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Abstract

:

Phase equilibria and thermodynamic properties of the Au-Sb-Sn ternary system are important for the design of Au-based alloys as high-temperature lead-free solders to replace high-Pb solders. In this work, phase transition temperatures of five Sb-Sn alloys were measured using differential thermal analysis (DTA), and the temperatures of three invariant reactions were determined. Based on the measured experimental results in this work and the reported results, the Sb-Sn binary system was re-optimized using the CALPHAD method. The calculated results were in good agreement with available phase equilibria and thermodynamic data. This work was further combined with the previous assessments of the Au-Sn and Au-Sb binary systems and the present optimization of the Sb-Sn binary system to calculate the phase equilibria and thermodynamic properties of the Au-Sb-Sn ternary system, according to the reported experimental results, including thermodynamic properties and phase equilibria. The calculated liquidus projection, isothermal sections, vertical sections, as well as enthalpy of mixing and activity of Sn in liquid alloys are consistent well with the reported experimental results. A self-consistent set of thermodynamic parameters was obtained to accurately describe Gibbs energies of various phases in the Au-Sb-Sn ternary system, which would serve as a sound basis for developing a thermodynamic database of multicomponent Au-Sn-based alloy systems.
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1. Introduction


High-Pb solders (e.g., 95Pb-5Sn (wt.%)) as high-temperature solders possess excellent soldering properties in electronic packaging and step soldering applications. Lead is harmful to both the environment and human health, and, thus, the use of high-Pb solders has been restricted [1,2,3]. The Au-Sn-based alloys have been proposed as alternative high-temperature Pb-free solders [4,5]. In particular, the Au-20Sn (wt.%) eutectic alloy is attractive in high-power electronic and optoelectronic devices because of its superior resistance to corrosion and high electrical and thermal conductivity, as well as high mechanical strength [6,7]. To reduce the costs of Au-based solders, alloying elements, such as Ag, Bi, Cu, Ga, Ge, In, Sb, Si, and Zn, may be added to replace part of the Au [8]. To understand better the role of alloying elements and to design novel Au-based solders, the knowledge of the reliable phase diagrams and thermodynamic properties of the Au-based alloy systems is indispensable. It was reported that adding Sb to Au-20Sn (wt.%) alloy does not significantly affect its melting temperature [9]. The phase equilibria of the Au-Sb-Sn ternary system were studied experimentally [9,10,11] and calculated thermodynamically [9]. However, the thermodynamic properties of liquid Au-Sb-Sn alloys determined recently by Hindler et al. [12] and Jendrzejczyk et al. [13,14] were not considered in the calculation of Kim et al. [9]. Therefore, the purpose of the present work is to re-optimize the Sb-Sn binary system, based on the measured phase diagram data, and then to obtain a consistent and reliable thermodynamic description of the Au-Sb-Sn ternary system in combination with the previous assessment of the Au-Sb and Au-Sn binary systems using the CALPHAD method [15].




2. The Literature Information


2.1. The Au-Sb Binary System


The Au-Sb binary phase diagram has been studied by several researchers [9,16,17,18,19]. Wang et al. [18] assessed the Au-Sb binary system by considering all the available experimental data. The calculations [18] are in good agreement with the reported phase equilibria and thermodynamic properties. Therefore, thermodynamic parameters of the Au-Sb binary system obtained by Wang et al. [18] were used in this work. The calculated Au-Sb binary phase diagram is shown in Figure 1a.




2.2. The Au-Sn Binary System


Several thermodynamic assessments of the Au-Sn system have been reported [20,21,22,23,24,25]. The calculated results [20] show good agreement with most of the experimental data. Therefore, in this work, the assessed results [20] were used in the calculation of the Au-Sb-Sn ternary system. Figure 1b shows the calculated Au-Sn binary phase diagram by Dong et al. [20].




2.3. The Sb-Sn Binary System


The Sb-Sn binary system was investigated by many researchers [26,27,28,29,30,31,32,33,34]. Schmetterer et al. [26,29] reported a comprehensive analysis of the experimental study of the Sb-Sn binary system and updated the Sb-Sn binary phase diagram based on the new experimental results. The results [26,29] show that the intermetallic compound Sb3Sn4 with the R   3 –   m space group is a stable phase, rather than Sb2Sn3, which has no clear structural description [29]. Therefore, Sb3Sn4 is considered, in this work, as a stable intermetallic compound in the Sb-Sn binary system.



On the other hand, Sb3Sn4 in the Sb-Sn binary phase diagram reported by Perdel et al. [34] and Ohtani et al. [32] decomposes at 515 K to SbSn and bct(Sn) phase, which was accepted by Okamoto [33]. The assessed results (except for the composition range of SbSn) of Jonsson et al. [35] and Kroupa et al. [36] are in general agreement with the calculated results of Ohtani et al. [32]. The experimental Sb-Sn binary phase diagram [28,29,30,37] displays a contradiction to the decomposition of Sb3Sn4 at around 515 K. The experimental results determined by Chen et al. [28] show that Sb3Sn4 is not decomposed and is stable at room temperature, which was accepted in the new edition of the phase diagram handbook [27]. Chen et al. [28] optimized the Sb-Sn binary system considering the stable intermetallic compound Sb3Sn4 down to room temperature. The stability of Sb3Sn4 was further confirmed by Gierlotka et al. [30] through ab initio calculation. Gierlotka et al. [30] re-optimized the Sb-Sn binary system, based on the new experimental data [27]. Borzone et al. [37] investigated the phase equilibria in the Sb3Sn4-SbSn composition range experimentally and confirmed the phase transitions related to Sb3Sn4. Lysenko [38] calculated the Sb-Sn binary system, including both Sb2Sn3 and Sb3Sn4. Recently, Zhang et al. [31] re-assessed the Sb-Sn binary system. According to the experimental results [28,29,30,37], Sb3Sn4 is stable at room temperature, which was considered in the present calculation of the Sb-Sn binary system. The experimental data determined in this work and reported in refs. [28,29,32,34,37] were highly valued in the optimization work.



