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Abstract

:

In this study, the solidified microstructure and phase transition temperatures of Ag50.5Cu33.3Sn16.2-xInx (x = 5.0, 6.6, 8.2, 9.1, 9.9, 10.7, 11.5, 12.3; at.%) alloys were investigated using a scanning electron microscope with energy dispersive spectrometer (SEM-EDS) and differential thermal analysis (DTA). The experimental microstructure of Ag50.5Cu33.3Sn16.2-xInx alloys demonstrates that the phase fraction of Fcc(Ag) phase increased gradually as the addition of In increased, while the phase fraction of Fcc(Cu) phase decreased. Moreover, the liquidus temperatures of Ag50.5Cu33.3Sn16.2-xInx alloys also decrease with increasing In content. In this work, the Ag-Cu-Sn-In quaternary thermodynamic database was ideally extrapolated from the published literature for Ag-Cu-Sn, Ag-Cu-In, Ag-Sn-In and Cu-Sn-In thermodynamic databases. The calculated vertical section of Ag50.5Cu33.3Sn16.2-Ag50.5Cu33.3In16.2 agreed generally with the phase transition temperatures measured in the present experiment. Finally, the solidification behaviors of Ag50.5Cu33.3Sn16.2-xInx as-cast alloys were analyzed by thermodynamic calculation of the Scheil–Gulliver non-equilibrium model. The simulated solidification processes of some Ag50.5Cu33.3Sn16.2-xInx alloys are, in general, consistent with the experimental results in the present work, which would provide a theoretical basis for the design of novel Ag-Cu-Sn-In brazing alloys.
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1. Introduction


Excellent joints play a key role in ensuring the quality and reliability of welded parts [1,2]. With the speedy development of the electronics industry, there are increasing requirements for soldering and brazing technologies in the packaging of microelectronic devices [3,4]. Due to the toxicity of cadmium and lead, brazing/soldering alloys containing cadmium and lead are restricted in the applications of electrical and electronic devices [5,6,7]. Therefore, substitutes with the representation of silver-based solder have been attracted attention recently [8]. Among them, the eutectic and near-eutectic Ag-Cu alloys have attracted considerable attention owing to their high strength and high electrical conductivity [9,10]. Ag-Cu-Sn-based alloys have been used in industrial applications as brazing/soldering alloys due to their excellent mechanical properties [11,12,13]. However, the high price of silver has limited the further application of Ag-based brazing alloys [14]. Some alloying elements, such as In, Zn, Sb, Bi, Ni and rare-earth (RE) metals, have been added to Ag-Cu-Sn-based alloys in order to reduce costs and improve the performance of brazing/soldering alloys [15,16,17,18,19,20]. The reported investigations indicated that the addition of In can lower liquidus and solidus temperatures of Ag-Cu-Sn-based alloys and refine the grain to improve the strength of the joints [15,16,21]. The mechanical properties of Ag-Cu-Sn-based alloys are greatly influenced by the formed microstructure during the solidification process [22,23]. It is considered that a quantitative description of the solidification behavior of Ag-Cu-Sn-In alloys will help to effectively design novel Ag-based brazing/soldering alloys. At present, very few studies about the phase equilibria and solidification in In-added Ag-Cu-Sn alloys have been reported in the literature. Thermodynamic calculations via the CALPHAD (CALculation of PHAse Diagram) method provide a good prediction of the equilibrium phase relations and the non-equilibrium solidification process of multi-component Ag-Cu-Sn-based brazing/soldering alloys [24,25,26].



Therefore, the purpose of this work was to discuss the effect of In addition to the solidification behavior and solidified microstructure of Ag-Cu-Sn alloys, and to obtain a comprehensive overview of the solidification behavior of Ag-Cu-Sn alloys with different In contents through a combination of experiments and thermodynamic calculations.




2. Experimental Procedure


Pure metals Ag, Cu, Sn and In (with purity 99.99 wt.%) were used as starting materials to prepare Ag50.5Cu33.3Sn16.2-xInx (x = 5.0, 6.6, 8.2, 9.1, 9.9, 10.7, 11.5, 12.3; at.%) alloy samples with the vacuum arc-melting technique. The arc-melting process of the alloy samples was protected by high-purity argon gas to prevent the oxidation of the alloy samples at high temperature. Each alloy sample was re-melted four times to ensure the homogeneity of the composition and microstructure. It should be pointed out that the alloy samples were cooled down to room temperature through cold water in the Cu crucible, and thus the cooling rate of the alloy samples was not determined during the solidification process. During the arc-melting process, less than 1% of the mass of the alloy sample was lost, so no further measurement of its composition was performed.



