Lhcp
Cu;Nb:Va ¼ 20000 [22]

0L
hcp
Ag;Nb:Va ¼ 15021 This work

Ag–Cu–Fe liquid:

(Ag, Cu,

Nb)1

0Lliquid
Ag;Cu ¼ 16914:949 � 14:7721 � T þ 1:54955 � T � lnðTÞ [19]

1Lliquid
Ag;Cu ¼ �1963.3 þ 0.8623 � T [19]

0Lliquid
Ag;Fe ¼ 81157:09 [20]

1Lliquid
Ag;Fe ¼ �8743:92 [20]

0L
liquid
Cu;Fe ¼ 36088 � 2.33 � T [23]

1Lliquid
Cu;Fe ¼ 324:53 � 0.03 � T [23]

2Lliquid
Cu;Fe ¼ 10355:4 � 3.6 � T [23]

0Lliquid
Ag;Cu;Fe ¼ �25977:12 This work

fcc:

(Ag, Cu,

Fe)1Va1

0Lfcc
Ag;Cu:Va ¼ 32580.365 � 7.4547 � T [19]

1Lfcc
Ag;Cu:Va ¼ �10144:596 þ 5:5617 � T [19]

0Lfcc
Ag;Fe:Va ¼ 113281:713 [20]

0Lfcc
Cu;Fe:Va ¼ 48232:5 � 8:61 � T [23]

1Lfcc
Cu;Fe:Va ¼ 8861:88 � 5:29 � T [23]

bcc:

(Ag, Cu,

Fe, Va)1

Va3

0Lbcc
Ag;Cu:Va ¼ 12000 [19]

0Lbcc
Ag;Fe:Va ¼ 124459:792 [20]

0Lbcc
Cu;Fe:Va ¼ 39258 � 4:14983 � T [23]

hcp:

(Ag, Cu,

Fe)1Va0.5

0Lhcp
Ag;Cu:Va ¼ 25000 [19]

0Lhcp
Ag;Fe:Va ¼ 100000 [20]

0L
hcp
Cu;Fe:Va ¼ 48232:5 � 8:60954 � T [23]

1Lhcp
Cu;Fe:Va ¼ 8861:88 � 5:28975 � T [23]
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and Cu–Pb[24] binary systems were directly adopted in the

present work.

In the Ag–Cu–M (M = Nb, Fe, Pb) systems, no binary

and ternary intermediate phases exist. The solution phases,

i.e., liquid, fcc and bcc, were described by the substitu-

tional solution model. The molar Gibbs energy of solution

phase u is expressed by the Redlich–Kister-Muggianu

polynomial[25,26]

Gu¼xAg �oGu
AgþxCu �oGu

CuþxM �oGu
M

þR �T �ðxAg � lnxAgþxCu � lnxCuþxM � lnxMÞ
þxAg �xCu �LuAg;CuþxAg �xM �LuAg;MþxCu �xM �LuCu;M

þxAg �xCu �xM �ðxAg �0LuAg;Cu;MþxCu �1LuAg;Cu;MþxM �2LuAg;Cu;MÞ

ðEq 1Þ

where oGu
i stands for the Gibbs free energy of the pure

component i (i = Ag, Cu or M) in the reference state for u

Table 2 continued

System Phases/Models Thermodynamic parameters References

Ag–Cu–Pb liquid:

(Ag, Cu, Pb)1

0Lliquid
Ag;Cu ¼ 16914:949 � 14:7721 � T þ 1:54955 � T � lnðTÞ [19]

1L
liquid
Ag;Cu ¼ �1963.3 þ 0.8623 � T [19]

0Lliquid
Ag;Pb ¼ 13330:32 � 6.21270 � T [21]

1Lliquid
Ag;Pb ¼ �1449:03 � 1.05718 � T [21]

2Lliquid
Ag;Pb ¼ �2089:13 [21]

0Lliquid
Cu;Pb ¼ 31008 � 7.195 � T [24]

1L
liquid
Cu;Pb ¼ 15345 � 10.826 � T [24]

2Lliquid
Cu;Pb ¼ �64931008 þ 5.947 � T [24]

3Lliquid
Cu;Pb ¼ �18416 þ 13.16 � T [24]

0L
liquid
Ag;Cu;Pb ¼ �23524 This work

fcc:

(Ag, Cu,

Pb)1Va1

0Lfcc
Ag;Cu:Va ¼ 32580.365 � 7.4547 � T [19]

1Lfcc
Ag;Cu:Va ¼ �10144:596 þ 5:5617 � T [19]

0Lfcc
Ag;Pb:Va ¼ 30325:21 � 5:74345 � T [21]

1Lfcc
Ag;Pb:Va ¼ �3290:47 [21]

1Lfcc
Cu;Pb:Va ¼ 45684 þ 5:151 � T [24]

0Lfcc
Ag;Cu;Pb:Va ¼ �42022 This work

bcc:

(Ag, Cu, Pb,

Va)1 Va3

0Lbcc
Ag;Cu:Va ¼ 12000 [19]

0Lbcc
Ag;Pb:Va ¼ 20000 [21]

0Lbcc
Cu;Pb:Va ¼ 20000 [24]

hcp:

(Ag, Cu,

Pb)1Va0.5

0Lhcp
Ag;Cu:Va ¼ 25000 [19]

0L
hcp
Ag;Pb:Va ¼ 20000 [21]

0Lhcp
Cu;Pb:Va ¼ 20000 [24]

Temperature (T) in Kelvin and Gibbs energy in J/mol-formula. The Gibbs energies for the pure elements were taken from the SGTE database.[18]

The thermodynamic parameters of the Ag–Cu,[19] Ag–Fe,[20] Ag–Pb,[21] Cu–Nb,[22] Cu–Fe[23] and Cu–Pb[24] binary systems were adopted in the

present work.
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phase, R represents the gas constant, T is the temperature in

Kelvin. xAg, xCu and xM are the molar fractions of the

elements Ag, Cu and M (M = Nb, Fe, Pb), respectively.

The binary interaction parameters,LuAg;Cu, LuAg;M andLuCu;M ,

as well as the ternary interaction parameters, 0LuAg;Cu;M ,
1LuAg;Cu;M and 2LuAg;Cu;M are linearly temperature-dependent,

which can be expressed as LuAg;Cu;M ¼ Aþ B � T . The

coefficients A and B will be optimized according to the

experimental data obtained from the present work and the

literature.

4 Results and Discussion

4.1 Experimental Results and Discussion

Sixteen ternary alloys were prepared to determine the

phase equilibria of the Ag–Cu–Nb system at 500, 600 and

700 �C. The experimental results of the phases identified

by XRD, and the compositions and microstructures mea-

sured by SEM/EDS of the samples are summarized in

Table 1.

The backscattered electron (BSE) micrographs and

XRD patterns of the annealed alloys A2(Ag10Cu50Nb40)

and A4(Ag15Cu65Nb20) at 500 �C, B3(Ag30Cu60Nb10) and

B4(Ag10Cu50Nb40) at 600 �C and C1 (Ag70Cu20Nb10) and

C4 (Ag47Cu45Nb8) at 700 �C are presented in Fig. 1 and 2.

The microstructural analysis results of the equilibrated

alloys A2, B3, B4, C1 and C4 presented in Fig. 1 clearly

show three distinct phases, i.e., the white, gray and dark

phases, which correspond to fcc(Ag), bcc(Nb) and fcc(Cu),

respectively. This is confirmed by XRD analysis shown in

Fig. 2. The characteristic peaks of the three phases iden-

tified by XRD are distinctly described by the corresponding

standard XRD spectral lines. Combined XRD patterns with

EDS compositions analysis, A2, B3, B4, C1 and C4 are in

fcc(Ag) ? fcc(Cu) ? bcc(Nb) three-phase region. The

microstructure of alloy A4 presented in Fig. 2(b) shows the

white and dark regions, which correspond to the fcc(Ag)

and fcc(Cu) phases. According to the BSE micrograph and

EDS compositions analysis, the existence of the bcc(Nb)

phase could not be confirmed. The XRD diffraction pat-

terns of the alloy A4 shown in Fig. 2(a) indicated that the

alloy A4 contains the characteristic peaks of the bcc(Nb)

phase as well as the ones of the fcc(Ag) and fcc(Cu)

phases. Perhaps the bcc(Nb) phase is too fine to be mea-

sured by SEM, the BSE micrograph only shows two dis-

tinct contrasts. Thus, the alloy A4 is presumed to be in a

three-phase region of fcc(Ag) ? fcc(Cu) ? bcc(Nb).