Thermodynamic properties of the liquid phase in the Sb-Sn binary system were determined experimentally [14,39,40,41,42,43]. The enthalpy of mixing of the liquid Sb-Sn alloys was measured through calorimetry by Witting and Gehring [39], Sommer et al. [40], and Azzaoui et al. [41]. The activity of Sn in liquid Sb-Sn alloys was determined by Jendrzejczyk et al. [14], Frantic et al. [42], and Itoh et al. [43] by the electromotive force (EMF) method. The experimental results of thermodynamic properties of the liquid phase in the Sb-Sn binary system [14,39,40,41,42,43] were used in the present calculation of the Sb-Sn binary system.




2.4. The Au-Sb-Sn Ternary System


The phase equilibria of the Au-Sb-Sn ternary system were studied experimentally [9,10,11,12]. The reaction scheme of the Au-Sb-Sn ternary system was proposed by Prince et al. [44] based on the results of Humpston et al. [11]. The isothermal section of the Au-Sb-Sn ternary system at 523 K was determined by Schubert et al. [10] using X-ray diffraction and metallographic analysis. The solubility of Sn in AuSb2 at 523 K was determined to be 15 at.%. The experimental results [10] show no stable ternary intermetallic compound in this ternary system. Kim et al. [9] measured phase transitions of two Au-4.8Sb-30.7Sn (at.%) and Au-7.0Sb-28.5Sn (at.%) alloys using differential scanning calorimetry (DSC). Hindler et al. [12] determined the liquidus temperature for three vertical sections (    x   A u    :    x   S b     = 2:1,     x   A u   :   x   S b     = 1:1,     x   A u   :   x   S b     = 1:2) by differential thermal analysis (DTA). The experimental results of phase equilibria and phase transitions [9,10,11,12] were used in the present calculation of the Au-Sb-Sn ternary system.



Thermodynamic properties of the Au-Sb-Sn ternary system were investigated experimentally [12,13,14]. Hindler et al. [12] measured the enthalpy of mixing of liquid Au-Sb-Sn alloys with different composition ratios (    x   A u   :   x   S b    ,     x   S b   :   x   S n    ,     x   A u   :   x   S n     = 2:1, 1:1, 1:2) at 873 K and 1073 K using electromotive force (EMF) method. Meanwhile, the activity of Sn in liquid Au-Sb-Sn alloys with different composition ratios (    x   A u   :   x   S b     = 2:1,     x   A u   :   x   S b     = 1:1,     x   A u   :   x   S b     = 1:2) at 873 K by the EMF method was determined. Jendrzejczyk et al. [13] measured the enthalpy of mixing of liquid Au-Sb-Sn alloys with different composition ratios (    x   A u   :   x   S b     = 2:1,     x   A u   :   x   S b     = 1:1,     x   A u   :   x   S b     = 1:2) at 923 K and 1078 K using a high-temperature calorimeter. Recently, the activity of Sn (    x   A u   :   x   S b     = 2:1,     x   A u   :   x   S b     = 1:2) in liquid Au-Sb-Sn alloys at 1273 K was also determined by Jendrzejczyk et al. [14] by the EMF method. The determined experimental results [12,13,14] were employed in the present calculation of the Au-Sb-Sn ternary system.





3. Experimental Procedure


Five SbxSn1−x (x = 0.28, 0.32, 0.38, 0.50, 0.55) alloys were prepared by arc-melting using pure metals Sb and Sn (purity, 99.99%). The alloy samples were melted in a 99.99% argon atmosphere. To ensure the uniformity of the composition, the alloy samples were melted more than four times. The thermal analysis measurements of the alloy samples were carried out using a differential scanning calorimeter (DTA, Q–2000 TA instrument, TA Instruments Inc., New Castle, DE, USA) under an argon atmosphere. To ensure the accuracy and reliability of the experimental results, all alloy samples were tested at different heating rates (5 K/min and 10 K/min).




