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Abstract—In the present work, using mixing Gibbs free energies and Chou’s general solution model (GSM),
by considering the excess activation energies from the binary subsystems, the viscosities of the simple ternary
Au–Ag–Cu, Al–Cu–Si, and Fe–Ni–Co and liquid alloys of binary subsystems have been evaluated via well
known Chou model and physical models, such as Kaptay, Kozlov–Romanov–Petrov (KRP), and Schick
et al. at temperatures 1373, 1375, and 1873 K. A comparison between the evaluated results and experimental
values of the Au–Ag–Cu, Al–Cu–Si, and Fe–Ni–Co ternary alloys was carried out. In this study, the suc-
cess of the application of the aforementioned geometric and physical models to the viscosity calculations of
the alloys discussed and the viscosite data are presented to the literature. In order to determine the applica-
bility success, the mean square deviation analysis was performed. According to the values in this table, Schick
et al. and KRP models which are derived from the physical quantities among the models discussed provide
best description of the viscosity for the Al–Cu–Si and Au–Ag–Cu alloys, respectively.

Keywords: activation energy of viscous f low, mixing Gibbs free energy, geometric models, Chou’ s model,
multi component alloys
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1. INTRODUCTION

However, it is time-consuming and expensive to
realize the viscosities of ternary or multicomponent
melts. Considering this situation, many attempts [1–
7] were carried out to predict the viscosity of multi-
component system using only thermodynamic param-
eters, Starting from the Gibbs energies of the binary
systems, lots of efforts have been made to determine
the Gibbs free energies of the multi-component alloy
systems and a number of quasi-empirical models have
been proposed to determine energy interaction
parameters of binary systems [8–12].

The viscosity of liquid metals has been investigated
both experimentally and theoretically for many
decades [13, 14]. In addition, for the alloy components
treated in this study, there are about twenty of viscosity
data about the pure Al, Cu, and Si liquid melts in lit-
erature [15–36].

For the binary alloy systems, in some recent studies
related to Al–Cu–Si, viscosities of the binary Al–Cu,
Cu–Si, and Al–Si systems have been measured using
the oscillating cup method [37–39] or the Al–Cu sys-
tem using a gas bubble viscometer [40].

The density and viscosity of an Al–Cu–Si liquid
were measured using an electrical levitation technique
[41–43] and an oscillating cup viscometer [23],
respectively, and the viscosity was compared to a num-
ber of existing thermodynamic models [3, 7]. More-
over, Gruner and Hoyer [44] determined the viscosi-
ties of the liquid Cu–Si alloys in the Cu-rich compo-
sition range (up to 40 at % Si) at 1273–1473 K.

For the investigated Au–Ag–Cu ternary system, it
is seen that there are also some references for liquid
alloys viscosities, including both experimental [29, 45,
46] and calculated data [47–49].

Some experimental data are available for the binary
subsystems, such as Fe–Co [50–53], Fe–Ni [53–55],
and Ni–Co binary melts [53]. Recently, a study was
proposed by Sato et al. [53]. It produces measured val-
ues for ternary liquid alloys with high precision using
an oscillating cup viscometer over the entire composi-
tion range from liquidus temperatures up to 1873 K.

The aim of this investigation is to predict the vis-
cosities of the liquid binary and ternary alloys in the
systems Au–Ag–Cu, Al–Cu–Si, and Fe–Ni–Co at
the related temperatures. The viscosities of the binary
alloys were calculated based on the mixing Gibbs
586
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energy model proposed by Seetharaman et al. [56].
The polynomial equations Redlich–Kister–Mug-
gianu were used to describe the variations of excess
activation energies of three binary systems. The geo-
metric model mentioned above were used to predict
the excess viscosities of ternary alloys. The calculated
results of the ternary alloys except for Fe–Ni–Co were
compared with the experimental values by considering
the applicability of Chou’s models. Moreover, a com-
parison was also given between this model and physi-
cal models, such as Kaptay, KRP, and Schick et al.
models.

