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a b s t r a c t

Thermodynamic optimization of the Au–Sb binary system was updated as well as the Si–Sb binary system
was assessed thermodynamically using the CALPHAD method based on the critical review of the available
experimental information from the published literature. The solution phases including liquid, fcc A1(Au),
diamond A4(Si) and rhombohedral A7(Sb), are modeled as substitutional solutions and their excess Gibbs
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energies are expressed by a Redlich–Kister polynomial. The solubility of Si in the intermetallic compound
AuSb2 is not taken into account because of the lack of experimental information. Combined with previous
assessment of the Au–Si binary system, thermodynamic modeling of the Au–Sb–Si ternary system was
performed to reproduce well the measured phase equilibria. The liquidus projection and several vertical

ystem
hase diagram
ALPHAD
u–Sb–Si ternary system

sections of this ternary s
experimental data.

. Introduction

High-Pb solders (e.g. Pb–5 wt.% Sn) as high-temperature sol-
ers have been widely used in advanced electronic packaging of
he electronic and automotive industries. However, Pb is harm-
ul to both the environment and human health. Therefore, the
evelopment of high-temperature Pb-free solders to replace the
onventional high-Pb solders has become an important issue now
1–3]. Many alloys such as Zn-based alloys (Zn–Al, Zn–Sn) [4,5],
i-based alloys (Bi–Ag) [6], Sn–Sb alloys [7] and Au-based alloys
Au–Sn, Au–Si, Au–Sb, Au–Ge) [8–11] have been proposed as alter-
ative high-temperature Pb-free solders [4–11]. Despite their high
rice, Au-based alloys as high temperature solders are quite use-
ul for bonding applications in microelectronic and optoelectronic
ackages due to their excellent properties (e.g. superior resistance
o corrosion, high electrical and thermal conductivity, excellent

echanical strength) [8–11]. Especially, Au–20 wt.% Sn eutectic
lloy is attractive in high power electronic and optoelectronic

evices because of its superior resistance to corrosion and high
lectrical and thermal conductivity as well as high mechanical
trength [8–11]. To reduce the costs of Au-based solders, alloying
lements such as Ag, Al, Bi, Cu, Ga, Ge, In, Sb, Si, Zn, etc., may be
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were calculated, which are in reasonable agreement with the reported

© 2010 Elsevier B.V. All rights reserved.

added to replace a part of the Au. In order to understand better
the role of alloying elements and to design novel Au-based solders,
knowledge of the precise phase diagrams and reliable thermody-
namic properties of the Au-based alloy systems is indispensable.
Recently, thermodynamic descriptions of many binary and ternary
systems including Au–Pb, Au–Al, Au–In, Au–Zn binary systems and
Au–Ag–Si, Au–Ag–Sn, Au–Bi–Sb, Au–Ge–Sn, Au–Ge–Sb, Au–Ge–Si,
Au–Ag–Pb, Au–In–Sn, Au–In–Sb, Au–Si–Sn and Au–Co–Sn ternary
systems have been developed by Wang, Liu and Jin [12–26] using
the CALPHAD method [27,28]. Thermodynamic database of the cor-
responding binary and ternary systems has been established on the
basis of their assessments.

As a contribution to establish a consistent and available ther-
modynamic database of the Au-based multicomponent alloys, the
purpose of the present work is to evaluate firstly the experimental
phase diagram and thermodynamic data of the Au–Sb and Sb–Si
binary systems and to obtain a consistent and reliable thermody-
namic description of the Au–Sb–Si ternary system in combination
with the previous assessment of the Au–Si binary system using
the CALPHAD method [27,28] and Thermo-calc® software package
[29].

2. Binary systems
2.1. The Au–Si binary system

The Au–Si binary system has been optimized thermodynami-
cally by Meng et al. [25] in the assessment of the Au–Si–Sn ternary
system. Good agreements are achieved between the calculated

dx.doi.org/10.1016/j.jallcom.2010.11.199
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:jiang.wang@empa.ch
mailto:wangjiang158@gmail.com
dx.doi.org/10.1016/j.jallcom.2010.11.199
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3.1. The Au–Sb binary system

T
I

Fig. 1. Phase diagram of the Au–Si binary system calculated by Meng et al. [25].

hase diagrams as well as thermodynamic properties and the
eported experimental information. The thermodynamic param-
ters formulating the Gibbs energies of various phases in the Au–Si
inary system obtained by Meng et al. [25] were employed directly

n the present work. The calculated phase diagram of the Au–Si
inary system is shown in Fig. 1.