4. Thermodynamic Models


4.1. Solution Phases


In the Au-Sb-Sn ternary system, the molar Gibbs energy of a solution phase Φ (Φ = Liquid, fcc, bct, hcp, rhom, and Au10Sn) is expressed by the substitutional solution model, as follows:


    G   m   Φ   =   ∑  i = A u , S b , S n      x   i         G   i   Φ         0   + R T   ∑  i = A u , S b , S n      x   i       l n x   i   +     G   m   Φ         e x    



(1)




where;     x   i     represents the molar fraction of element i (i = Au, Sn, Sb),       G   i   Φ         0     is the Gibbs free energy of pure element i, in the structure of the phase Φ with respect to the standard reference state at 298.15 K and 1 bar, R is the gas constant, and T denotes the absolute temperature in Kelvin. In the present work, the Gibbs energies of the elements Au, Sb, and Sn, as well as       G   A u   Φ         0     T    ,       G   S b   Φ         0     T    , and       G   S n   Φ         0     T    , were taken from the SGTE (Scientific Group Thermodata Europe) database [45], where the elements Sb and Sn have been updated using the new version of the database.       G   m   Φ         e x     is the excess Gibbs free energy of the Φ phase, which can be expressed as the Redlich–Kister–Muggianu polynomial [46,47]:


       G   m   Φ         e x   =   x   A u     x   S b     ∑  j        L   A u , S b   Φ         j           x   A u   −   x   S b       j   +   x   A u     x   S n     ∑  j        L   A u , S n   Φ         j           x   A u   −   x   S n       j    +   x   S b     x   S n     ∑  j        L   S b , S n   Φ         j           x   S b     − x   S n       j      +   x   A u       x   S b   x   S n       x   A u       L   A u , S b , S n   Φ         0   +   x   S b       L   A u , S b , S n   Φ         1   +   x   S n       L   A u , S b , S n   Φ         2       



(2)




where; j is an integer (j = 0, 1, 2),       L   A u , S b   Φ         j     and       L   A u , S n   Φ         j     are the Au-Sb and Au-Sn interaction parameters taken from the binary systems evaluated by Wang et al. [18] and Dong et al. [20], and       L   S b , S n   Φ         j     was the parameter to be optimized for the Sb-Sn binary system. The parameters       L   A u , S n , S b   Φ         0   ,       L   A u , S n , S b   Φ         1    , and       L   A u , S n , S b   Φ         2     were the ternary interaction parameters assessed in this work.




4.2. Binary Compounds


Considering the solubility of Sn in AuSb2, the molar Gibbs energy of AuSb2 is described using the model (Au)0.333333:(Sb, Sn)0.666667, and the formula is given as:


    G   m   A u   S b   2     =   y   S b   ″       G   A u : S b   A u   S b   2          +  0     y   S n   ″       G   A u : S n   A u   S b   2           0   + 0.666667 R T     y   S b   ″   l n   y   S b   ″   +   y   S n   ″   l n   y   S n   ″      +   y   S b   ″     y   S n   ″       L   A u : S b , S n   A u   S b   2           0    



(3)






      G   A u : S n   A u   S b   2     = 0.333333       0       G       0     A u   f c c   + 0.666667     G       0     S b   r h o m   +   A   1   +   B   1   T  



(4)






      L   A u : S b , S n   A u   S b   2           0   =   A   2   +   B   2   T  



(5)




where;     y   S b   ″     and     y   S n   ″     are the site fractions of Sb and Sn in the second sublattice, respectively.       G       0     A u   f c c     and       G       0     S b   r h o m     are the Gibbs energies of the pure elements Au and Sb.       G   A u : S b   A u   S b   2           0     is the Au-Sb interaction parameter taken from the binary system evaluated by Wang et al. [18].       G   A u : S n   A u   S b   2           0     and       L   A u : S b , S n   A u   S b   2           0     are the lattice stability parameters and the ternary interaction parameters to be optimized. The parameters     A   1    ,     B   1    ,     A   2   , a n d     B   2     were optimized in this work.



The solubility of the third element in Au5Sn, AuSn2, AuSn4, and Sb3Sn4 was considered negligible in this work due to the lack of available experimental information. Therefore, Au5Sn, AuSn2, AuSn4, and Sb3Sn4 were considered as stoichiometric phases. The Gibbs energies of Au5Sn, AuSn2, and AuSn4 were taken directly from the optimized results of the Au-Sn binary systems by Dong et al. [20]. Meanwhile, the molar Gibbs energy of Sb3Sn4 was expressed as:


    G   m     S b   3     S n   4     = 0.43     G       0     S b   r h o m   + 0.57     G       0     S n   b c t   +   A   3   +   B   3   T  



(6)




where;       G       0     S b   r h o m     and       G       0     S n   b c t     are the Gibbs energies of the pure elements Sb and Sn. The parameters     A   3     a n d     B   3     were optimized in this work.



Considering its large composition range, SbSn was described using the model (Sb, Sn)0.5(Sb, Sn)0.5, and the molar Gibbs energy was expressed as:


      G   m   S b S n   =   y   S b   ′     y   S b   ″         G   S b : S b   S b S n         0   +   y   S b   ′     y   S n   ″       G   S b : S n   S b S n         0   +   y   S n   ′     y   S b   ″       G   S n : S b   S b S n         0   +   y   S n   ′     y   S n   ″       G   S n : S n   S b S n         0        + 0.5 R T     y   S b   ′   l n   y   S b   ′   +   y   S n   ′   l n   y   S n   ′     + 0.5 R T     y   S b   ″   l n   y   S b   ″   +   y   S n   ″   l n   y   S n   ″          +   y   S b   ′     y   S n   ′     y   S b   ″       L       0     S b , S n : S b   S b S n   +   y   S b   ′     y   S n   ′     y   S n   ″       L       0     S b , S n : S n   S b S n        +   y   S b   ′     y   S b   ″     y   S n   ″       L       0     S b : S b , S n   S b S n   +   y   S n   ′     y   S b   ″     y   S n   ″       L       0     S n : S b , S n   S b S n      