2. BACKGROUND RELATED TO THE MODELS

For a liquid mixture, Eyring’s absolute rate theory
for calculating the viscosity of has been successfully
applied to metallic systems as well as to various ionic
systems, and its expression can be given as follows:

(1)

where η is the dynamic viscosity of the alloy, h is the
Plank constant, NA is the Avogadro constant, ρ is the
density of the liquid alloy, M is the molar mass of the
alloy, Ea is the activation energy for the f low of a vis-
cous liquid, T is the absolute temperature, and R is the
universal gas constant.

In the case of high-order metallic systems, the
molar mass and density of the melt may be written as
follows:

(2)

and

(3)

It is well-known that the activation energy of a liq-
uid is regarded as a function of both the temperature
and the composition of the solution. Its activation
energy should firstly be known to determine theoreti-
cally the viscosity of a liquid alloy. On the other hand,
it is not an easy task to obtain the activation energies
for alloys. An expression related to this for the binary
liquid alloys in the literature was suggested [6]:

(4)

Here, Eai is the activation energy of the ith component
and GM is Gibbs energy of the mixture, XA and XB are
the molar fractions of the binary alloys. The expres-
sion of Gibbs energy of the mixture can be written as a
function of the activities associated with the compo-
nents of the liquid binary alloys:

(5)
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Similar to the viscosity calculation of binary alloy, the
activation energy of ternary alloy can be calculated by
Eq. (4) considering the excess activation energy

=  and activation energies of three
pure metals.

It is possible to write the excess activation energy
for the binary alloys in the form:

(6)

where  are the binary interaction coefficients
related to the binary A–B subsystem. The excess acti-
vation energies of three binary subsystems of the Au–
Ag–Cu, Al–Cu–Si, and Fe–Ni–Co ternary system
can easily be calculated from Eq. (6) which are fit
using polynomial equation described by this expres-
sion.

Recently, Chou proposed a general solution model
to predict the thermodynamic properties of a ternary
system from the investigated three boundary system.
The most attractive property of this new model is
bypassing the traditional methods and subsuming
symmetric and asymmetric models in a more general
approach. Here, in order to describe the excess viscos-
ity of ternary alloy, Chou model was also extended to
the activation energy prediction of the ternary system
from the three boundary systems, which this model
has been considered shortly here, as shown in Eq. (7):

(7)

where ;  =  +

. Here,  is defined as similarity
coefficients. The scheme of Chou’s model has been
described in detail in [12, 49, 57–65].

Furthermore, the graphs in the alloys treated
become difficult to distinguish between one another
due to the overlap of the graphs plotted for the models.
Therefore, the mean square deviation, S, analysis was
performed for the data of the ternary alloys systems in
which its expression is written as:

(8)

where  and  denote the experimental and cal-
culated values of the viscosity, while N represents the
number of the experiments.

3. RESULTS AND DISCUSSION
In order to obtain the accurate values of the activi-

ties, the binary excess Gibbs energy interaction
parameters of the binary liquid alloys Si–Cu, Si–Al,
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Table 1. Data of the viscosity, density, and molar mass used in this study

Metal Viscosity,
mPa s Ref.

