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Abstract: The thermodynamic re-assessment of Au−Pt binary system was carried out by using the Calphad method and based on the 
recent experimental data. The Gibbs energies of face-centred cubic and liquid phases were described by a sub-regular solution model 
with the Redlich-Kister equation. Much effort was taken to reproduce the phase equilibrium results and thermodynamic properties of 
the solid phase, including the activity and mixing enthalpy. The constraint of the third law of thermodynamics was also considered in 
the assessment. According to the presently assessed results, the miscibility gap region in the Au−Pt system slightly shifts to the 
Au-rich side, and the critical point of the miscibility gap is about 1200 °C and Au−56% Pt. 
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1 Introduction 
 

Recently, intense research has been focused on the 
Au−Pt and Au−Pt based systems because these alloys 
exhibit unusual mechanical properties, physical 
properties, chemical stability and biological 
compatibility and have many potential applications in the 
fields of electronics, medicines, microelectronic 
packaging, etc [1−6]. The Au−Pt system is a typical 
representative of the miscibility gap (MG) occurring in 
the solid state [7]. Much effort has been focused on the 
control of the miscibility limit of Au and Pt in the Au−Pt 
system in order to achieve desirable properties by means 
of heat treatment and/or the third element addition [1, 
8,9]. However, due to the two noble metals Au and Pt 
employed, it is restricted and delayed to develop the new 
Au−Pt and Au−Pt based alloys through a trial-and-error 
method. There is thus an urgent need to adopt a new 
approach to design and develop the new Au−Pt and 
Au−Pt based alloys, such as calculation of phase 
diagrams method (CALPHAD). Unfortunately, the 
current thermodynamic description of the Au−Pt system 
can not meet the requirements of the alloy design due to 

its unreasonable deviation from the practical case. 
According to the literature review, there have been 

two published assessments of the binary Au−Pt system 
so far. The results assessed and available data are shown 
in Fig. 1 [7,8,10−19]. The Au−Pt system was firstly 
assessed by OKAMOTO and MASSALSKI [7] who 
referred to a compilation of previous data by X-ray 
diffraction, thermodynamic analysis and electrical 
resistivity measurement [8,10−17]. However, these data 
above measured about 50 years ago have some 
experimental errors inherited from the techniques 
themselves, and have some differences from our recent 
phase equilibrium data using the diffusion couple 
technique [20]. Later, GROLIER and RAINER [18] 
re-assessed the Au−Pt system using simple sub-regular 
solution model to the liquid and face-centred cubic  
(FCC) phases on the basis of these previous experimental 
data [8,10−15,19]. Their thermodynamic parameters can 
reproduce most thermodynamic data and phase 
equilibrium data. However, if the MG of the Au−Pt 
system is extrapolated to 0 K using the thermodynamic 
parameters from GROLIER and RAINER [18], as shown 
in Fig. 1 [7,8,10−19], the Au-rich phase contains about 
3%Pt, which appears inconsistent with the third law of  
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Fig. 1 Present accepted binary Au−Pt phase diagram calculated 
from available data [7,8,10−19], where circled region indicates 
Au phase is not pure Au at 0 K 
 
thermodynamics. Therefore, the Au−Pt system needs to 
be further investigated to get one set of reasonable 
thermodynamic parameters to develop new Au−Pt-based 
bulk and nanometer materials. 

Recently, the MG of the Au−Pt system by diffusion 
couple technique was measured [20] and it was found 
that the MG boundary has some deviation from the early 
data. In this work, the Au−Pt system by means of the 
CALPHAD method was re-assessed considering our 
recent experimental MG data [20] and thermodynamic 
properties of the solid phase, including activity [21]  
and mixing enthalpy [22,23]. Moreover, the 
thermodynamic parameters of liquid phase were obtained 
by optimizing the experimental data on the liquidus and 
solidus [8,10,11,14]. Finally, a set of self-consistent 
thermodynamic parameters for each phase were 
obtained.  

 
2 Experimental 
 
2.1 Phase diagram data 

The phase equilibrium of Au−Pt system has been 
extensively investigated over the last century [7,8, 
10−17,19]. The liquidus and solidus of the Au−Pt system 
were determined by several researchers using thermal 
analysis on cooling [8,10,11], electrical resistivity 
[11,14] and microscopy [8]. Most results generally 
coincide with each other. Large experimental scatters can 
be observed in the data by GRIGORJEW [10] and 
GRUBE et al [11]. GRIGORJEW [10] reported a 
peritectic reaction varying from 1260 to 1300 °C and 
GRUBE et al [11] from 1295 to 1302 °C. The deviation 
may be attributed to the adopted measurement method, 
thermal analysis on cooling, which is always 

accompanied by supercooling effects. These inaccuracy 
data were not used in the present study. 