(7)




in which    y  S b  ′   ,    y  S b    ′ ′     ,    y  S n  ′  ,   and    y  S n    ′ ′      are site fractions of Sb and Sn in the first and second sublattice, respectively.    G      0     S b :   S b   S b S n    ,    G      0     S b :   S n   S b S n    ,    G      0     S n :   S b   S b S n    , and    G      0     S n :   S n   S b S n     represent the Gibbs energy of possible end members for SbSn, while the parameters,    L      0     S b , S n : S b   S b S n    ,    L      0     S b ,   S n : S n   S b S n    ,    L      0     S b : S b , S n   S b S n    , and    L      0     S n :   S b ,   S n   S b S n     represent the interactions within each sublattice.





5. Results and Discussion


Using the experimental data, including phase equilibria and thermodynamic data, the thermodynamic parameters of each phase in the Au-Sb-Sn ternary system were optimized using the PARROT module in Thermo-Calc® software package (Thermo-Calc Software AB Inc., Stockholm, Sweden) developed by Sundman et al. [48]. Finally, the thermodynamic parameters of the Au-Sb-Sn system were obtained, as shown in Table 1.



5.1. The Sb-Sn Binary System


The thermal analysis curves of SbxSn1−x (x = 0.28, 0.32, 0.38, 0.50, 0.55) alloys were tested with different heating rates (5 K/min and 10 K/min) under an argon atmosphere. According to the measured thermal analysis curves of the alloys, the onset temperature of the peaks during the heating curve was determined as the temperature of the invariant reactions, while the peak temperature of the last thermal effect was used as the liquidus temperature. The phase transition temperatures of SbxSn1−x (x = 0.28, 0.32, 0.38, 0.50, 0.55) alloys were determined, as shown in Table 2.



Figure 2 shows the thermal analysis curves of SbxSn1−x (x = 0.28, 0.32, 0.38) alloys at the heating rate of 5 K/min. A slow onset followed by an invariant effect appeared around 510.6–514.4 K with a clear kink before the peak at 516 K. The experimental results were in agreement with the reported data [29,37,49]. The temperatures of two peritectic reactions, L + Sb3Sn4 ↔ bct (Sn) at 516 K and L + SbSn ↔ Sb3Sn4 at 598 K, were determined. Finally, the phase transitions of the liquid phase were at 625.2 K, 640.1 K, and 660.5 K, respectively.



Figure 3 shows the thermal analysis curves of SbxSn1−x (x = 0.50, 0.55) alloys. As shown in Figure 3a, two weak thermal effects at 514.1 K and 593.3 K were found. The transition from the SbSn single-phase region to the two-phase region with SbSn and liquid phase is visible in the temperature range of 620–693.9 K. The peritectic reaction (L + rhom(Sb) ↔ SbSn at 693.9 K) and the liquidus temperature at 700.2 K were determined. Figure 3b shows endothermic peaks at 510.8 K and 592.4 K, and incomplete peritectic reactions were found in the Sb-Sn binary system, which leads to some spurious effects in the DSC measurements. Four peaks were recorded in the heating curves of these two Sb-Sn alloys, while only two peaks, corresponding to the liquidus and invariant reaction, would be expected. The small thermal effect is related to an excess of the liquid phase due to the incomplete peritectic reaction. The transition from the SbSn single-phase region to the L + SbSn two-phase region was in the temperature range of 620–694 K. The temperature of the peritectic reaction (L + rhom(Sb) ↔ SbSn) and the liquidus temperature were measured as 694.5 K and 727.4 K, respectively.



Figure 4 displays the calculated Sb-Sn binary phase diagram compared with the experimental data determined in this work and the reported results [28,29,32,34,37,50], as well as the calculated results [28,31,36]. The comparison of the calculated phase diagram in this work with the calculation results [28,31,36] is shown in Figure 4a, while the calculated Sb-Sn binary phase diagram with the experimental data [28,29,32,34,37,50] is given in Figure 4b. In this work, two stable intermetallic compounds, Sb3Sn4 and SbSn, were taken into account, according to the experimental results of Schmetterer et al. [29], Gierlotka et al. [30], and Borzone et al. [37]. The calculated results in this work were consistently much better, in accordance with the experimental data [28,29,32,34,37,50] when compared with the calculated results [28,31,36]. In Table 3, the calculated invariant reactions of the Sb-Sn binary phase diagram are compared with the experimental data determined in this work and the reported results [29,34,37,49,50,51], as well as the calculated results [28,30,31,36]. The temperatures of three peritectic reactions (L + rhom(Sb) ↔ SbSn, L + SbSn ↔ Sb3Sn4, L + Sb3Sn4 ↔ bct(Sn)) determined experimentally in this work are consistent with the calculated results in this work and the experimental data [29,34,37,49,50,51].



Figure 5 shows the calculated enthalpy of mixing of the liquid Sb-Sn alloys with the experimental data [40,41,52,53] and the calculated results [28,31,36] at 973 K. The calculated enthalpy of mixing of liquid Sb-Sn alloys in this work was consistent with the experimental data [40,41,52,53]. Figure 6 presents the calculated activity of Sn in liquid Sb-Sn alloys with the experimental data [14,42,43].