.2. The Au–Sb binary system
The Au–Sb binary system was reviewed by Okmoto and Massal-
ki [30] and then was optimized by Chevalier [31]. Afterwards, Kim
t al. [32] re-optimized the Au–Sb binary system with the assump-

able 1
nvariant reactions in the Au–Sb–Si ternary system.

System Reaction Type

Sb–Si system L ↔ (Sb) + (Si) e1

Au–Si system L ↔ (Au) + (Si) e2

Au–Sb system

L + (Sb) ↔ AuSb2 p1

L ↔ (Au) + AuSb2 e3

Au–Sb–Si system

L + (Sb) ↔ (Si) + AuSb2 U

L ↔ (Au) + (Si) + AuSb2 E
mpounds 509 (2011) 3057–3064

tion that the enthalpy of mixing of the liquid phase is independent
of temperature. At the same time, Liu et al. [20] assessed the Au–Sb
binary system based on the critical review of the reported exper-
imental information, considering the temperature dependence of
mixing enthalpy of the liquid phase. The different descriptions of
the liquid phase were employed in these two assessments [20,32].
Although the optimization of Kim et al. [32] can reproduce well
the reported experimental information, too many thermodynamic
parameters were used to describe the liquid phase. On the other
hand, the temperatures of the invariant reactions assessed by Liu
et al. [20] deviate slightly from the experimental values. There-
fore, thermodynamic optimization of the Au–Sb binary system was
updated in the present work.

2.3. The Sb–Si binary system

The available phase equilibria data of the Sb–Si binary system
in the published literature was reviewed critically by Olesinki and
Abbaschian [33]. The primary calculation of this binary system
was also carried out according to the phase diagram data. How-
ever, the lattice stabilities of the elements Sb and Si used in Ref.
[33] are different from those proposed by Dinsdale [34]. In order
to achieve the compatibility of thermodynamic databases in the
multi-component systems, thermodynamic parameters of various
phases in the Sb–Si binary system were assessed in the present
work.

3. Experimental information
In the Au–Sb binary system, there are four condensed phases including liq-
uid, fcc A1(Au), rhombohedral A7(Sb) and intermetallic compound AuSb2 with
Fe2S-type structure. AuSb2 was reported to form through a peritectic reaction,
L + (Sb) ↔ AuSb2, at about 723–733 K measured by Vogel [35] using thermal anal-

T (K) Composition Reference

xL
Sb

xL
Si

903 0.999 0.001 [51]
903 0.997 0.003 [52]
903 0.997 0.003 [33]
903 0.997 0.003 This work
637 – 0.207 [25]
723–733 ∼0.66 – [35]
725–736 ∼0.66 – [36]
733 – – [37]
733 – – [38]
740 – – [39]
732 0.670 – [40]
733 0.666 – [30]
734 0.663 – [31]
733 0.655 – [32]
740 0.655 – [20]
732 0.653 – This work
630–634 – – [35]
624–631 – – [36]
633 – – [38]
634 – – [39]
630 – – [41]
631 0.360 – [40]
633 0.355 – [30]
630 0.349 – [31]
633 0.362 – [32]
626 0.366 – [20]
630 0.369 – This work
730 – – [60]
732 0.649 0.002 This work
605 0.200 0.100 [60]
604 0.125 0.135 [62]
608 0.133 0.135 This work
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Table 2
Thermodynamic parameters of the Au–Sb–Si ternary system.

Phase Thermodynamic parametera Reference

Liquid (Au, Sb, Si)

(0)LAu,Sb = −10348.21 − 16.183 T
(1)LAu,Sb = −2697.56 − 6.915 T

This work

(0)LAu,Si = −24103.3028 − 15.13883T
(1)LAu,Si = −29375.2777 + 1.1065T
(2)LAu,Si = −13032.2412

[25]

(0)LSb,Si = +15463.82+4.805T This work
(0)LAu,Sb,Si = +27522
(1)LAu,Sb,Si = +40647
(2)LAu,Sb,Si = −32270

This work

fcc A1 (Au, Sb, Si)
(0)LAu,Sb = +24512.70 + 25T This work
(0)LAu,Si = +2000 [25]