The MG in the solid phase has been investigated by 
XRD [8,12,13,16,17,19], electrical resistivity measure- 
ments [8,12,14,15] and present diffusion couple method 
[20]. The results by XRD and resistivity measurement 
are shown in Fig. 1 [7,8,10−19]. It is obvious that the 
MG measured by XRD shifts to the Pt-rich side 
compared with that determined by electrical resistivity. 
The deviation may depend on the adopted investigation 
method. For electrical resistivity measurement, 
RUDNITSKII [24] indicated that the temperature 
dependence behaviors of the electrical resistances of the 
alloys on heating were not reproduced on cooling. This 
indicates the resistivity measurement does not meet the 
requirement of phase equilibria determination. Moreover, 
JOHANSSON and HAGSTEN [25] found that a 
hysteresis effect existed in the resistivity measurements 
for the Au−Pt alloys, which possibly resulted in some 
errors in determining the equilibrium phase compositions 
at a given temperature. For the XRD measurement, the 
lattice parameters of the solid phase were calculated 
according to the Vegard’s law and thus the compositions 
of the corresponding phases were determined based on 
the hypothesis that annealing temperature seemed to 
have little effect on the lattice parameters [7]. But 
according to the results reported by VESNIN and 
SHUBIN [19] using high temperature X-ray diffraction, 
the hypothesis was not supported. The results indicated 
that the lattice parameters for Au−Pt system increased 
with increasing temperature. Based on the unreasonable 
hypothesis, the temperature effect on the lattice and 
strain existed in solid phases of the alloys was 
overlooked in the process of lattice constant calculation, 
especially for an insufficient solution treatments and/or 
aging duration. Therefore, the MG of the Au−Pt system 
determined by XRD is in some error and shifts to the 
Pt-rich side. In contrast, the diffusion couple technique 
used can produce equilibrium phases in bulk, in 
particular, the equilibrated phase interface is usually a 
large angle phase boundary with a less strain effect. At 
the same time, electron probe microanalysis (EPMA) can 
provide a more accurate composition analysis and finally 
a more reliable MG can be determined. Therefore, the 
present assessment was based on the MG reported by 
diffusion couples method [20], and the data from XRD 
and electrical resistivity was not used. 
 
2.2 Thermodynamic data 

The thermodynamic data of the Au−Pt system is 
scarce. To the best of our knowledge, no thermodynamic 
data for the liquid phase has been measured, thus it is 
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difficult to accurately assess the parameters of the liquid 
phase. While for the solid phases of the Au−Pt system, 
JONES et al [21] determined the activity of Au in the 
solid phase at 1100, 1150 and 1200 °C by mass 
spectrometry (Knudsen-cell), and using these data, the 
formation enthalpy of the solid phase was also calculated. 
KUBASCHEWSKI et al [22], SCHALLER [23] and   
De BOER et al [26] reported the formation enthalpy of 
the solid phase over the entire compositional range at  
25 °C, with solid Au and Pt as reference state. The values 
showed that the enthalpy of formation is positive and 
compositional asymmetry. The semi-empirical results of 
BOER et al [26] showed a large deviation from the other 
results. Thereby, the results from KUBASCHEWSKI et 
al [22] and SCHALLER [23] were used in the present 
work. 
 
3 Thermodynamic modeling and 

optimization 
 
3.1 Modeling 

There are only two phases in the Au−Pt system, 
liquid and FCC phases. They are described by the 
sub-regular solution model, according to which the molar 
Gibbs free energy of α phase (liquid, FCC) is expressed 
as: 

 
αααααααααα GxxxxRTxGxGG m

E
PtPtAuAuPtPt

0
AuAu

0
m )lnln( ++++=  

                     (1)  
where αxAu  and αxPt  denote the molar fractions of Au 
and Pt in the α phase, respectively; αGAu

0  and αGPt
0  are 

the molar Gibbs free energies of pure Au and Pt, 
respectively; and αGm

Ε  is the excess Gibbs free energy, 
expressed as a Redlich-Kister polynomial: 

 
iααα

i

iααα xxLxxG )( PtAuPtAu,PtAum
E −= ∑                (2) 

 
where αiL PtAu, is the binary interaction parameter 
between Au and Pt and is temperature dependent as: 

 
TBAL αiαiαi

PtAu,PtAu,PtAu, +=                         (3) 
 

where αi A PtAu,  and αiB PtAu,  are the constants to be 
optimized and i is the series. It should be mentioned that, 
regarding liquid phase, i=0 for simplicity, particularly for 
its extrapolation to a high-order system. As those 
investigations [21−23, 26] shown, the formation enthalpy 
of solid phase is not symmetrical. To describe the 
composition dependence, FCC

PtAu,
0L  and FCC

PtAu,
1L  are 

necessary to be taken into account. 
 
3.2 Optimization 

The optimization was carried out by using 
thermodynamic calculation software (Thermo-Calc). 

