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Thermodynamic reassessment of the Ag–Cu phase diagram at nano-scale 
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A B S T R A C T   

The Ag–Cu phase diagram at nanoscale was reassessed by CALculation of PHAse Diagrams (CALPHAD) method, 
considering the surface effect on the chemical potential of pure substance and excess Gibbs free energy of 
mixtures. According to the reported thermodynamic properties of pure Ag and Cu nanoparticles (NPs), and the 
measured melting eutectic temperatures of Ag8Cu2, Ag7Cu3, Ag6Cu5 to Ag5Cu5 NPs, respectively, obtained in the 
previous works, self-consistent thermodynamic parameters including the size effect were obtained by thermo-
dynamic optimization. Using the obtained thermodynamic parameters, four Ag–Cu nano phase diagrams were 
constructed, and thermodynamic properties were calculated. It was indicated that the calculated Ag–Cu nano 
phase diagrams agreed well with experimental data.   

1. Introduction 

Nanomaterials, showing unique size-dependent physical, chemical 
and thermodynamic properties, have received intensive attention across 
several disciplines in past decades [1–7]. It has been found that a 
decrease in particle size leads to the melting temperature depression and 
therefore, in nanomaterials, the phase transition temperature decreases 
in comparison to that of the bulk material [8–10], indicating the in-
crease of the Gibbs free energy of surface of a nanosized system due to 
the size and shape effects [11–15]. Hence, the phase diagram for the 
bulk cannot satisfy the design and practical application of nano system. 
The phase diagram at nanoscale and the thermodynamic properties for 
describing the phases of nano system should be re-evaluated and 
re-optimized by considering the reported experimental results and size 
effect on the surface energy. Since the easy aggregation of nanomaterials 
leads to technical difficulties in the experimental determination of their 
thermal stability, theoretical models are generally used to predict 
thermodynamic properties. Several theoretical works by molecular dy-
namic simulations [16,17] and thermodynamic modeling [18,19] have 
been reported. In the early twentieth century, Pawlow [20] first pro-
posed the thermodynamic model of the nano system to theoretically 
predicted the size-dependent melting point depression, which was 
originally confirmed by Takagi’s experimental observations using a 
transmission electron microscope [21]. Then, different techniques such 
as electron diffraction [22], X-ray diffraction [23], and calorimetric 
measurements [24] have been used to clarify the relationship between 

the melting points and the particle size. The CALPHAD method has been 
recognized to be useful in various aspects of materials science and en-
gineering [25]. It was found that the modified method of 
nano-CALPHAD [26] has been employed to predict theoretically the 
melting points depression and phase diagram equilibrium [27,28] of 
nano systems. 

Ag–Cu nanoalloys have attracted great attention due to its unique 
properties if used in optoelectronics [29], catalysis [30], and biomedi-
cine [31]. Because of its promising electrical and thermal conductivity 
coefficients, Ag–Cu nanoparticles (NPs) have been recommended as an 
alternative used to connect electronic components as lead-free solder 
[32,33]. By evaluating the phase equilibria with an emphasis on the 
adsorption behavior based on Butler’s equations, Hajra and Acharya 
[34] investigated the thermodynamics and phase equilibria of Cu–Ag 
nano system involving nano phases of 1 nm. Although a considerable 
decrease in the melting points of the pure components and alloys was 
reflected, their calculated results disagreed with the experimental data 
on melting of Ag [35], Cu [36], and Ag–Cu alloys [37], reported later in 
literature, since no temperature coefficients and molar volumes of pure 
solid metals were not available. Huang et al. [38] experimentally ob-
tained a 75 K depression of eutectic melting point of Ag–Cu nanoalloys 
employed the experimental data with the size of 10 nm in the carbon 
shells. By using the model suggested by Lee [39], Garzel et al. [40] 
reassessed the phase diagram of Ag–Cu systems including particle size 
and shape effect. Using the obtained thermodynamic parameters, two 
phase diagrams with sizes of 10 nm and 100 nm were, calculated, 
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respectively. Their results showed relatively large differences of melting 
temperature compared with the work by Hajra and Acharya [34], due to 
lack of experimental data on the melting behavior of pure Ag, Cu, and 
Ag–Cu NPs. Sopoušek et al. [41] experimentally and thermodynamically 
investigated the melting behavior and phase diagram of Ag–Cu nano-
alloy with size of 20 nm. However, as discussed by Sopoušek et al. 
themselves, the calculated eutectic melting temperature depression was 
not observed experimentally. However, only about 14 K melting point 
depression of Ag–Cu nanoalloys with the size of 10 nm was reported by 
Delsante et al. [42], not be used to compare with the calculated results in 
this work, due to a side-segregated configuration. Using modified 