Rhombohedral A7 (Sb) 0GRho.
Sb

cited from SGTE database [34]

Diamond A4 (Au, Sb, Si)

0GDia.
Sb

− 0GRho.
Sb

= +4184 [17]
(0)LAu,Si = +40000 [25]
(0)LSb,Si = +67795.81 This work

70GRh
Sb
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AuSb2 (Au)0.3333(Sb)0.6667 GAuSb2
m = 0.33330Gfcc

Au + 0.666

a Note: Gibbs energies are expressed in J/mol. The all lattice stabilities of Au, Sb a

sis and microscopy. This peritectic reaction was determined by Grigorjew [36] and
vans and Prince [37] by thermal analysis, Gaither and Blachnik [38] through X-ray
iffraction (XRD), Wallbrecht et al. [39] and Zoro et al. [40] using differential scan-
ing calorimetry. The eutectic reaction, L ↔ (Au) + AuSb2, was measured by Vogel
35], Grigorjew [36], Gaither and Blachnik [38], Wallbrecht et al. [39], Zoro et al.
40], Hayer and Castanet [41]. The experimental results of the invariant reactions

entioned above as summarized in Table 1 are generally consistent with each other
nd were accepted in the present work.

Phase boundaries of the liquid phase were measured by Vogel [35], Grigor-
ew [36] as well as Evans and Prince [37] using thermal analysis and microscopic
xamination. Hayer and Castanet [41] determined the liquidus by means of ther-
al analysis and calorimetry method. The experimental results measured by Vogel

35], Grigorjew [36], Evans and Prince [37], Hayer and Castanet [41] agree well with
ach other in the Sb-rich part, although the experiment values [35] show slight
eviation from the experimental results [37,41] in the Au-rich part. Considering the
ood agreement between the experimental values from both thermal analysis and
alorimetry method, the experimental results [37,41] are much more reliable and
ere thus given larger weights than the other experimental values [35–36] during

he optimization.
The solubility of Sb in the fcc A1(Au) phase was determined by Owen and

oberts [42] through lattice parameter measurements. Experimental data on the
olubility of Au in rhombohedral A7(Sb) could not be found in the published litera-
ure. Therefore, the solubility of Sb in fcc A1(Au) was taken into account, while the
olubility of Au in rhombohedral A7(Sb) was neglected in the present optimization.

The enthalpies of mixing of the liquid Au–Sb alloys referred to liquid Au and
iquid Sb were measured by Hayer and Castanet [41] at different temperatures
906–1028 K) and Anres et al. [43] at 916 K using calorimetry method. The experi-

ental data obtained by Hayer and Castanet [41] and Anres et al. [43] are compatible
ith each other in the Sb-rich part, but are scattered in the composition range of

0–60 at.% Sb. The temperature dependence of mixing enthalpies of liquid alloys is
ot obvious due to the scattered experimental data at different temperatures and
hus was not taken into account in the present optimization.

Activities of Sb in the liquid Au–Sb alloys were determined by Kameda et al. [44]
t 973 K and 1073 K through the electromotive force (EMF) method as well as Hino
t al. [45] at 1273 K, 1373 K and 1473 K by means of vapour pressure measurements.
he experimental information [44,45] was used during the present optimization.

The enthalpies of formation of intermetallic compound AuSb2 were measured
y Hayer and Castanet [41], Jena and Bever [46], Weibke and Schrag [47] at 298 K,
iltz [48] at 363 K and Kleppa [49] at 723 K. The reported experimental data [46,47]
t 298 K differ much from the determined value later by Hayer and Castanet [41].
xperimental value [41] could be more reliable and thus was used in the present
ptimization, while the other experimental data [46–49] were neglected. According
o these experimental values [41,46–49], the temperature dependence of formation
nthalpy of AuSb2 is assumed. In addition, the enthalpy contents (HT − H298) of AuSb2

nd the alloy with 36 at.% Sb (eutectic composition) were measured by Anres et al.
43] (298–963 K) and Yassin et al. [50] (298–846 K) using calorimetry, respectively.
he experimental results [43,50] were also considered in the present optimization.