To characterize the microstructure, the alloy samples installed in epoxy resin were ground using silicon carbide paper and then were polished. After grinding and polishing, the alloy samples were cleaned ultrasonically in ethyl alcohol absolute for 300 s. The microstructure and phase compositions of the formed phase in the alloy samples were identified using a scanning electron microscope with energy dispersive spectrometer (SEM-EDS, FEI 450G) (accelerating voltage 20 kV, scanning speed 10 μs, working distance 4.5 mm).



The thermal analysis determinations of Ag50.5Cu33.3Sn16.2-xInx alloys were performed by differential thermal analysis (DTA, TA Instruments SDT/Q-600) with an alumina crucible under a flowing argon atmosphere at heating and cooling rates of 10 K/min. Before testing, thermal analysis determinations were calibrated using the calibration materials In, Sn, Bi, Zn, Al, Ag, Au and Ni (TA Instruments-Waters LLC) as standard samples to eliminate the random errors and systematic errors. The uncertainty of the determined phase transformation temperature was estimated to be ±1 K.




3. Thermodynamic Calculation


The Gibbs energy functions of the pure elements Ag, Cu, Sn and In were taken from the SGTE (Scientific Group Thermodata Europe, Saint-Martin-d’Hères, France) pure element database compiled by Dinsdale [27]. The thermodynamic parameters for the Ag-Cu [28], Ag-In [29], Ag-Sn [30], Cu-In [31], Cu-Sn [32] and In-Sn [33] binary systems from the literature were adopted in the present work. The Ag-Cu-Sn ternary system was re-evaluated by Tong et al. [12] based on the available experimental data. To better describe the new experimental results, Tong [34] re-assessed the Ag-Cu-In, Ag-Sn-In and Cu-Sn-In systems considering the solid solubility of some intermetallic compounds. The calculated results were able to reproduce the experimental results well. No stable quaternary intermetallic compounds in the Ag-Cu-Sn-In quaternary system were reported in the available literature. To date, information on the phase equilibria of this quaternary system is also very limited. Assuming no quaternary interaction, the present work established a thermodynamic database of the Ag-Cu-Sn-In quaternary system by direct extrapolation from the thermodynamic description of the four ternary systems (i.e., Ag-Cu-Sn, Ag-Cu-In, Ag-Sn-In and Cu-Sn-In). The thermodynamic parameters of the Ag-Cu-In-Sn quaternary system were used in the present calculations and are shown as Supplementary Materials. In the following section, the thermodynamic models of various phases in the Ag-Cu-In-Sn quaternary system are demonstrated in detail.



3.1. Solution Phases


The solution phases Φ, including Liquid, Fcc, Bcc, Hcp, β-InSn, γ-InSn, Bct(Sn), Diamond(Sn) and Tetragonal(In), are described by the substitutional solution model. The molar Gibbs energy of the solution phase Φ was expressed by the Redlich–Kister–Muggianu polynomial [35,36]:


    G   Φ   =     G       r e f      Φ   +     G       m i x      Φ   +       G       e x     b i n   Φ   +     G       e x     t e r   Φ   +     G       e x     q u a   Φ      



(1)




with


      G       r e f      Φ   =   x   A g       G       0     A g   Φ   +   x   C u       G       0     C u   Φ   +   x   S n       G       0     S n   Φ   +   x   I n       G       0     I n   Φ    



(2)






      G       m i x      Φ   = R T ·     x   A g     l n x   A g   +   x   C u     l n x   C u   +   x   S n     l n x   S n   +   x   I n     l n x   I n      



(3)






       G       e x     b i n   Φ   =   x   A g     x   C u     ∑  j = 0   n        L   A g , C u   Φ         j           x   A g   −   x   C u       j   +   x   A g     x   I n     ∑  j = 0   n        L   A g , I n   Φ         j           x   A g   −   x   I n       j                        +   x   A g     x   S n     ∑  j = 0   n        L   A g , S n   Φ         j           x   A g   −   x   S n       j   +   x   C u     x   I n     ∑  j = 0   n        L   C u , I n   Φ         j           x   C u   −   x   I n       j                        +   x   C u     x   S n     ∑  j = 0   n        L   C u , S n   Φ         j           x   C u   −   x   S n       j   +   x   I n     x   S n     ∑  j = 0   n        L   I n , S n   Φ         j           x   I n   −   x   S n       j     



(4)