Since the experimental data for the liquid phase are 
scarce, it is difficult to start with the assessment of the 
liquid phase. The thermodynamic parameters of the solid 
phases were thus firstly optimized. For the solid phase, 
the determined thermodynamic properties, including 
formational enthalpy [22,23] and the activity [21], were 
used together with our MG determined by diffusion 
couple technique [20]. The liquid phase was then 
investigated considering the phase diagram data. All the 
parameters were finally evaluated together to reproduce 
not only the experimental phase boundaries but also the 
thermodynamic data. All the evaluated parameters are 
listed in Table 1. 

 
Table 1 Evaluated thermodynamic parameters for Au−Pt 
system 

Phase i αi A PtAu, /(J·mol−1·atom−1) αiB PtAu, /(J·mol−1·atom−1)

Liquid 0 12800 7.00 

FCC 0 15000 6.10 

FCC 1 −7600 3.55 

 
4 Results and discussion 
 

The calculated Au−Pt binary phase diagram in this 
work is shown in Fig. 2, compared with the one by 
GROLIER and RAINER [18], including the 
experimental data [8,10,11,14,18,20]. The calculated 
results agree well with most of the experimental phase 
equilibria data. The results show that the present assessed 
MG deviates from the previous one, which shifts to the 
Au-rich side of the Au−Pt system. The critical point of 
the MG is at about 1200 °C at 56%Pt (molar fraction), in 
contrast to the previously assessed 1260 °C at 61%Pt [7]. 
In this work, the constraint of the third law of the 
thermodynamics is considered, and the two phases in 

 

 
Fig. 2 Calculated phase diagrams of Au−Pt system in this work 
compared with results calculated by GROLIER et al, together 
with available experimental data 



XU Xiao-ning, et al/Trans. Nonferrous Met. Soc. China 22(2012) 1432−1436 

 

1435

equilibrium at 0 K are predicted to be pure Au and   
pure Pt. 

The calculated enthalpy of the formation of solid 
phase together with experimental data and calculated 
results previously is shown in Fig. 3 [18,21−23,26]. It is 
noted that the formation enthalpy is positive, which 
indicates a MG occurs in the solid phase. Moreover, 
some uncertainties can be observed between the 
experimental and calculated data. Taking the calculated 
data into account using activity and/or model, the 
calculated results are not fully considered. The present 
calculation puts emphasis on the consideration of these 
experimental data by KUBASCHEWSKI et al [22] and 
SCHALLER [23], and the results show a reasonable 
agreement with the experimental data. Moreover, the 
comparison between the experimental data and 
calculated results of the Au activity in solid phase is 
shown in Fig. 4 [18,21]. The present calculated results 
can properly reproduce the experimental data. However, 
the calculated results are slightly lower than the 
experimental data at 1200 °C. 

 

 

Fig. 3 Calculated formation enthalpy of FCC phase with 
reference to Au (FCC, 25 °C) and Pt (FCC, 25 °C), together 
with available experimental data and results calculated by 
GROLIER et al 

 
In summary, the present thermodynamic parameters 

can reproduce the experimental phase boundaries and 
thermodynamic properties, especially obey the constraint 
of the third law of thermodynamics. This provides the 
basic information for the alloy design and future 
development of the Au−Pt multicomponent alloys, in 
particular, for understanding the high catalytic activity of 
Au−Pt-based alloy nanoparticles. 
 
5 Conclusions 
 

1) The Au−Pt system has been thermodynamically 
re-assessed using the Calphad approach by combining 
new experimental miscibility gap data, previous liquid  

 

  
Fig. 4 Calculated activity of Au in FCC phase compared   

with results by GROLIER et al: (a) 1100 °C; (b) 1150 °C;    

(c) 1200 °C (FCC, given temperature) 
 
data and thermodynamic properties, which well 
reproduces most experimental data and conforms to the 
third law of thermodynamics. 

2) According to the presently assessed results, the 
miscibility gap region slightly shifts to the Au-rich side 
of the Au−Pt system, and the critical point of the 
miscibility gap is about 1200 °C at Au−56%Pt, in 
contrast to 1260 °C at Au−61%Pt reported by previous 
assessment. 
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Au−Pt 二元合金的热力学评估 
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摘  要：基于最近实验测得的 Au−Pt 二元体系相平衡数据，利用 Calphad 方法重新评估 Au−Pt 二元体系的热力学

参数。采用亚正规溶体模型 Redlich-Kister 等式描述液相和面心立方相的 Gibbs 自由能。考虑热力学第三定律的限

定，以再现相平衡数据和固相热力学性质，包括活度和混合焓，优化 Au−Pt 二元系统热力学参数。优化结果表明： 

Au−Pt 合金系统的溶解度间隙边界向富 Au 侧偏移，其顶点位置在 1200 °C，Au−56%Pt。 

关键词：Au−Pt 体系；相图；热力学评估；Calphad 法 
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