.2. The Sb–Si binary system
The Sb–Si binary system is a simple eutectic system. In 1907, Williams [51] inves-
igated firstly the liquidus of the Si-rich part using thermal analysis. Several liquidus
oints were determined by Thurmond and Kowalchik [52] and Girault [53] using a
eighing technique with high purity of the materials and the temperature measure-
ents are accurate within the experimental error (±2 K). Two liquidus points were
o. − 5549.56 + 5.440T − 0.470T ln T This work

re given by Dinsdale [34].

also measured by Malmeja et al. [54] using differential thermal analysis (DTA) and
the estimated temperature error of these measurements is about ±3 K. Although
Si contained almost 2% impurities (mainly Fe and Al) in the measurements of Ref.
[51] could affect the thermal analysis results, the experimental results [51] are still
consistent with the reported experimental data [52–54]. On the other hand, the tem-
perature and composition of the eutectic reaction in the Sb–Si binary system were
estimated by Williams [51], Thurmond and Kowalchik [52] from their experimental
results and were also reviewed by Olesinki and Abbaschian [33] as given in Table 1.
The reported temperature and composition for this eutectic reaction are very close
to the melting point of Sb and pure Sb, respectively. The experimental information
mentioned above [51–54] was taken into account in the present optimization.

Experimental information concerning the solubility of Si in rhombohe-
dral A7(Sb) could not be found in the published literature. Although a very small
solubility of Sb in diamond A4(Si) was reported by Fuller and Ditzenberger [55],
Rohan et al. [56], Trumbore [57] and Nobili et al. [58], the solubility of terminal
solid solutions in the Sb–Si binary system was not taken into account in the present
optimization.

According to the thorough review of the published literature, no thermodynamic
properties of the Sb–Si binary system (such as mixing enthalpy, activity etc.) have
been reported up to now.

3.3. The Au–Sb–Si ternary system

No thermodynamic properties of the Au–Sb–Si ternary system have been
reported in terms of the published literature. Gubenko and Kiparisova [59] as well
as Legendre and Hancheng [60] investigated experimentally this ternary system.
According to the experimental results [59,60], no stable ternary compound was
found in this ternary system. Prince et al. [61] reviewed this ternary system when
compiled phase diagrams of Au-based alloys.

Gubenko and Kiparisova [59] determined the liquidus in the region of primary
solidification of Si for three vertical sections close to the Au–Si binary side of the
Au–Sb–Si ternary system (Au–0.16 at.% Sb–Si, Au–1.13 at.% Sb–Si and Au–1.61 at.%
Sb–Si) in the temperature range from 823 K to 1073 K. However, after analyzed and
checked carefully their experimental results [59], Prince et al. [61] pointed out that
the measured liquidus is not reliable because the formed liquid phase of ternary
Au–Sb–Si alloys is assumed to be saturated with Si at each temperature. Legen-
dre and Hancheng [60] investigated experimentally phase relations of this ternary
system through differential thermal analysis and differential scanning calorime-
try. Five vertical sections, at 10 at.% Si, 10 at.% Sb, 30 at.% Sb, 50 at.% Sb, 80 at.% Au,
have been measured. Experimental results obtained by Legendre and Hancheng [60]
show that the Au–Sb–Si ternary system contains two invariant reactions: a transi-
tion reaction (U) at 730 K, L + rhombohedral A7(Sb) ↔ diamond A4(Si) + AuSb2 and a
eutectic reaction (E) at 605 K, L ↔ fcc A1(Au) + diamond A4(Si) + AuSb2. The compo-
sition of the liquid phase for the eutectic reaction (E) was determined, while those
of the terminal solid solutions including fcc A1(Au), diamond A4(Ge) and rhombo-
hedral A7(Sb) as well as the composition of the transition reaction (U) were not
measured. On the basis of the experimental results [60], the liquidus projection
of this ternary system was constructed. Recently, Humpston and Sangha [62] re-

determined the composition and temperature of the eutectic reaction (E) in the
Au–Sb–Si ternary system through metallographic examination and thermal analy-
sis. The obtained temperature of the eutectic reaction (604 K) is in good agreement
with the experimental value (605 K) by Legendre and Hancheng [60], while the liq-
uid composition of the eutectic reaction (12.5 at.% Sb, 13.5 at.% Si) differ obviously
from the previous experimental results (20 at.% Sb, 10 at.% Si) [60].
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. Thermodynamic models

.1. Pure elements

The stable forms of the pure elements at 298.15 K and 1 bar are
hosen as the reference states of the system. The Gibbs energy for
he element i in � status is given as:

G�
i

(T) = G�
i

(T) − HSER
i = a + b · T + c · T ln T + d · T2 + e · T3

+ f · T−1 + g · T7 + h · T−9 (1)

here HSER
i

is the enthalpy of the element i in its standard reference
tate (SER) at 298.15 K and 1 bar; T is the absolute temperature in K;
�
i

(T) is the Gibbs energy of the element i with structure �; 0G�
i

(T)
s the molar Gibbs energy of the element i with the structure of �
eferred to the enthalpy of its stable state at 298.15 K and 1 bar. In
he present work, the Gibbs energies of the elements Au, Sb and
i, 0G�

Au(T), 0G�
Sb(T) and 0G�

Si(T) are taken from the SGTE (Scientific
roup Thermodata Europe) database compiled by Dinsdale [34].

.2. Solution phases

The substitutional solution model is employed to describe the
olution phases including Liquid, fcc A1(Au), rhombohedral A7(Sb)
nd diamond A4(Si), respectively. The molar Gibbs energy of the
olution phase � (� = Liquid, fcc A1, rhombohedral A7 and dia-
ond A4) can be expressed as:

�
m =

∑
xi

0G�
i

+ RT
∑

xi ln(xi) + EG�
m (2)

here 0G�
i

is the molar Gibbs energy of the element i (i = Au, Sb,
i) with the structure �, xi the mole fraction of component i, R
as constant, T temperature in K, EG�

m the excess Gibbs energy.
he excess Gibbs energy of phase � can be expressed by the
edlich–Kister–Muggianu polynomial [63,64] as:

G�
m = xAuxSb

n∑

j=0

(j)L�
Au,Sb(xAu − xSb)j + xAuxSi

n∑

j=0

(j)L�
Au,Si(xAu − xSi)

j

+ xSbxSi

n∑

j=0

(j)L�
Sb,Si

(xSb − xSi)
j + xAuxSbxSiL

�
Au,Sb,Si (3)

ith

j)L�
Au,Sb = Aj + BjT (4)

j)L�
Sb,Si = Cj + DjT (5)

�
Au,Sb,Si = xAu

(0)LAu,Sb,Si + xSb
(1)LAu,Sb,Si + xSi

(2)LAu,Sb,Si (6)

here Aj, Bj, Cj and Dj are parameters to be optimized in the

resent work. (j)L�
Au,Si is binary interaction parameter, which is

aken directly from the Au–Si binary systems assessed by Meng
t al. [25]. The ternary interactive parameters (j)LAu,Sb,Si are param-
ters to be evaluated in the present work.

.3. Intermetallic compound

In the Au–Sb binary system, AuSb2 is treated as a stoichiometric
ompound because of the narrow homogeneity range. Since the

eat contents and enthalpies of formation of AuSb2 at different
emperatures were determined [41,43], the molar Gibbs energy of
uSb2 is expressed as follows:

AuSb2
m = 0.33330Gfcc

Au + 0.66670GRho.
Sb + E1 + E2T + E3T ln T (7)
Fig. 2. Phase diagram of the Au–Sb binary system calculated in the present work.

where E1, E2 and E3 are parameters to be optimized in the present
work.

In the Au–Sb–Si ternary system, the solubility of Si in AuSb2
was not considered due to the lack of the available experimental
information. Thus the Gibbs energy of the intermetallic com-
pound AuSb2 was taken directly from the Au–Sb binary system in
the present work during the optimization and calculation of this
ternary system.

5. Results and discussion

Using the lattice stabilities of the elements Au, Sb and Si com-
piled by Dinsdale [34], the model parameters for various phases
in the Au–Sb–Si ternary system was optimized using the PARROT
module in the Thermo-calc® software package developed by Sund-
man et al. [29]. This module works by minimizing the square sum of
the differences between the experimental data and calculated val-
ues. In the optimization procedure, each set of experimental data
was given a certain weight. The weights were changed systemati-
cally during the optimization until most of experimental data was
accounted for within the claimed uncertainty limits.

Thermodynamic parameters for all condensed phases in the
Au–Sb–Si system used and obtained eventually in the present work
are summarized in Table 2. Table 1 shows the invariant reactions for
the Sb–Si, Au–Sb, Au–Si binary systems and the Au–Sb–Si ternary
system, respectively. Reasonable agreement is achieved between
the calculated results and the experimental data.