Density, 
g/cm3 Ref. Molar mass, 

g/mol Ref. temp., K

Al 0.7157 [75] 2.2407 [76] 26.981 1375
Cu 4.3864 [75] 8.018 [76] 63.546 1375
Si 0.7516 [77] 2.6314 [76] 28.981 1375
Ag 3.19 [29, 78] 9.1853 [29, 78] 107.88 1373
Au 5.13 [29, 78] 7.7165 [29, 78] 197 1373
Fe 5.29 [59, 79] 6.97 [80] 55.85 1873
Ni 3.82 [59, 79] 7.75 [80] 58.69 1873
Co 5.1052 [59, 79] 7.638 [80] 58.94 1873
and Cu–Al have been adapted from those in refs,
respectively [66, 67]. The binary excess Gibbs energy
interaction parameters of the binary liquid alloys Ag–
Au, Au–Cu, and Cu–Ag have been adapted from
those in refs, respectively [68–70] while the binary
excess Gibbs energy interaction parameters of the
binary liquid alloys Fe–Ni, Ni–Co, and Co–Fe have
been adapted from that in [71]. The data of the viscos-
ity, density and molar mass are given in Table 1 and
then the activation energies for Al, Cu, and Si are
obtained with combining Eq. (1), and the values for
activation energy are calculated as 35793.6, 51737.6,
and 35332.8 (J/mol), for Al, Cu, and Si at 1375 K
respectively. Moreover, the activation energy values
are calculated as 57688.7, 52529.4, and 51658.9 for
Au, Ag, and Cu at 1373 K. In addition, the activation
energy values are also calculated as 72615.4, 66666.1,
and 71474.3 for Fe, Ni, and Co at 1873 K.

Using the references concerning excess energy
mentioned in the previous paragraph, the mixing
Gibbs energy curves for binary A–B-subsystems of the
RUSSIAN JOURNAL O

Fig. 1. Mixing Gibbs free energy for binary A–B systems of the 
the mixing Gibbs free energy. 
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liquid alloys according to the second components
plotted in Figs. 1–3.

On the other hand, according to the calculated
activation energies of binary alloys and the activation
energies of pure metals used in the ternary alloys, the
calculated the excess activation energies (Figs. 4–6)
are given in Tables 2–5 which are fit using polynomial
equation described by Eq. (6) and the calculated val-
ues of the Redlich–Kister parameters are listed in
Table 2. In order to describe the excess viscosity of ter-
nary alloy from the measured viscosities of binary sub-
systems, here Chou’s model is used to predict the
excess activation energy instead of excess Gibbs free
energy concerning the viscosity of alloys of binary sub-
systems. Chou’s model has been considered to calcu-
late the viscosity of ternary alloys using the experi-
mental excess viscosity values for the alloys of binary
subsystems as in [12, 49, 57–65]. To calculate the vis-
cosity values dealing with the physical models, the
concentration dependence of the enthalpy of mixing
for liquid Al–Cu–Si alloys has been taken from [72].
In addition, the concentration dependence of the
F PHYSICAL CHEMISTRY A  Vol. 95  No. 3  2021
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Fig. 2. Mixing Gibbs free energy for binary A–B systems of the liquid alloys Au–Ag–Cu with XB at 1373 K. Here, GM stands for
the mixing Gibbs free energy. 
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Fig. 3. Mixing Gibbs free energy for binary A–B systems of the liquid alloys Fe–Ni–Co with XB at 1873 K. Here, GM stands for
mixing the Gibbs free energy. 
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enthalpy of mixing for liquid Au–Ag–Cu alloys has
been taken from [73]. Moreover, the concentration
dependence of the enthalpy of mixing for liquid Fe–
Ni–Co alloys has been taken from [71].

As for the binary liquid alloys Si–Cu, Si–Al, and
Cu–Al, from Eqs. (1)–(7), it is easy to obtain the vis-
cosities of binary alloys just mentioned above. As
shown in Fig. 7, since the viscosity values measured by
Schick et al. and other authors [37, 39] between 873
and 1500 K were quite large with respect to the viscos-
ity values calculated at 1375 K in this study according
to the composition Cu (0 ≤ xCu ≤ 0.2) in the liquid Al–
Cu alloys, the viscosity values associated with the
experimental and the other theoretical models in the
liquid Al–Cu alloys were not added to this figure. The
prediction values of viscosity for Al–Si according to
the Si composition slightly change. However, the vis-
cosity results of the model treated in this study are very
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
small in range of the Si composition between 0 and 0.4
compared to the experimental results [31, 45] on vis-
cosities in the order of 0.8 and 1.2 mPa s for the range
973 and 1073 K. The prediction values of viscosity for
liquid Cu–Si alloys according to the Si composition
become slightly constant. The viscosity values mea-
sured by the other authors [44, 77] between 1273 and
1473 K were quite large with respect to the viscosity
values calculated at 1375 K in this study according to
the composition Si (0 ≤ xCu ≤ 0.4). Therefore the
experimental values for the liquid Cu–Si alloys were
not added to Fig. 7. The viscosity of ternary Al–Cu–
Si liquid alloys along the section Alx(Cu50Si50)1 – x at
1375 K is shown in Fig. 8 as the lines with calculated
values based on the models.