CALPHAD type thermodynamic model, Jabbareh and Monji [43] reas-
sessed the phase diagram of Ag–Cu nanoalloy. The surface energy of 
liquid Ag–Cu NPs with different sizes and the phase diagrams of Ag–Cu 
NPs with the radius of 10 nm and 2 nm, together with the bulk Ag–Cu 
phase diagram, were calculated respectively. Due to lack of experi-
mental data, only the calculated solid solubility was compared with the 
results calculated by Monte Carlo method [44]. Recently, Su et al. [37] 
experimentally investigated the size-dependent melting behavior of four 
silica-coated Ag–Cu NPs with the radius of 5.25 nm, 4.60 nm, 4.45 nm 
and 4.25 nm, respectively. Nonlinear size-dependent melting behavior 
was found for Ag–Cu NPs encapsulated in silica. Consequently, although 
several works on the phase diagram of Ag–Cu NPs at nanoscale have 
been reported [34,40,41,43], large discrepancy on the theoretical and 
experimental melting behavior and phase diagram exists in the Ag–Cu 
system at nanoscale, due to lack of experimental data on the melting of 
Ag–Cu NPs or experimental data not be considered. The objective of this 
work is to thermodynamically reassess the phase diagram of Ag–Cu 
system at nanoscale to obtain the self-consistent and reliable thermo-
dynamic parameters, mainly on the basis of our previous studies on the 
melting behavior of Ag [35] and Ag–Cu [37] NPs. 

2. Thermodynamic modeling 

Different methods have been employed to calculate the Gibbs energy 
for nanoalloys. For the size larger than about 5 nm, it is shown that 
thermodynamic modeling plays an effective role which can correctly 
predict the melting points and equilibria for NPs [25]. For the system of 
Ag–Cu NPs, the total Gibbs free energy comprises the Gibbs free energy 
of the surface and the bulk. 

GTotal =GBulk + GSurface (1) 

Table 1 
Thermodynamic parameters used to calculate the Ag–Cu nanosized diagram.  

Variables Equations Reference 

Surface 
tension 

σsolid
Ag = 1.675 − 0.47*10− 3*T  [53]  

σliquid
Ag = 1.207 − 2.28*10− 4*T  [54]  

σsolid
Cu = 2.158512 − 4.0*10− 4*T  [55]  

σliquid
Cu = 1.5834 − 1.8012*10− 4*T  [56] 

Molar 
volume 

Vsolid
Ag = 1.12066*10− 5  [28]  

Vliquid
Ag = 1.0198*10− 5 + 1.1368*10− 9*T  [28]  

Vsolid
Cu = 7.01*10− 6 + 2.92*10− 10*T+ 1.02*10− 13*T2  [52]  

Vliquid
Cu = 7.53*10− 6 + 2.49*10− 10*T+ 1.86*10− 13*T2  [52] 

Excess 
molar 
free 
energy 

GEx
Liquid = XAgXCu[(17534.6 − 4.45479*T)+

(2251.3 − 2.6733*T)*(XAg − XCu) + 492.7*(XAg − XCu)
2
]

[53]  

GEx
Solid = XAgXCu[(33819.1 − 8.1236*T)+

(− 5601.9 + 1.32997*T)*(XAg − XCu)]

[53]  

Fig. 1. Calculated surface tensions of Ag–Cu alloy of solid phase as a function of Cu composition for various temperatures compared with experimental data.  
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Fig. 2. Calculated the surface energies with various radii compared with the bulk (a) solid phase at T = 800 K, (b) liquid phase at T = 1100 K, and surface energies 
with various compositions from pure Ag, Cu and Ag–Cu NPs, (c) solid phase at T = 800 K, (d) liquid phase at T = 1100 K, respectively. 