5.2. The Au-Sb-Sn Ternary System


Figure 7 shows the calculated liquidus projection of the Au-Sb-Sn ternary system in this work. The calculated reaction scheme related to the liquid phase is shown in Figure 8. The comparison of the calculated invariant reactions in this work with the literature [44] and the calculated results of Kim et al. [9] is shown in Table 4. There are eight U-type reactions and one E-type reaction. There were some differences between the calculated invariant reactions in this work and Kim et al. [9] due to the liquidus projection of Kim et al. [9] not being consistent with the liquidus boundary of the Sb-Sn binary system. The calculated compositions and temperature of the eutectic reaction (L → hcp + AuSn + AuSb2) are in good agreement with the literature [44].



Figure 9 is the calculated isothermal section of the Au-Sb-Sn ternary system at 523 K of this work with the experimental results of Schubert et al. [10] and the calculated results of Kim et al. [9]. Although both Au-Sn and Sb-Sn binary phase diagrams show the liquid phase to be stable at 523 K on the Sn-rich side, the liquid phase and Sb3Sn4 were not observed by Schubert et al. [10]. Thus, the experimental results of the isothermal section at 523 K measured by Schubert et al. [10] were used as a guide for the Au-rich part. The calculated isothermal section at 523 K was in good agreement with the experimental data measured by Schubert et al. [10].



Figure 10 shows the calculated vertical section of 64.5 at.% Au with the experimental data [9] and the calculated results [9]. The calculated results in this work were quite close to the assessment by Kim et al. [9] and agree reasonably well with the experimental data [9]. The calculated vertical sections with different molar ratios (   x  A u   :  x  S b     = 2:1,    x  A u   :  x  S b     = 1:1,    x  A u   :  x  S b     = 1:2) with the experimental data [12] and the calculated results [9] are depicted in Figure 11. The calculated three vertical sections in this work were consistent with the experimental data [9].



Figure 12 is the calculated enthalpy of mixing of the liquid Au-Sb-Sn alloys at 873 K and 1078 K along different sections (   x  A u   :  x  S b     = 2:1,    x  A u   :  x  S b     = 1:1,    x  A u   :  x  S b     = 1:2) with the experimental data [12,13] and the calculated results [9]. It can be seen that the current calculated results were in good agreement with the experimental data [12,13], while the calculated results of Kim et al. [9] were much more negative. Finally, the calculated enthalpies of mixing of liquid Au-Sb-Sn alloys (   x  S b   :  x  S n     = 2:1,    x  S b   :  x  S n     = 1:1,    x  S b   :  x  S n     = 1:2) with the experimental data [12] and the calculated results [9] at 873 K are depicted in Figure 13. The calculated results of this work are better in relation to the experimental data [12]. Figure 14 illustrates the calculated enthalpies of mixing of liquid Au-Sb-Sn alloys along different sections (   x  A u   :  x  S n     = 2:1,    x  A u   :  x  S n     = 1:1,    x  A u   :  x  S n     = 1:2) in relation to the experimental data [12] and the calculated results [9]. The calculated results in this work are reasonably consistent with the experimental data [12] and were better than the calculated results [9].



Figure 15 shows the calculated activity of Sn in liquid Au-Sb-Sn alloys along different sections (   x  A u   :  x  S b     = 2:1,    x  A u   :  x  S b     = 1:1,    x  A u   :  x  S b     = 1:2) at 873 K and 1273 K in relation to the experimental data [12,14]. A slight deviation from the experimental data [14] at 1273 K was found. Nonetheless, good agreement was still achieved between the calculated activity of Sn in liquid Au-Sb-Sn alloys in this work and the experimental results [12,14].





6. Conclusions


In this work, the thermodynamic calculations of the Sb-Sn binary system and Au-Sb-Sn ternary system were performed thermodynamically using the CALPHAD method using experimental phase equilibrium and thermodynamic property data. The following conclusions were drawn:




	
The phase transition temperatures of five Sb-Sn alloys were measured using differential thermal analysis (DTA). The temperatures of three invariant reactions (L + Sb3Sn4 ↔ bct(Sn), L + SbSn ↔ Sb3Sn4, and L + rhom(Sb) ↔ SbSn) were determined to be 516 K, 598 K, and 695 K, respectively. Using the experimental results measured in this work and reported results, the Sb-Sn binary system was re-optimized using the CALPHAD method. The calculated results were consistent with the experimental data, including phase equilibria and thermodynamic properties.