Figure 9 displays the calculated viscosities of liquid
Au–Ag, Au–Cu, and Ag–Cu alloys at 1373 K. For a
comparison, the experimental values for these alloys
l. 95  No. 3  2021
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Fig. 4. The excess activation energies for three binary A–B subsystem alloys of the liquid alloys Al–Cu–Si with XB at 1375 K.

Here,  stands for the excess activation free energy. 
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Fig. 5. The excess activation energies for three binary A–B subsystem alloys of the liquid alloys Au–Ag–Cu with XB at 1373 K.

Here,  stands for excess activation free energy. 
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are taken from [45]. By comparing the predicted val-
ues by the based on the mixing Gibbs energy model
proposed by Seetharaman et al. [6, 56] and experi-
mental data [29, 45] for the alloy Au–Cu, it can be
seen that the model mentioned above can not repro-
duce the experimental data at the composition regions
outside of the pure elements, while for the alloys
Au‒Ag and Ag–Cu, it can also be seen that the model
mentioned above can reproduce the experimental data
at the entire composition range.

Figure 10 displays the dependence of viscosity of
ternary Au–Ag–Cu alloy on composition at 1373 K for
section xAg/xCu = 0.543 along with calculated values
based on the models. Experimental values for this
alloy is taken from [45]. On the other hand, the calcu-
lated viscosities for three liquid alloys of constitutive
RUSSIAN JOURNAL O
binary subsystems, Fe–Ni, Fe–Co, and Ni–Co, at
1873 K are given in Fig. 11. For this purpose, the
experimental values of these alloys are taken from [53].
The evaluated values by Seetharaman model in this
work seems a little lower than the measured results of
Sato et al., while shows a good agreement with those of
Krieger et al. [74]. It can also be seen for the liquid
Fe–Ni, Fe‒Co, and Ni–Co alloys at 1873 K that the
model concerning Seetharaman model mentioned
above can reach a good agreement with the experi-
mental data at the entire composition range (0–1) of
the second elements.

Figure 12 displays the dependence of viscosity of
ternary Fe–Ni–Co alloy on composition at 1873 K for
section xNi/xCo = 3/1 along with calculated values
based on the models. From viscosity graphs for the ter-
F PHYSICAL CHEMISTRY A  Vol. 95  No. 3  2021
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Fig. 6. The excess activation energies for three binary A–B subsystem alloys of the liquid alloys Fe–Ni–Co with XB at 1873 K.

Here,  stands for excess activation free energy. 
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Fig. 7. Calculated viscosities in liquid Al–Cu, Al–Si, and Cu–Si alloys at various temperatures. Experimental values of Cu–Si
alloys are taken from [44]. 
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nary alloys, it can be observed that all models are in
agreement one another mutually. A comparison of vis-
cosity results for ternary alloys is given in the conclu-
sions.
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo

Table 2. Redlich-Kister parameters determined for activa-
tion energies for the A–B binary subsystem alloys of Au–
Ag–Cu, Al–Cu–Si, and Fe–Ni–Co at 1373, 1375, and
1873 K in this work, respectively