Fig. 3. Calculated Gibbs free energy contributed by surface effect of Ag–Cu NPs for liquid phase with different particle sizes at 1100 K.  
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The molar Gibbs energy for the bulk is defined as 

GBulk =XAgG0
Ag +XCuG0

Cu +RT
(
XAglnXAg +XCulnXCu

)
+ GEx,Bulk (2)  

where XAg and XCu represent the mole fractions, G0
Cu and G0

Ag represent 
the standard Gibbs free energy for pure components of the binary sys-
tem, respectively. Here the R represents the gas constant and the value is 
8.314, and the parameter T represents the absolute temperature for 
alloy. For the bulk of binary system, GEx

AgCu represent the excess Gibbs 
free energy. It can be described by the Redlich-Kister polynomial [45]. 

GEx
AgCu =XAgXCu

∑
Lv( XAg − XCu

)v
(v= 0, 1, 2,…) (3) 

Lv represents the interaction parameter which is defined as Eq. (4) 

Lv = a + bT + cTln(T) + … (4) 

The molar surface Gibbs free energy for Ag–Cu NPs can be expressed 
as: 

GSurface = 2CσAgCuVAgCu
/

r (5)  

where σAgCu and VAgCu represent the surface tension and molar volume of 
Ag–Cu NPs, respectively. The parameter r represents the particles’ 
radius. For the isotropic spherical particles, the correction factor C was 
determined by optimizing and fitting the experimental data considering 
the shape effect and surface tension. Here, the molar volume for binary 
system of Ag–Cu NPs consists of the sum of fraction in two components. 

V =XAgVAg + XCuVCu (6)  

where VAg and VCu are the molar volume for different components of the 
binary system. For Ag–Cu system, the surface tension of binary system 
was calculated by Butler’s equation [46]. 

σAgCu = σAg +
RT
AAg

ln

(
XSurface

Ag

XBulk
Ag

)

+
1

AAg

[
GEx,Surface

Ag

(
T,XSurface

Ag

)
− GEx, Bulk

Ag

(
T,XBulk

Ag

)]

= σCu +
RT
ACu

ln

(
XSurface

Cu

XBulk
Cu

)

+
1

ACu

[
GEx,Surface

Cu
(
T,XSurface

Cu
)
− GEx,Bulk

Cu
(
T,XBulk

Cu

)]
(7)  

where AAg and ACu are the molar surface area for different components 
of the binary system combined with molar volume data and the Avo-
gadro’s number. GEx,Surface

Ag (T, XSurface
Ag ), GEx,Surface

Cu (T, XSurface
Cu ), GEx, Bulk

Ag (T,

XBulk
Ag ) and GEx,Bulk

Cu (T,XBulk
Cu ) are the excess Gibbs free energy of the cor-

responding component relative to the surface and bulk phase, 
respectively. 

Eq. (8) is to calculate the molar surface area 

Ai = 1.091N1/3
0 V2/3

0 (8) 

According to Yeum’s [47] model and Tanaka’s [48] viewpoint, the 
relationship between surface and bulk excess energy is shown as 

GEx,Surface
Ag

(
T,XSurface

Ag

)
= βMixGEx,Bulk

Ag

(
T,XBulk

Ag

)
(9)  

where β is expressed by the ratio of the coordination numbers of the 
surface and bulk phase and indicates reduced coordination. According to 
the literature [49], the value of β in the liquid phase is 0.85, and the 
value of β in the solid phase is 0.84. Here the GEx,Bulk

Ag is given by Eq (10), 
the same equation for component Cu. 

GEx,Bulk
Ag =GEx

AgCu +
(
1 − XAg

)
dGEx

AgCu

/
dXAg (10) 

From a thermodynamic viewpoint, when the surface effect of the NPs 
was considered, the Gibbs energy per molar Ag–Cu NPs could be 
expressed as 

Fig. 4. Nano and bulk contributions to the excess Gibbs energy (a) r = 4.25 nm; (b) r = 4.45 nm; (c) r = 4.60 nm; (d) r = 5.25 nm, respectively.  
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GNano
AgCu =Gbulk

AgCu + 2CσAgCuVAgCu

/
r (11) 

By the Redlich-Kister polynomials, excess Gibbs energy for NPs is 
given by Eq. (12) 

GEx,Nano =XAgXCu

∑
Lv( XCu − XAg

)v
(v= 0, 1, 2,…) (12)  

Lv,Nano = LBulk + LSurface = f1

(
1
γ

)

+ f2

(
1
γ

)

T + f3

(
1
γ

)

Tln(T) + … 

=
(

a+
a′

γ

)
+

(

b+
b′

γ

)

T +
(

c+
c′

γ

)
Tln(T) + … (13)  

the parameters a, b, and c in Eq. (13) are in common with the bulk in Eq. 
(4), a′ , b′ , c′ and … are given by 

a′

+ b′ T + c′Tln(T) + … = 2C
(
σalloyvalloy − XAgσAgVAg − XCuσCuVCu

)
(14) 

The surface energy for spherical NPs is written as [50]. 