       G       e x     t e r   Φ   =   x   A g     x   C u     x   S n     ∑  j = 0   n        L   A g , C u , S n   Φ         j         x   j   +       1 − x   A g   −   x   C u   −   x   S n      /  3                          +   x   A g     x   C u     x   I n     ∑  j = 0   n        L   A g , C u , I n   Φ         j         x   j   +       1 − x   A g   −   x   C u   −   x   I n      /  3                          +   x   A g     x   S n     x   I n     ∑  j = 0   n        L   A g , S n , I n   Φ         j         x   j   +       1 − x   A g   −   x   S n   −   x   I n      /  3                          +   x   C u     x   S n     x   I n     ∑  j = 0   n        L   C u , S n , I n   Φ         j         x   j   +       1 − x   C u   −   x   S n   −   x   I n      /  3       



(5)






      G       e x     q u a   Φ   =   x   A g     x   C u     x   S n     x   I n       L   A g , C u , S n , I n   Φ           



(6)




where       G   i   Φ         0     is the molar Gibbs energy of the element     i       (    i      = Ag, Cu, Sn, In) with the structure     Φ      referred to the enthalpy of its stable state at 298.15 K and 1 bar, and       G   m   Φ         e x     is the excess Gibbs energy (  m   = binary, ternary, quaternary).     x   i     is the mole fraction of the element     i       (    i      = Ag, Cu, Sn, In).   R   is the gas constant, and   T   is the temperature in Kelvin.       L   A , B   Φ         j     (A, B = Ag, Cu, Sn or In, and A ≠ B),       L   A g , C u , S n   Φ         j     (A, B, C = Ag, Cu, Sn or In, and A ≠ B ≠ C) and     L   A g , C u , S n , I n   Φ     are the binary, ternary and quaternary interaction parameters, respectively. All of these parameters are temperature-dependent, and usually expressed as   a + b · T  . The interaction coefficients,     a      and     b     , are either optimized based on the experimental data or computed from first-principles calculations [37].




3.2. Intermetallic Compounds


The sublattice model was applied to describe all the intermetallic compounds in the Ag-Cu-Sn-In quaternary system. The Ag-Cu-Sn-In quaternary system consists of many binary and ternary intermetallic compounds, such as Ag3Sn, Ag9In4, AgIn2, γ-CuIn, δ-Cu7In3, η-LT, Cu11In9, Cu3Sn, Cu10Sn3, Cu41Sn11, Cu6Sn5-h, Cu6Sn5-l, τ1-Cu11In2Sn and τ2-Cu2In3Sn. In the Ag-Cu-Sn system, there are six binary intermetallic compounds, including Ag3Sn, Cu3Sn, Cu10Sn3, Cu41Sn11, Cu6Sn5-h and Cu6Sn5-l. Based on the experimental results, the solubility of the third element in the intermetallic compounds in the Cu-Sn and Ag-Sn binary system is negligible. The intermetallic compound Ag3Sn was modeled by the two-sublattice model (Ag)0.75(Ag,Sn)0.25 to maintain the consistency with other databases [12]. The Gibbs energy of the Ag3Sn phase is expressed as:


       G   m     A g   3   S n   =              y   A g   I   y   A g   I I       G          A g : A g     A g   3   S n   +     y   A g   I   y   S n   I I       G          A g : S n     A g   3   S n   + 0.75 R T   y   A g   I     ln  ⁡    y   A g   I                        + 0.25 R T     y   A g   I I     ln  ⁡    y   A g   I I     +   y   S n   I I     ln  ⁡    y   S n   I I       +   y   A g   I       y   A g   I I   y   S n   I I     L   A g : A g , S n     A g   3   S n     



(7)




where     y   i   I     and     y   i   I I     denote the mole fraction of     i       (    i      = Ag, Sn) in the first and second sublattice, respectively. Additionally, the parameters       G          A g : A g     A g   3   S n    ,      G          A g : S n     A g   3   S n     and     L   A g : A g , S n     A g   3   S n     are directly taken from the Ag-Sn binary system [30].