5.1. The Au–Sb binary system

Fig. 2 is the calculated phase diagram of the Au–Sb binary
system. The comparison of the calculated phase diagram with
the experimental data measured by Vogel [35], Grigorjew [36],
Evans and Prince [37], Hayer and Castanet [41] as well as Owen
and Roberts [42] is shown in Fig. 3. As can be seen, the calcu-
lated liquidus is in good agreement with the experimental data
[35–37,41,42], especially in the Sb-rich part. The calculated solu-
bility of Sb in fcc(Au) is also consistent with the experimental data
[42]. The calculated temperatures and compositions of the invari-
ant reactions are given in Table 1 with the experimental values

[35–41] and the previously assessed values [20,30–32]. The cal-
culated temperatures of the eutectic reaction (e3) and peritectic
reaction (p1) are 630 K and 732 K in the present work, respectively,
which agree better with the experimental values [35–41] than the
previous assessment [20] (626 K and 740 K).
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ig. 3. Calculated phase diagram of the Au–Sb binary system with the experimental
ata [35–37,41,42] in the present work.

The comparison of the enthalpies of mixing of the liquid Au–Sb
lloys between the calculated and experimental values at 938 K
s presented in Fig. 4. It can be seen that the calculated mixing
nthalpies agree well with the experimental data determined by
ayer and Castanet [41] in the Sb-rich part, but show some devi-
tion from the experimental data measured Anres et al. [43] in
he Au-rich part. The similar cases are also shown in the previous
ssessments [20,32]. Considering the scattered data in the Au-rich
art and experimental error, the present calculation is still reason-
ble.

Fig. 5 shows the comparisons between the calculated activi-
ies of Sb in the liquid Au–Sb alloys with the experimental data
44,45] at different temperatures (973 K, 1073 K, 1273 K, 1373 K
nd 1473 K). The calculated results show their compatibility with
he experimental data measured by Kameda et al. [44], but devi-
te slightly from the experimental values reported by Hino et al.
45]. The similar cases also show in the previous assessments
20,32]. However, they are still reasonable and acceptable because

he activity of a component determined by the EMF method is

uch more reliable and within a smaller experimental error than
hat determined by vapour pressure method. Moreover, the cal-
ulated activities of Sb in liquid Au–Sb alloys in the present work

ig. 4. Calculated enthalpy of mixing of the liquid Au–Sb binary alloys in comparison
ith the experimental data [41,43] at 938 K (Ref. states: liquid Au and Sb).
Fig. 5. Calculated activities of Sb in liquid Au–Sb alloys with the experimental data
[44,45] (Ref. state: liquid Sb). (a) 973 K and 1373 K and(b) 1073 K, 1273 and 1473 K.

become closer to its molar fraction with increasing temperature,
which obeys the rule that liquid phase should become closer to
ideal solution at higher temperature. However, the experimental
data reported by Kameda et al. [44] and Hino et al. [45] are not in
agreement with this tendency in the Sb-rich part, which indicates
that there are larger experimental error in these two measurements
[44,45].

The enthalpy of formation of AuSb2 referred to fcc A1(Au) and
rhombohedral A7(Sb) at 298 K is calculated to be −5409.55 J/mol,
which agrees well with the experimental values measured by Hayer
and Castanet [41] (−5400 ± 600 J/mol) as well as the assessed val-
ues by Liu et al. [20] (−4962 J/mol) and Kim et al. [32] (−5500 J/mol).

Fig. 6 is the calculated enthalpy contents of AuSb2 and the alloy
with 36 at.% Sb in comparison with the experimental data measured
by Anres et al. [43] and Yassin and Castanet [50]. It can be seen
that the calculated enthalpy content of AuSb2 agrees well with the
experimental data [43]. However, the calculated enthalpy content
of the alloy with 36 at.% Sb deviates from the experimental data
[50] at low temperature. The reason for the deviation could result
from the uncertainty of the experimental data [50]. As a rule, if
the temperature decreases to 298 K, the enthalpy content should

become to be zero. As can be seen in Fig. 6, the large uncertainty
has to be given to the experimental data [50] in order to get a zero
value of the enthalpy content when the temperature is extrapolated
to 298 K, while the uncertainty of the measured enthalpy content
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positions of the liquid phase for the eutectic reaction (E) is slight
ig. 6. Calculated enthalpy contents for AuSb2 and the alloy with 36 at.% Sb (eutectic
omposition) in comparison with the experimental data [43,50].

or AuSb2 may be small [43]. Therefore, the present calculation is
ore reasonable than the experimental data.