σ=σAB(1 − 2δAB / r) (15)  

where σ represents the surface energy of nanoalloy, and the δAB is the 
constant of bulk which determined by Eq. (16) 

δAB =XAδA + XBδB (16)  

the values of δA and δB are 0.2415 and 0.225 for Ag and Cu, respectively, 
determined by Nanda’s work [50]. 

Take the surface effect into the total Gibbs free energy on basis of 
above model which is related to temperature, composition, and particle 
size. And the particle size as a variable impact on the total Gibbs free 
energy caused the phase equilibrium temperatures deviations. 

3. Results and discussion 

In this work, the thermodynamic description of the Ag–Cu system 
[51] and the corresponding thermodynamic parameters of the bulk were 
used as input for the calculations of its phase diagram at nanoscale. The 
thermodynamic properties of pure components are obtained from the 
reported in literature [35,52]. The values of correction factor of CAg and 
CCu are evaluated to be 1.265 and 1.006, respectively. By fitting 
experimental melting temperature of Ag–Cu NPs, the correction factor 
CAg–Cu was determined to be 1.305 [37]. According to the above ther-
modynamic model, the thermodynamic optimization of the Ag–Cu nano 
system was performed by considering the reported melting results of Ag, 
Cu and Ag–Cu NPs. A self-consistent thermodynamic data set for the 
Ag–Cu nano system was obtained and summarized in Table 1. Four 
nanophase diagrams of Ag–Cu system with a radius of 4.25 nm, 4.45 nm, 
4.60 nm and 5.25 nm were calculated, respectively. 

Fig. 1 shows the calculated results of surface tensions for Ag–Cu alloy 
of solid phase as a function of Cu composition for various temperatures 
compared with experimental data. It’s found from Fig. 1 (a)–(d) that the 
surface tension increases nonlinearly along with increasing Cu compo-
nent at various temperatures. The calculated results are in good agree-
ment with the experimental data [56–58]. The calculated surface 
tensions shown in Fig. 1(b) in the Ag–Cu alloy system at 1381.15 K agree 
with the calculated results by Hajra and Acharya [34], and experimental 
results [57,58]. It shows that Ag is always enriched on the surface of the 
alloy, observed by Lu et al. [59], when calculating the surface compo-
sition by the Bulter’s equation. Atoms with lower surface energy as silver 
tend to concentrate in the surface of alloy to reduce the energy of the 
system. 

Fig. 2 demonstrates the calculated results of surface energies for 
Ag–Cu NPs with various radii and compositions under the condition of 
solid phase at 800 K and liquid phase at 1100 K, respectively. As shown 
in Fig. 2(a) and (b), the surface energy of Ag–Cu alloys increases non-
linearly with the increase of particle size and the content of Cu 
component for both solid and liquid phase. Fig. 2(c) and (d) indicate that 
Ag has lower energy compared with Cu, which explains the phenome-
non of Ag is always enriched on the surface of the alloy and the value of 
surface energy decreased significantly with the radius below 10 nm. 
These findings agree with the results reported by Jabbareh and Monji 
[43]. 

Fig. 3 reveals that calculated Gibbs free energy contributed by the 
surface effect of Ag–Cu NPs for liquid phase with different radius of 4.25 
nm, 4.45 nm, 4.60 nm, 5.25 nm at 1100 K, respectively. It is revealed 
that the Gibbs free energy contributed by the surface effect increases 
with the decreasing particle size, due to an increasing proportion of the 
total Gibbs free energy. This tendency on the Gibbs free energy 

Table 2 
The reassessed Gibbs energies of Ag, Cu at nanoscale and modified interaction 
parameters of the liquid and solid phase.  