The intermetallic compounds Cu3Sn, Cu10Sn3, Cu41Sn11, Cu6Sn5-h and Cu6Sn5-l are treated as the stoichiometric compounds in this work. The molar Gibbs energies of these intermetallic compounds are expressed as:


    G   m     C u   3   S n   = 0.75     G       0     C u   F c c   + 0.25     G       0     S n   B c t   +   A   1   +   B   1   T  



(8)






    G   m     C u   10     S n   3     = 0.769     G       0     C u   F c c   + 0.231     G       0     S n   B c t   +   A   2   +   B   2   T  



(9)






    G   m     C u   41     S n   10     = 0.788     G       0     C u   F c c   + 0.212     G       0     S n   B c t   +   A   3   +   B   3   T  



(10)






    G   m     C u   6     S n   5   − h   = 0.545     G       0     C u   F c c   + 0.455     G       0     S n   B c t   +   A   4   +   B   4   T  



(11)






    G   m     C u   6     S n   5   − l   = 0.545     G       0     C u   F c c   + 0.455     G       0     S n   B c t   +   A   5   +   B   5   T  



(12)




where       G       0     A g   F c c    ,       G       0     C u   F c c     and       G       0     S n   B c t     are the Gibbs energies of the pure elements Ag, Cu and Sn. The parameters     A   1    ,     A   2    ,     A   3    ,     A   4    ,     A   5     and     B   1    ,     B   2    ,     B   3    ,     B   4    ,     B   5     were taken from the literature [12].



Based on the experimental results reported in the literature, no ternary intermetallic compounds were found in the Ag-Cu-Sn, Ag-Cu-In and Ag-Sn-In ternary systems. There are two ternary intermetallic compounds, τ1-Cu11In2Sn and τ2-Cu2In3Sn, in the Cu-Sn-In ternary system. According to the literature information [32], a two-sublattice model Cu0.77(In, Sn)0.23 and three-substance model Cu0.333In0.5Sn0.167 were used to describe τ1-Cu11In2Sn and τ2-Cu2In3Sn, respectively. The molar Gibbs energies of τ1-Cu11In2Sn and τ2-Cu2In3Sn are expressed as:


       G   m     C u   11     I n   2   S n   =     y   C u   I   y   I n   I I              G          C u : I n     C u   11     I n   2   S n   +     y   C u   I   y   S n   I I       G          C u : S n     C u   11     I n   2   S n   + 0.23 R T     y   I n   I I     ln  ⁡    y   I n   I I   +   y   S n   I I     ln  ⁡    y   S n   I I                    +     y   C u   I   y   I n   I I     y   S n   I I     L   C u : I n , S n     C u   11     I n   2   S n     



(13)






      G   m     C u   2     I n   3   S n   =        0.3333     G       0     C u   F c c   + 0.5     G       0     I n   T e t r a g o n a l   + 0.1667     G       0     S n   B c t   +   A   6   +   B   6   T  



(14)




where the parameters     A   6     and     B   6     are evaluated in the literature [34].       G       0     C u   F c c    ,       G       0     I n   T e t r a g o n a l     and       G       0     S n   B c t     are the Gibbs energies of the pure Fcc(Cu), Tetragonal(In) and Bct(Sn), respectively.     y   i   I     and     y   i   I I     denote the mole fraction of     i        (    i        = Cu, Sn, In) in the first and second sublattice, respectively. Additionally, the parameters       G          C u : I n     C u   11     I n   2   S n    ,      G          C u : S n     C u   11     I n   2   S n     were taken directly from the literature [32].





4. Results and Discussion


4.1. Microstructure Characterization


Figure 1 displays the back-scattered electron (BSE) micrographs of Ag50.5Cu33.3Sn16.2-xInx (x = 5.0, 6.6, 8.2, 9.1, 9.9, 10.7, 11.5, 12.3; at.%) as-cast alloys. It can be observed that the morphology of the solidification microstructures for Ag50.5Cu33.3Sn16.2-xInx as-cast alloys is dependent on In contents. The phase compositions of the formed phases measured by EDS in these alloys are listed in Table 1. The BSE micrographs of all as-cast alloys in Figure 1 display the three-phase microstructure. According to the chemical compositions by EDS measurements in Table 1, three different phases formed in Ag50.5Cu33.3Sn16.2-xInx alloys were identified as Fcc(Ag) phase (bright), Cu41Sn11 phase (gray) and Fcc(Cu) phase (black).