Alloy
system

Al–Cu –52390.75 –22550.5 –11561.75
Al–Si –10544 –169 –11562.2
Cu–Si –28413.5 –17850.5 –11562
Fe–Ni –7130.625 6266.375 –17267.875 –775.875
Ni–Co 1327.375 648.125 –17181.875 –2121.625
Co–Fe 9093.5 3519 –16813.5
Au–Ag –11936 0 –13397.1
Au–Cu –26434.5 4750.5 –13397
Cu–Ag 14268.5 1524.5 –13397.4

0
ijA 1

ijA 2
ijA 3

ijA
CONCLUSIONS

In this study, instead of using the excess viscosities
of the two subbinary alloys the composition, consider-
ing the excess activation energies from the subbinary
systems, a viscosity model based on the Seetharaman
model was compared with those of some physical
models and the results of experimental studies associ-
ated with Al–Cu–Si and Au–Ag–Cu at 1375 and
1373 K, respectively.

Using the mixing Gibbs energy and the activation
energies of pure metals proposed in this study, the vis-
cosities of binary alloys at the related temperatures are
obtained and using the calculated excess activation
energies, the viscosity values of three simple ternary
alloy systems are calculated from Chou’s model along
with KRP, Kaptay, and Schick et al. model.

Firstly, before calculating the viscosities of the
alloys, the values for activation energy must be calcu-
lated. Using Table 1 and Eq. (1), the values for activa-
tion energy were calculated as 35793.6, 51737.6, and
35332.8 (J/mol), for Al, Cu, and Si at 1375 K respec-
tively. Moreover, the activation energy values were cal-
culated as 57688.7, 52529.4, and 51658.9 for Au, Ag,
and Cu at 1373 K. In additon, the activation energy
l. 95  No. 3  2021
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Table 3. The calculated activation excess energies and activation energies (J/mol) for the A–B binary subsystem alloys of
Al–Cu–Si with XB at 1375 K

X2 in A–B  (Si–Cu)  (Si–Al)  (Cu–Al) Ea (Si–Cu) Ea (Si–Al) Ea (Cu–Al)

0 0 0 0 35332.6 35332.6 51737.3

0.2 –3510.6 –2348.9 –6895.7 35103.0 33075.9 41652.9

0.333 –5117.6 –2588.0 –9989.1 35501.0 32893.2 36610.9

0.4 –6085.0 –2645.0 –11613.8 35809.6 32872.0 33746.0

0.6 –7791.0 –2653.6 –13771.1 37384.5 32955.5 28400.0

0.8 –6922.7 –2366.2 –11210.2 41533.8 33335.2 27772.1

1 0 0 0 51737.3 35793.4 35793.4

Exc
aE Exc

aE Exc
aE

Table 4. The calculated activation excess energies and activation energies (J/mol) for the A–B binary subsystem alloys of
Au–Ag–Cu with XB at 1373 K

X2 in A–B  (Ag–Au)  (Au–Cu)  (Cu–Ag) Ea (Ag–Au) Ea (Au–Cu) Ea (Cu–Ag)

0 0 0 0 52529.3 57024.9 51661.2

0.15 –2358.8 –3783.3 1118.2 50844.9 56220.4 52909.7

0.35 –2989.7 –5963.9 3075.6 51113.0 55147.6 55040.7

0.65 –2989.7 –6612.3 2867.5 52461.7 53538.5 55093.1

1 0 0 0 57024.9 51661.2 52529.3

Exc
aE Exc

aE Exc
aE

Table 5. The calculated activation excess energies and activation energies (J/mol) for the A–B binary subsystem alloys of
Fe–Ni–Co with XB at 1873 K

X2 in A–B  (Fe–Ni) Ea (Fe–Ni) x2  (Co–Fe) Ea (Co–Fe) x2  (Ni–Co) Ea (Ni–Co)