Silver 

Between 298.15 and 1235.08 K 

G0,solid
Ag = − 7209.512+

4.7491*10− 5

r
+

(

118.200733 −
1.33258*10− 8

r

)

∗T −

23.84633*T ln(T) − 0.001790585*T2 − 3.98587*10− 7*T3 − 12011*T− 1 

G0,liquid
Ag = 3815.781+

2.4618*10− 5

r
+

(

109.310587 −
1.90606*10− 9

r

)

∗T −

23.8463314*T ln(T) −
(

0.001790585 +
5.1838*10− 13

r

)

*T2 − 3.98587*10− 7*T3 −

12011*T− 1 − 1.0322*10− 20*T7 

Between 1235.08 K and 3000.00 K 

G0,solid
Ag = − 15095.314+

4.7491*10− 5

r
+

(

190.265169 −
1.33258*10− 8

r

)

*T −

33.472*T ln(T) − 1.412186*1029*T− 9 

G0,liquid
Ag = − 3587.342+

2.4618*10− 5

r
+

(

180.964674 −
1.90606*10− 9

r

)

*T −

33.472*T ln(T) −
5.1838*10− 13

r
*T2  

Copper 

Between 298.15 and 1358.02 K 

G0,solid
Cu = − 7770.458+

3.0457*10− 5

r
+

(

130.485403 −
4.37539*10− 9

r

)

*T −

24.112392*T ln(T) −
(

0.00265684 −
2.08066*10− 13

r

)

*T2 +

(

1.29223 *10− 7 −

8.21245*10− 17

r

)

*T3 + 52478*T− 1 

G0,liquid
Cu = 5194.382+

2.3846*10− 5

r
+

(

120.97516 −
1.92408*10− 9

r

)

*T −

24.112392*T ln(T) −
(

0.00265684 −
4.99325*10− 13

r

)

*T2 +

(

1.29223 *10− 7 +

6.70045*10− 17

r

)

*T3 + 52478*T− 1 − 5.83932*10− 21*T7  

Between 1358.02 K and 3200.00 K 

G0,solid
Cu = − 13542.33+

3.0457*10− 5

r
+

(

183.804197 −
4.37539*10− 9

r

)

*T −

31.38*T ln(T) + 3.64643*1029*T− 9 +
2.08066*10− 13

r
*T2 −

8.21245*10− 17

r
*T3 

G0,liquid
Cu = − 46.93+

2.3981*10− 5

r
+

(

173.883734 −
1.92408*10− 9

r

)

*T − 31.38* 

T ln(T) +
4.99325*10− 13

r
*T2 −

6.70045*10− 17

r
*T3  

Excess Gibbs Energy 

GEx,  Nano
Liquid = XAgXCu

{(

17534.6 −
8.935*10− 6

r

)

+

(

− 4.45479 +
4.244*10− 9

r

)

*T+

[

2251.3 −
6.2246*10− 7

r
+

(

− 2.6733 +
4.6545*10− 9

r

)

*T
]

*(XAg − XCu) +

(

492.7 −
2.9635*10− 8

r

)

*(XAg − XCu)
2
}

GEx,  Nano
Solid = XAgXCu

{(

33819.1 −
C*1.718*10− 6

r

)

+

(

− 8.1236 −

C*1.78425*10− 10

r

)

∗T+

[

− 5601.9 +
C*4.2966*10− 7

r
+

(

1.32997 +

C*6.888*10− 9

r

)

*T
]

*(XAg − XCu) +

(
C*1.718*10− 6

r
+

C*9.7705*10− 10

r
*T
)

*(XAg − XCu)
2
}
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contribution by the surface effect has also been reported by Jabbareh 
and Monji [43]. This finding can be used to interpret the experimental 
melting temperature depression of Ag–Cu NPs [37]. 

Fig. 4 shows that the calculated excess Gibbs energy with the radius 
of 4.25 nm, 4.45 nm, 4.60 nm, 5.25 nm, reported in previous work [37], 
respectively. The excess Gibbs energy for liquid alloys is determined by a 
set of parameters LSurface

V . The surface tension and molar volume of 
corresponding component and the excess molar free energy of Ag–Cu 
alloys are shown in Table 1, and the thermodynamic parameters for 
Ag–Cu alloys were derived from the modified thermodynamic optimi-
zation [53] listed in Table 2. The thermodynamic parameters were ob-
tained by the Scientific Group Thermodata Europe (SGTE) database [60] 
for bulk Ag and Cu, respectively. 