	
In combination with the previous assessments of the Au-Sn and Au-Sb binary systems and the present optimization of the Sb-Sn binary system, a thermodynamic description of the Au-Sb-Sn ternary system was performed based on the available experimental information on the Au-Sb-Sn ternary system. The calculated liquidus projection, isothermal sections, vertical sections, as well as enthalpy of mixing and activity of Sn in liquid alloys, were consistent with the reported experimental results. A self-consistent set of thermodynamic parameters were obtained to accurately describe Gibbs energies of various phases in the Au-Sb-Sn ternary system, which could serve as a sound basis for developing a thermodynamic database of multicomponent Au-Sn-based alloy systems.
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Figure 1. Calculated (a) Au-Sb and (b) Au-Sn binary phase diagrams by Wang et al. [18] with permission from Elsevier, 2011, and Dong et al. [20] with permission from Elsevier, 2013. 
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Figure 2. Thermal analysis curves of SbxSn1−x (x = 0.28, 0.32, 0.38) alloys measured by DTA at 5 K/min. 
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Figure 3. Thermal analysis curves of SbxSn1−x (x = 0.50, 0.55) alloys measured by DTA at 5 K/min. 
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Figure 4. (a) Calculated Sb-Sn binary phase diagram with the calculated results data from [28,31,36] and (b) the experimental data determined in this work and the reported results data from [28,29,32,34,37,50]. 
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Figure 5. Calculated enthalpy of mixing of liquid Sb-Sn alloys in relation to the experimental data from [40,41,52,53] and the calculated results data from [28,31,36] at 973 K. (Reference states: liquid Sn and liquid Sb). 
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Figure 6. Calculated activity of Sn in liquid Sb-Sn alloys in relation to the experimental data from [14,42,43] and the calculated results data from [28,31,36] at 1173 K. (Reference state: liquid Sn). 
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Figure 7. Calculated liquidus projection of the Au-Sb-Sn ternary system in this work in relation to the calculated results data from [9]. 
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Figure 8. Reaction scheme in the Au-Sb-Sn ternary system. 
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Figure 9. Calculated isothermal sections of the Au-Sb-Sn ternary system at different temperatures in relation to the experimental data from [10] and the calculated results data from [9] at 523 K. 
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Figure 10. The calculated vertical section of 64.5 at.% Au in the Au-Sb-Sn ternary system in relation to the experimental data from [9] and the calculated results data from [9]. 
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Figure 11. Calculated vertical sections of the Au-Sb-Sn ternary system in relation to the experimental data from [12] and the calculated results data from [9]. (a)    x  A u   :  x  S b     = 2:1; (b)    x  A u   :  x  S b     = 1:1; (c)    x  A u   :  x  S b     = 1:2. 






Figure 11. Calculated vertical sections of the Au-Sb-Sn ternary system in relation to the experimental data from [12] and the calculated results data from [9]. (a)    x  A u   :  x  S b     = 2:1; (b)    x  A u   :  x  S b     = 1:1; (c)    x  A u   :  x  S b     = 1:2.



[image: Metals 13 01082 g011]







[image: Metals 13 01082 g012 550] 





Figure 12. Calculated enthalpies of mixing of liquid Au-Sb-Sn alloys in relation to the experimental data from [12,13] and the calculated results [9] at 873 K and 1078 K (Reference states: liquid Au, liquid Sb, and liquid Sn). (a)    x  A u   :  x  S b     = 2:1; (b)    x  A u   :  x  S b     = 1:1; (c)    x  A u   :  x  S b     = 1:2. 
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Figure 13. The calculated enthalpies of mixing of liquid Au-Sb-Sn alloys (   x  S b   :  x  S n     = 2:1,    x  S b   :  x  S n     = 1:1,    x  S b   :  x  S n     = 1:2) in relation to the experimental data from [12] and the calculated results data from [9] at 873 K (Reference states: liquid Au, liquid Sb, and liquid Sn). 
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Figure 14. The calculated enthalpies of mixing of liquid Au-Sb-Sn alloys (   x  A u   :  x  S n     = 2:1,    x  A u   :  x  S n     = 1:1,    x  A u   :  x  S n     = 1:2) in relation to the experimental data from [12] and the calculated results data from [9] (Reference states: liquid Au, liquid Sb, and liquid Sn). (a) 873 K; (b) 1073 K. 
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Figure 15. Calculated activity of Sn in liquid Au-Sb-Sn alloys (   x  A u   :  x  S b     = 2:1,    x  A u   :  x  S b     = 1:1,    x  A u   :  x  S b     = 1:2) in relation to the experimental data from [12,14] and the calculated results data from [9] at 873 K and 1273 K. (Reference states: liquid Au, liquid Sb, and liquid Sn). 
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Table 1. Thermodynamic parameters for the Au-Sb-Sn ternary system.
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Phases/Models

	
Thermodynamic Parameters

	
Reference






	
liquid:(Au,Sb,Sn)

	
    L      0     A u , S b   l i q   = − 10348.21 − 16.183 T   

	
[18]




	
    L      1     A u , S b   l i q   = − 2697.56 − 6.915 T   

	
[18]




	
    L      0     A u , S n   l i q   = − 48822.94 + 19.6767 T − 2.8429 TlnT   

	
[20]




	
    L      1     A u , S n   l i q   = − 17990.36 + 0.7892 T   

	
[20]




	
    L      2     A u , S n   l i q   = − 5222.53   

	
[20]




	
    L      0     S b , S n   l i q   = − 5500 − 1.8 T   

	
This work




	
    L      1     S b , S n   l i q   = + 200 + 2 T   

	
This work




	
    L      0     A u , S b , S n   l i q   = + 12000 − 15 T   

	
This work




	
    L      1     A u , S b , S n   l i q   = + 2800 + 25 T   

	
This work




	
    L      2     A u , S b , S n   l i q   = + 10000 + 35 T   

	
This work




	
bct:(Sb,Sn)

	
    L      0     S b , S n   b c t   = − 14900 + 10.7 T   

	
This work




	
    L      1     S b , S n   b c t   = − 7456 + 15 T   

	
This work




	
fcc:(Au,Sb,Sn)