0 0 72615.1 0 0 71474.1 0 0 66665.9

0.165 –1503.8 70129.8 0.165 517.5 72180.0 0.125 –1029.7 66237.3

0.335 –1552.5 69 069.8 0.335 1917.4 73774.0 0.25 –466.5 67401.6

0.665 –2461.2 66197.8 0.5 2210.9 74255.8 0.375 57.9 68527.0

0.81 –2687.8 65108.5 0.665 1400.0 73633.1 0.5 253.6 69323.8

1 0 66666.0 0.835 –132.1 72294.8 0.665 –89.1 69774.4

1 0 72615.1 0.835 –890.6 69790.2

1 0 71474.3

Exc
aE Exc

aE Exc
aE
values were also calculated as 72615.4, 66666.1, and
71474.3 for Fe, Ni, and Co at 1873 K. The viscosity
data calculations for physical models such as Chou,
Zivkovic-Manasijevic, KRP, Kaptay, and Schick et al.
are also performed in this study.

It is seen from the viscosities of Al–Cu–Si liquid
alloys for Schick et al. and this study along the sec-
RUSSIAN JOURNAL O
tion Alx(Cu50Si50)1 – x at 1375 K seen in Fig. 8 have
minimums in the composition range between
0.8‒0.9 of the composition Al. These minimums
seen in this figure are in agreement with experiment
results. Moreover, the viscosities for KRP and Kap-
tay models decrease slowly with increasing Al con-
centration.
F PHYSICAL CHEMISTRY A  Vol. 95  No. 3  2021
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Fig. 8. The viscosity of ternary Al–Cu–Si liquid alloys along the section Alx(Cu50Si50)1 – x at 1375 K is shown as the lines with
calculated values based on the models. the experimental values of the pre-exponential factors for Al, Cu, and Si were taken from
the studies in [77, 79], respectively. 
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Fig. 9. Calculated viscosities in liquid Au–Ag, Au–Cu, and Ag–Cu alloys at 1373 K. Experimental values of these alloys are taken
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Fig. 10. The dependence of viscosity on composition at 1373 K for section xAg/xCu = 0.543 along with calculated values based on
the models. Experimental values of this alloy is taken from [45]. 
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Fig. 11. A comparison between calculated viscosity curves and experimental points for three constitutive binary alloys, Fe–Ni,
Fe–Co, and Ni–Co. The experimental values of this alloy is taken from [53]. 
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Fig. 12. The dependence of viscosity on composition at 1873 K for section xNi/xCo = 3/1 along with calculated values based on
the models. The experimental values of the pre-exponential factors for Fe, Ni, and Co were taken from the studies in [79].
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For Au–Ag–Cu at 1373 K, the dependences of vis-
cosity on composition Au for all models and experi-
mental results at 1373 K for section xAg/xCu = 0.543 are
shown in Fig. 10. The results showed that viscosity
increase slightly with increase of Au composition.
KRP and Kaptay models except for Schick et al. and
these models are in agreement with experiment
results.

For Fe–Ni–Co at 1873 K and the section xNi/xCo =
3/1, the results showed that viscosity increase slightly
with increase of Fe composition. The determined vis-
cosity results show that the viscosity values are in
mutually agreement with the results obtained from
Chou, Zivkovic-Manasijevic, KRP, and Kaptay mod-
els except for Schick et al.

Instead of examining the viscosity curves of the ter-
nary alloys, the statistical analysis for each model was
carried out. For this reason, the reproducibility was
evaluated by way of the root mean square values of the
surface tension of liquid alloy systems in which they
were also calculated for the alloys Al–Cu–Si and Au–
Ag–Cu at 1375 and 1373 K, respectively. The values in
question have been given in Table 6. According to the
values in this table, Schick et al. and KRP models
which are derived from the physical quantities among
the models discussed provide best description of the
viscosity for the Al–Cu–Si and Au–Ag–Cu alloys,
respectively.
RUSSIAN JOURNAL O

Table 6. The mean square deviation analysis for the liquid
Al–Cu–Si and Au–Ag–Cu alloys

Alloys This study Schick et al. KRP Kaptay

Al–Cu–Si 0.1648 0.0703 0.2194 0.1460

Au–Ag–Cu 0.5229 0.8370 0.1253 0.1664
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