Similarly, the phases and their compositions of the alloys

A1 (Ag70Cu20Nb10), A3 (Ag30Cu60Nb10), B1(Ag70Cu20-

Nb10), B2 (Ag35Cu30Nb35), C2 (Ag40Cu30Nb30) and C3

Fig. 4 Calculated isothermal sections of the Ag–Cu–Nb system along

with the experimental data from the present work: (a) 500 �C;

(b) 600 �C and (c) 700 �C
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(Ag25Cu25Nb50) were analyzed and listed in Table 1. The

alloys A1, A3, B1, B2, C2 and C3 are also located in the

same three-phase region, fcc(Ag) ? fcc(Cu) ? bcc(Nb).

It is worth noting that the microstructures of the bcc(Nb)

phase shown in Fig. 1(a), (c) and (d) are fine compared

with the fcc(Ag) and fcc(Cu) phase regions. Though the

center of the relatively larger phase region is selected when

performing EDS measurements to avoid the influences of

the surrounding phases or fine precipitates, the measured

compositions of bcc(Nb) phase in alloys A1, B1, C2 and

C3 are not reasonable and accurate and, therefore, are not

used in the present work or listed in Table 1.

The measured average solubilities of Ag in the fcc(Cu)

and bcc(Nb) phases, Cu in the fcc(Ag) and bcc(Nb) phases

and Nb in the fcc(Ag) and fcc(Cu) phases are about 3.02,

0.57, 9.61, 2.96, 0.56 and 2.19 at.%, respectively. It can be

noted that the solubilities of the third elements in the Ag–

Cu–Nb system at 500, 600 and 700 �C are less than 12

at.%.

Based on the experimental analysis above, the phase

equilibria of Ag–Cu–Nb system at 500, 600 and 700 �C
were obtained in the present work. For the isothermal

sections at 500, 600 and 700 �C, the average compositions

of the fcc(Ag), fcc(Cu) and bcc(Nb) phases among the

experimental data of alloys A1–A4, B1–B4 and C1–C4

were selected to construct the experimental phase

diagrams.

4.2 Thermodynamic Calculation Results

and Discussion

In view of the little thermodynamic data, an optimization

of the Ag–Nb system was carried out in the present work

and the calculated phase diagram is presented in Fig. 3.

Fig. 5 Calculated liquidus

projection of the Ag–Cu–Nb

system
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Based on the available experimental data from the present

work and literature,[19–24] the thermodynamic parameters

of the Ag–Cu–M (M = Nb, Fe, Pb) systems are evaluated

by the optimization module PARROT,[27,28] which works

by minimizing the square sum of the differences between

the measured and the calculated values. The obtained

thermodynamic parameters of the Ag–Cu–M (M = Nb, Fe,

Pb) systems are listed in Table 2. Some representative

phase diagrams of the Ag–Cu–M (M = Nb, Fe, Pb) sys-

tems are calculated. For consistency, mole fraction is

adopted in the present work although weight fraction has

been used in literature data.

4.2.1 The Ag–Cu–Nb System

The Ag–Cu–Nb system contains three solution phases, i.e.,

fcc(Ag,Cu) and bcc(Nb), and the liquid phase appearing at

783 �C. Based on the experimental data, the Ag–Cu–Nb

system was optimized, and the calculated isothermal sec-

tions at 500, 600 and 700 �C compared with the experi-

mental phase equilibria data obtained in the present work

are presented in Fig. 4(a) and (c), respectively. The com-

parison between the calculated isothermal sections and the

experimental diagrams shows a good consistency. It is

worthwhile mentioning that although the attempt was made

to fit the parameters to the experimental data in optimiza-

tion procedure, the calculated solubilities of Ag in the

fcc(Cu) phase at 500 �C and Cu in bcc(Nb) at 700 �C are

still larger than the experimental data.

As shown in Fig. 5, the liquidus projection of the Ag–

Cu–Nb system with isotherms was calculated using the

present thermodynamic parameters. An invariant reaction

Liquid $ fcc(Ag) ? fcc(Cu) ? bcc(Nb) at 781 �C was

predicted.