In Figure 1a,b, the large bright Fcc(Ag) phase as a primary phase in A1 (Ag50.5Cu33.3Sn11.2In5.0) alloy and A2 (Ag50.5Cu33.3Sn9.6In6.6) alloy is precipitated firstly from the liquid phase, and then the Cu41Sn11 phase and Fcc(Cu) phase are formed during the solidification process. The microstructure of A3 (Ag50.5Cu33.3Sn8.0In8.2) alloy in Figure 1c consists of three phases: the Fcc(Ag) phase, the Cu41Sn11 phase and the Fcc(Cu) phase. It is obvious that the phase fraction of Fcc(Ag) in A3 alloy is much larger than those of the Cu41Sn11 phase and Fcc(Cu) phase. As shown in Figure 1d–g, A4 (Ag50.5Cu33.3Sn7.1In9.1) alloy, A5 (Ag50.56Cu33.3Sn6.3In9.9) alloy, A6 (Ag50.5Cu33.3Sn5.5In10.7) alloy and A7 (Ag50.5Cu33.3Sn4.7In11.5) alloy display a three-phase microstructure. It was found that the Fcc(Cu) phase is surrounded by Cu41Sn11 phase, while the phase fraction of the Fcc(Cu) phase is extremely small. It can be seen that the solidification processes of these alloys with the increase of In content are similar. In particular, Figure 1h presents the formation of a eutectic microstructure in A8 (Ag50.5Cu33.3Sn3.9In12.3) alloy, although this alloy is still composed of three phases, i.e., the Fcc(Ag) phase, Cu41Sn11 phase and Fcc(Cu) phase. This indicates that the solidification process of A8 (Ag50.5Cu33.3Sn3.9In12.3) alloy is different from other alloys. In addition, as shown in the BSE micrographs of Ag50.5Cu33.3Sn16.2-xInx alloys in Figure 1, the phase fraction of the Fcc(Ag) phase in Ag50.5Cu33.3Sn16.2-xInx alloys increases gradually as the content of In increases, while the phase fraction of the Fcc(Cu) phase deceases. The reason for this could be that the solubility of In in the Fcc(Ag) phase is much larger than that of the Fcc(Cu) phase, resulting in the formation of the Fcc(Ag) phase prior to the Fcc(Cu) phase.




4.2. Phase Transition


The thermal analysis curves of Ag50.5Cu33.3Sn16.2-xInx (x = 5.0, 6.6, 8.2, 9.1, 9.9, 10.7, 11.5, 12.3; at.%) as-cast alloys were determined at a heating rate of 10 K/min under an argon atmosphere. In the heating curve, the onset temperatures of the peaks are determined as the temperatures of the invariant reactions, while the peak temperature of the last thermal effect is used as the liquidus temperature [38]. Figure 2 shows the thermal analysis curves determined from the Ag50.5Cu33.3Sn16.2-xInx as-cast alloys. Based on the heating curves, phase transition temperatures of Ag50.5Cu33.3Sn16.2-xInx as-cast alloys were determined as shown in Table 2.



As shown in Figure 2a, the thermal analysis curve of A1 (Ag50.5Cu33.3Sn11.2In5.0) alloy shows four endothermic peaks, suggesting that four phase transitions take place during the solidification process. It could be assumed that A1 alloy undergoes a phase transition at 763.9 K, corresponding to the precipitation of the Cu41Sn11 phase. The second peak at 873.4 K in the heating curve corresponds to the generation of the Bcc phase (L + Fcc(Cu) → Fcc(Ag) + Bcc), while the third peak at 904.2 K corresponds to the generation of the Fcc(Cu) phase (L → Fcc(Cu) + Fcc(Ag)). Meanwhile, the fourth peak at 969.2 K corresponds to the formation of the primary phase Fcc(Ag) from the liquid phase.



In Figure 2b,c,e,g, the thermal analysis curves of A2 (Ag50.5Cu33.3Sn9.6In6.6) alloy, A3 (Ag50.5Cu33.3Sn8.0In8.2) alloy, A5 (Ag50.5Cu33.3Sn6.3In9.9) alloy and A7 (Ag50.5Cu33.3Sn4.7In11.5) alloy are shown. A2 alloy and A5 alloy undergo a phase transition at 854.6/854.2 K (L → Fcc(Ag) + Bcc). However, this endothermic peak was not detected in the thermal analysis curves of A3 alloy and A7 alloy because the thermal effect at 784 K was minor. The extra metastable sign at 817.2 K was found in the heating curve of A7 alloy (seen in Figure 2g), which resulted from the non-equilibrium microstructure of this as-cast alloy.