	
    L      0     A u , S b   f c c   = + 24512.70 − 25 T   

	
[18]




	
    L      0     A u , S n   f c c   = − 28802.84 − 5.5753 T   

	
[20]




	
    L      1     A u , S n   f c c   = + 8815.07 − 9.7873 T   

	
[20]




	
hcp:(Au,Sb,Sn)

	
    L      0     A u , S n   h c p   = − 13163.98256 − 4.48597   

	
[20]




	
    L      1     A u , S n   h c p   = − 18954.81 − 23.2973 T   

	
[20]




	
rhom:(Sb,Sn)

	
    L      0     S b , S n   r h o m   = − 100 + 2 T   

	
This work




	
Au10Sn:(Au,Sn)

	
    G      0     A u   A u 10 S n   = + 125 + 0.79 T +  G      0     A u   f c c     

	
[20]




	
    G      0     S n   A u 10 S n   = + 3804 − 3.46 T +  G      0     S n   b c t     

	
[20]




	
    L      0     A u , S n   A u 10 S n   = − 13546.6569 − 4.710696 T   

	
[20]




	
    L      1     A u , S n   A u 10 S n   = − 14193.13 − 22.3922 T   

	
[20]




	
AuSb2:(Au)0.333333:(Sb,Sn)0.666667

	
    G      0     A u : S b   A u S b 2   = − 5549.56 + 5.44 T − 0.47 TLN  T    

	
[18]




	
                                       + 0.333333  G      0     A u   f c c   + 0.666667  G      0     S b   r h o m     




	
    G      0     A u : S n   A u S b 2   = + 22000 + 20 T + 0.333333  G      0     A u   f c c   + 0.666667  G      0     S n   b c t     

	
This work




	
    L      0     A u : S b , S n   A u S b 2   = − 89620 + 28 T   

	
This work




	
Au5Sn:(Au)0.84:(Sn)0.16

	
    G  A u : S n   A u 5 S n   = − 4036.7822 − 3.36475 T + 0.84  G      0     A u   f c c   + 0.16  G      0     S n   b c t     

	
[20]




	
AuSn:(Sn)0.333:(Sn,Va)0.333:(Au)0.334

	
    G      0     S n : V a : A u   A u S n   = − 10496.7 + 1.44797 T + 0.334  G      0     A u   f c c   + 0.333  G      0     S n   b c t     

	
[20]




	
    G      0     S n : S n : A u   A u S n   = − 333.3 + 0.1667 T + 0.334  G      0     A u   f c c   + 0.666  G      0     S n   b c t     

	
[20]




	
    L      0     S n : S n , V a : A u   A u S n   = − 6666.67 + 0.333 T   

	
[20]




	
AuSn2:(Au)0.3333:(Sn)0.6667

	
    G  A u : S n   A u S n 2   = − 14296.5524 + 5.4538 T + 0.3333  G      0     A u   f c c   + 0.6667  G      0     S n   b c t     

	
[20]




	
AuSn4:(Au)0.2:(Sn)0.8

	
    G  A u : S n   A u S n 4   = − 7790.2575 + 0.8355 T + 0.2  G      0     A u   f c c   + 0.8  G      0     S n   b c t     

	
[20]




	
SbSn:(Sb,Sn)0.5:(Sb,Sn)0.5

	
    G      0     S b : S b   S b S n   = + 4000 − 1.5 T +  G      0     S b   r h o m     

	
This work




	
    G      0     S b : S n   S b S n   = − 5300 + 2.135 T + 0.5  G      0     S b   r h o m   + 0.5  G      0     S n   b c t     

	
This work




	
    G      0     S n : S b   S b S n   = + 13300 − 2.315 T + 0.5  G      0     S b   r h o m   + 0.5  G      0     S n   b c t     

	
This work




	
    G      0     S n : S n   S b S n   = + 4000 + 1.5 T +  G      0     S n   b c t     

	
This work




	
Sb3Sn4:(Sb)0.43:(Sn)0.57

	
    G  S b : S n   S b 3 S n 4   = − 4228.57 + 0.352857 T + 0.43  G      0     S b   r h o m   + 0.57  G      0     S n   b c t     

	
This work
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Table 2. Phase transition temperatures of Sb-Sn alloys determined by DTA in this work.
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Alloys (at.%)

	
Heating Rate K/min

	
Phase Transformation Temperature (K)




	
L + Sb3Sn4 ↔ bct(Sn)

	
L + SbSn ↔ Sb3Sn4

	
—

	
L + rhom(Sb) ↔ SbSn

	
Liquidus






	
Sb28Sn72

	
5

	
516.5

	
597.9

	
—

	
—

	
625.2




	
10

	
516.8

	
598.2

	
—

	
—

	
622.9




	
Sb32Sn68

	
5

	
516.6

	
598.0

	
612.9

	
—

	
640.1




	
10

	
516.6

	
600.6

	
618.9

	
—

	
642.2




	
Sb38Sn62

	
5

	
516.0

	
597.8

	
615.5

	
—

	
660.5




	
10

	
516.4

	
598.4

	
619.2

	
—

	
660.8




	
Sb50Sn50

	
5

	
514.1

	
593.3

	
—

	
693.9

	
700.2




	
10

	
513.7

	
591.9

	
—

	
693.7

	
700.6




	
Sb55Sn45

	
5

	
510.8

	
592.4

	
—

	
694.6

	
727.4




	
10

	
510.6

	
593.5

	
—

	
692.9

	
728.6
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Table 3. Invariant reactions of the Sb-Sn system.