4.2.2 The Ag–Cu–Fe System

The calculated isothermal sections of the Ag–Cu–Fe sys-

tem at 1207 and 1550 �C along with the experimental data

reported by Aria et al.[19] and Petzow and Effenberg[20]

were in good agreement with the measured ones. It also can

be seen form Fig. 6(a) and (b) that the range of phase

boundaries liquid/liquid ? (aFe) and liquid/liq-

uid#1 ? liquid#2 were accurately calculated, and the liq-

uid phase region increases with increasing temperature.

The calculated solubility of Fe in the fcc (Cu) phase at

1207 �C is about 6.23 at.%, which shows a reasonable

agreement with the measured one 5.98 at.%. As shown in

Fig. 7, the liquidus projection of the Ag–Cu–Fe system

with isotherms was calculated using the present thermo-

dynamic parameters. The calculated liquidus temperatures

reduces with the increase of Cu content, which is consistent

with the experimental data reported by Lüder.[21] The

Fig. 6 Calculated isothermal sections of the Ag–Cu–Fe system along

with the experimental data from literatures: (a) 1207 �C and

(b) 1550 �C
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predicted compositions and temperatures of the invariant

reactions are listed in Table 3.

4.2.3 The Ag–Cu–Pb System

For the Ag–Cu–Pb system, the ternary interaction param-

eters of the liquid and fcc(Ag, Cu) were evaluated in the

present work to reproduce the experimental data reported

by Petzow and Effenberg.[20] The calculated isothermal

sections at 527 and 727 �C along with the experimental

data[20] are presented in Fig. 8. The ranges of phase

boundaries liquid/liquid ? fcc(Ag) and liquid/liq-

uid ? fcc(Cu) were accurately calculated. It can be seen

from Fig. 8 that one three-phase region,

Fig. 7 Calculated liquidus

projection of the Ag–Cu–Fe

system

Table 3 Calculated invariant

reactions in the Ag–Cu–Fe

system

Type Invariant reaction Temperature, 8C Composition, at.%

Ag Cu Fe

P1 Liquid#1 ? Liquid#2 ? (dFe) $ (cFe) 1489 0.33 11.66 88.01

U1 Liquid#1 ? (cFe) $ Liquid#2 ? (aFe) 1173 82.44 16.68 0.88

E1 Liquid#1 $ (aFe) ? (Ag) ? (Cu) 845 43.46 56.03 0.51
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liquid ? fcc(Ag) ? fcc(Cu), at 527 and 727 �C was cal-

culated and the liquid region enlarges with increasing

temperature. Figure 9 shows the calculated liquidus pro-

jection of the Ag–Cu–Pb system over the entire composi-

tion range according to the present work. As shown in

Fig. 9, the liquidus has two regions of primary solidifica-

tion of fcc(Cu) and fcc(Ag). The calculated liquidus

temperatures increase with the increasing of Cu content

and a invariant reaction, Liquid $ fcc(Ag) ? fcc(Cu) ?

fcc(Pb), occurs at 312 �C, which are consistent with the

thermodynamic data reported by Petzow and Effenberg .[20]

In conjunction with the thermodynamic description for

the Ag–Cu–M (M = Nb, Fe, Pb) systems a thermodynamic

database for multi-component Ag–Cu alloys suitable for

the extrapolation of the higher-order systems has been

establishes and can provide important theoretical guidance

in design and fabrication processing for new Ag–Cu alloys

for solders or brazing materials.

5 Conclusions

• The phase equilibria of the Ag–Cu–Nb system at 500,

600 and 700 �C were experimentally investigated by

means of the XRD and SEM/EDS methods. One three-

phase region, i.e., fcc(Ag) ? fcc(Cu) ? bcc(Nb), was

determined. The solubilities of third elements in the

binary system were measured and their values were

generally less than 12 at.%.

• The thermodynamic assessment of the Ag–Cu–M

(M = Nb, Fe, Pb) systems were carried out by using

the CALPHAD method based on the experimental data

available from the present work and literature. A set of

the thermodynamic parameters of the Ag–Cu–M

(M = Nb, Fe, Pb) systems was obtained. Some repre-

sentative isothermal sections and liquidus projections

were calculated. The present thermodynamic parame-

ters can reproduce all the reliable experimental data.
Fig. 8 Calculated isothermal sections of the Ag–Cu–Pb system along

with the experimental data from literature: (a) 527 �C and (b) 727 �C
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