.2. The Sb–Si binary system

The calculated phase diagram of the Sb–Si binary system is
hown in Fig. 7, and the comparison of the calculated phase dia-
ram with the experimental data by Williams [51], Thurmond and
owalchik [52], Girault [53] and Malmeja et al. [54] is presented

n Fig. 8. The calculated liquidus is in excellent agreement with
ost experimental data. In addition, although the solubility of Sb in

iamond A4(Si) is not considered during the optimization, the cal-
ulated phase boundary of diamond A4(Si) is also consistent with
he experimental data in Refs.[55–58] as given in Fig. 9. In combi-
ation with Table 1, the calculated temperature and composition
f the eutectic reaction is in good agreement with the experimental
alues [33,51,52].

In Section 3 mentioned above, thermodynamic properties of the
iquid Sb–Si alloys was not reported in the published literature up
o now. As can be seen in Figs. 7 and 8, both the calculated phase

iagram of the Sb–Si binary system and the experimental data show
mooth liquidus, resulting in a possible metastable liquid miscibil-
ty gap, which are corresponding with the positive enthalpies of

ixing of the liquid Sb–Si alloys and the activities of Sb and Si are

ig. 7. Calculated phase diagram of the Sb–Si binary system in the present work.
Fig. 8. Calculated phase diagram of the Sb–Si binary system compared with exper-
imental data [51–54] in the present work.

positive deviation from the Raoult’s law. The present authors sug-
gest the further experimental investigations to verify these present
predictions.

5.3. The Au–Sb–Si ternary system

Combined the present optimizations of the Au–Sb and Sb–Si
binary system with the previous assessment of the Au–Si binary
systems, the Au–Sb–Si ternary system was further optimized based
on available experimental data. The invariant reactions of this
ternary system are calculated as shown in Table 1. The liquidus pro-
jection and several vertical sections of this ternary system are also
calculated and compared with the experimental data in Figs. 10–13.

The invariant reactions (U and E) in the Au–Sb–Si ternary system
are associated with the liquid phase as given in Fig. 10 and Table 1.
The calculated temperatures of the invariant reactions agree well
with the experimental data measured by Legendre and Hancheng
[60] and Humpston and Sangha [62], while the calculated com-
deviation from the experimental data [60], but agree well with
the experimental results [62]. In Fig. 10(b), the calculated liquidus
projection of the Au-rich part is compared with the experimen-
tal results of the primary solidification fields including fcc(Au),

Fig. 9. Calculated phase diagram of the Sb–Si binary system compared with exper-
imental data [55–58] in the Si-rich side in the present work.
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hases [62].

imond(Si) and AuSb2. As can be seen, the calculated results are
onsistent with the experimental results [62].

Figs. 11–13 present the calculated vertical sections at 80 at.% Au,

0 at.% Sb, 30 at.% Sb, 50 at.% Sb and 10 at.% Si with the experimen-
al data [60], respectively. It can be seen that the calculated phase
elations and phase boundaries are in good agreement with the
xperimental data [60]. In Figs. 11 and 13, the calculated liquidus

ig. 11. Calculated vertical section at 80 at.% Au with the experimental data [60].

Fig. 12. Calculated vertical sections of the different Sb compositions with the exper-
imental data [60]. (a) 10 at.% Sb; (b) 30 at.% Sb; and (c) 50 at.% Sb.
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ig. 13. Calculated vertical section at 10 at.% Si with the experimental data [60].

f fcc A1(Au) and diamond A4(Si) show a slight deviation from the
easured experimental data [60].

. Conclusions

The updated optimization of the Au–Sb binary system was
arried out and the Sb–Si binary system was assessed using the
ALPHAD method. The self-consistent thermodynamic parameters

or describing various phases in these two binary systems were
btained, which can be used to reproduce well the reported exper-
mental information. Combined with the previous assessment of
he Au–Si binary system and the available experimental informa-
ion on the Au–Sb–Si ternary system, thermodynamic description
f the Au–Sb–Si ternary system was developed. The liquidus pro-
ection and several vertical sections were calculated. The calculated
esults are in good agreement with the reported experiment data.
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