Table 3. Invariant reactions of the Sb-Sn system.





	
Reactions

	
Type

	
T (K)

	
    Composition ,     x    S b       

	
Reference






	
L + rhom(Sb) ↔ SbSn

	
Peritectic

	
695

	
—

	
—

	
—

	
[51] (exp.)




	
698

	
—

	
—

	
—

	
[50] (exp.)




	
698

	
0.504

	
—

	
0.652

	
[34] (exp.)




	
703

	
—

	
—

	
—

	
[49] (exp.)




	
698.2

	
0.502

	
0.841

	
0.625

	
[36] (cal.)




	
697.2

	
0.493

	
0.881

	
0.627

	
[28] (cal.)




	
698

	
—

	
—

	
—

	
[29] (exp.)




	
697.5

	
0.489

	
0.869

	
0.674

	
[30] (cal.)




	
693

	
—

	
—

	
—

	
[37] (exp.)




	
698.0

	
0.527

	
0.860

	
0.629

	
[31] (cal.)




	
694.6

	
—

	
—

	
—

	
This work (exp.)




	
698.3

	
0.500

	
0.869

	
0.633

	
This work (cal.)




	
L + SbSn ↔ Sb3Sn4

	
Peritectic

	
598

	
—

	
—

	
—

	
[50] (exp.)




	
597

	
0.210

	
—

	
0.430

	
[34] (exp.)




	
598

	
—

	
—

	
—

	
[49] (exp.)




	
598.2

	
0.215

	
0.492

	
0.400

	
[36] (cal.)




	
595.7

	
0.184

	
0.470

	
0.430

	
[28] (cal.)




	
599

	
—

	
—

	
0.428

	
[29] (exp.)




	
595.6

	
0.194

	
0.462

	
0.428

	
[30] (cal.)




	
594

	
—

	
0.490

	
0.430

	
[37] (exp.)




	
594.4

	
0.199

	
0.496

	
0.428

	
[31] (cal.)




	
598

	
—

	
—

	
—

	
This work (exp.)




	
598.1

	
0.199

	
0.492

	
0.428

	
This work (cal.)




	
L + Sb3Sn4 ↔ bct(Sn)

	
Peritectic

	
517

	
—

	
—

	
—

	
[51] (exp.)




	
519

	
—

	
—

	
—

	
[50] (exp.)




	
523

	
0.060

	
—

	
0.100

	
[34] (exp.)




	
518

	
—

	
—

	
—

	
[49] (exp.)




	
518.9

	
0.090

	
0.400

	
0.108

	
[36] (cal.)




	
516.7

	
0.062

	
0.430

	
0.105

	
[28] (cal.)




	
517

	
—

	
0.428

	
—

	
[29] (exp.)




	
517.2

	
0.071

	
0.428

	
0.098

	
[30] (cal.)




	
516

	
—

	
—

	
—

	
[37] (exp.)




	
516.8

	
0.052

	
0.428

	
0.088

	
[31] (cal.)




	
516

	
—

	
—

	
—

	
This work (exp.)




	
516.6

	
0.078

	
0.428

	
0.101

	
This work (cal.)
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Table 4. Invariant reactions of the Sb-Sn system.






Table 4. Invariant reactions of the Sb-Sn system.





	
Reactions

	
Type

	
T(K)

	
Composition (at.%)

	
Reference




	
     x  A u  L     

	
     x  S n  L     






	
L → hcp + AuSn + AuSb2

	
E

	
553.2

	
—

	
—

	
[44]




	
543.4

	
68.3

	
3.1

	
[9] (cal.)




	
546.7

	
68.6

	
2.8

	
This work




	
L + Au10Sn → fcc(Au) + hcp

	
U1

	
638.6

	
70.7

	
13.9

	
[9] (cal.)




	
693.9

	
72.8

	
12.2

	
This work




	
L + rhom(Sb) → AuSb2 + SbSn

	
U2

	
~697

	
—

	
—

	
[44]




	
626.1

	
17.8

	
31.0

	
[9] (cal.)




	
646.2

	
20.2

	
30.4

	
This work




	
L + fcc(Au) → hcp + AuSb2

	
U3

	
627.1

	
70.0

	
15.2

	
[9] (cal.)




	
628.2

	
68.3

	
20.2

	
This work




	
L + AuSb2 → AuSn + SbSn

	
U4

	
585.1

	
24.7

	
12.7

	
This work




	
L + AuSn → AuSn2 + SbSn

	
U5

	
566.3

	
22.5

	
9.1

	
This work




	
L + SbSn → AuSn2 + Sb3Sn4

	
U6

	
546.4

	
15.6

	
7.0

	
This work




	
L + AuSn2 → Sb3Sn4 + AuSn4

	
U7

	
503.7

	
9.5

	
7.4

	
[9] (cal.)




	
512.7

	
10.0

	
4.5

	
This work




	
L + Sb3Sn4 → AuSn4 + bct(Sn)

	
U8

	
493.2

	
—

	
—

	
[44]




	
491.3

	
6.4

	
6.2

	
[9] (cal.)




	
493.5

	
6.2

	
3.9

	
This work
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