Fig. 5 and Fig. 6 show that the relationship between f1, f2 of Lv (v = 0, 
1, 2) and reciprocal of radius for liquid and solid Ag–Cu NPs, respec-
tively. According to the excess molar free energy of the Ag–Cu alloy in 
Table 1, the data of Lv of Ag–Cu NPs was obtained by Eqs. (3) and (7). 
The parameters of LL

0,L
L
1LL

2, LS
0, LS

1 and LS
2 could be written with respect to 

melting temperature and particle size and the polynomials are listed as 

Eqs. (17) and (18). The excellent linear relationship proves the reli-
ability of the calculated results. 

LNano,L
0 =

(

17534.6 −
8.935*10− 6

r

)

+

(

− 4.45479+
4.244*10− 9

r

)

∗T 

LNano,L
1 =

(

2251.3 −
6.2246*10− 7

r

)

+

(

− 2.6733+
4.65465*10− 9

r

)

*T 

LNano,L
2 = 492.7 −

2.95635*10− 8

r
(17)  

LNano,S
0 =

(

33819.1 −
1.718*10− 6

r

)

+

(

− 8.1236 −
1.78425*10− 10

r

)

*T 

LNano,S
1 =

(

− 5601.9+
4.2966*10− 7

r

)

+

(

1.32997+
6.883*10− 9

r

)

∗T 

LNano,S
2 =

1.718*10− 6

r
+

9.7705*10− 10

r
∗T (18) 

Fig. 7 reveals the calculated enthalpy of mixing of liquid phase of 
Ag–Cu bulk and Ag–Cu nano system with different radius. It is seen that 
enthalpy of mixing of liquid of Ag–Cu nanoalloys increase with the 

Fig. 5. The relationship between f1, f2 of Lv (v = 0, 1, 2) and 1/r for liquid Ag–Cu nanoalloys.  
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increase of the radius. Additionally, it is found that the calculated en-
thalpies of mixing of liquid phase of Ag–Cu bulk alloys are in good 
agreement with the reported experimental data [61]. 

Finally, based on the obtained thermodynamic parameters in this 
work, the phase diagrams of Ag–Cu nanoalloys with a radius of 4.25 nm, 
4.45 nm, 4.60 nm and 5.25 nm, as well as Ag–Cu bulk alloy, were 
calculated, respectively. Fig. 8 (a) shows the calculated phase diagrams 
of Ag–Cu system with various radii at nanoscale together with the phase 
diagram for the bulk and experimental data. The calculated melting 
temperatures of pure Ag, Cu, and Ag–Cu NPs, along with experimental 
data, are shown in Fig. 8 (b). It is found that the decreasing of liquidus, 
solidus and eutectic temperature, by decreasing the particle size, was 
also reported in literature [34,40,41,43]. Furthermore, since the present 
thermodynamic assessment is performed on the basis of the experi-
mental melting behavior of Ag [35], Cu [36] and Ag–Cu [37], it is 
clearly shown that the calculated nano phase diagrams of Ag–Cu system 
at nanoscale are in good agreement with the experimental data on the 
melting of Ag [35], Cu [36] and Ag–Cu NPs [37], except for Ag–Cu NPs 
[38]. Additionally, it is clearly shown that the calculated depression 
values are larger than that reported calculated [34,40,41,43] and 

experimental results [38,42] in literature. Consequently, compared with 
previous calculation in literature, better agreement with experimental 
results has been obtained. 

4. Conclusions 

The Ag–Cu phase diagram at nanoscale has been re-investigated via 
thermodynamic modeling, considering the surface effect on the chemi-
cal potential of pure substance and excess Gibbs free energy of mixtures. 
A self-consistent set of thermodynamic parameters has been obtained by 
considering the reported melting behavior of Ag, Cu, and Ag–Cu NPs. 
The calculated phase diagrams agree well with the experimental data. 

Data availability 

The raw/processed data required to reproduce these findings are 
available to download from [https://doi.org/10.17632/b9p6x2mvtp 
.1]. 

Fig. 6. The relationship between f1, f2 of Lv (v = 0, 1, 2) and 1/r for solid Ag–Cu nanoalloys.  
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