The thermal analysis curves of A4 (Ag50.5Cu33.3Sn7.1In9.1) alloy and A6 (Ag50.5Cu33.3Sn5.5In10.7) alloy in Figure 2d,f show five endothermic peaks at 763.3/766.3 K, 783.4/784.6 K, 873.2/860.1 K, 902.2/908.5 K and 971.3/955.7 K. This indicates that five phase transitions occurred during the solidification process. A4 alloy and A6 alloy underwent a phase transition at 763.3/766.3 K, which corresponds to the precipitation of the Cu41Sn11 phase, while the second peak at 783.4/784.6 K corresponds to the decomposition of the Bcc phase (Bcc → Fcc(Cu) + Cu41Sn11). The third peak at 873.2/860.1 K corresponds to the formation of the Bcc phase (L + Fcc(Cu) → Fcc(Ag) + Bcc), while the fourth peak at 902.2/908.5 K corresponds to the formation of the Fcc(Cu) phase (L → Fcc(Cu) + Fcc(Ag)), and the fifth peak at 971.3/955.7 K corresponds to the formation of the primary phase Fcc(Ag) from the liquid phase.



As shown in Figure 2h, the thermal analysis curve of A8 (Ag50.5Cu33.3Sn3.9In12.3) alloy shows seven endothermic peaks (764.6 K, 786.5 K, 833.8 K, 851.1 K, 858.1 K, 885.7 K, 945.5 K). This indicates that seven phase transitions occurred during the solidification process. The thermal analysis curve of A8 alloy is similar to those of A3 alloy and A5 alloy, and an endothermic peak at 833.6 K in the thermal analysis of A8 alloy was observed. According to the Ag-Cu-Sn ternary phase diagram, it can be concluded that this endothermic peak corresponds to the reaction (L + Bcc → Fcc(Ag) + Cu3Sn).



By comparing the thermal analysis curves of Ag50.5Cu33.3Sn16.2-xInx as-cast alloys in Figure 2, it can be seen that liquidus temperatures of Ag50.5Cu33.3Sn16.2-xInx alloys decrease with increasing In content. In addition, it was observed that the heating curves of Ag50.5Cu33.3Sn16.2-xInx alloys displaying the effect of the endothermic peaks at around 764 K and 870 K are very obvious, which suggests that the same phase transitions at 764 K and 870 K occur during the solidification process, respectively.




4.3. Solidification Simulation


Solidification simulations using an accurate thermodynamic database can provide a reliable approximation of phase formation and transformation in the alloy. Currently, the solidification process is usually calculated under two different conditions using the equilibrium solidification model and Scheil–Gulliver non-equilibrium solidification model. In the Scheil–Gulliver solidification simulations, diffusion in liquid phase is assumed to be fast enough to achieve the equilibrium immediately, while no diffusion in solid phases is assumed [39]. The Scheil–Gulliver solidification behavior is much closer to the normal casting conditions compared with the equilibrium solidification process. Moreover, different solidification sequences can illustrate different typical microstructure characteristics of alloys, and then further influence their performances. To better understand the solidification behaviors of Ag50.5Cu33.3Sn16.2-xInx as-cast alloys, the solidification process of the typical as-cast alloys was simulated by using the equilibrium solidification model and Scheil–Gulliver non-equilibrium model [40] based on the established thermodynamic database of the Ag-Cu-Sn-In quaternary system.



A thermodynamic database of the Ag-Cu-Sn-In quaternary system was constructed in this work. For the Ag-Cu-Sn ternary system, Tong et al. [12] reassessed it based on the available experimental data. Subsequently, the Ag-Cu-In, Ag-Sn-In and Cu-Sn-In systems were re-evaluated by Tong [34] in order to better describe the new experimental results. According to the available literature, no stable quaternary intermetallic compounds of the Ag-Cu-Sn-In quaternary system were reported. Assuming no quaternary interaction, the present work established a thermodynamic database of the Ag-Cu-Sn-In quaternary system by direct extrapolation from the thermodynamic description of the four subternary systems (i.e., Ag-Cu-Sn, Ag-Cu-In, Ag-Sn-In and Cu-Sn-In).



Figure 3 displays the calculated solidification processes of A3 (Ag50.5Cu33.3Sn8.0In8.2) alloy, A6 (Ag50.5Cu33.3Sn5.5In10.7) alloy and A8 (Ag50.5Cu33.3Sn3.9In12.3) alloy, demonstrating the solidification processes and the phase fractions of the formed phases as a function of temperature for these alloys. In Figure 3a, the solidification sequence of A3 alloy is depicted through the Scheil–Gulliver non-equilibrium model as: L → L + Fcc(Ag) → L + Fcc(Ag) + Fcc(Cu) + Bcc → L + Fcc(Ag) + Bcc + Cu3Sn → L + Fcc(Ag) + Hcp + Cu3Sn → L + Fcc(Ag) + Cu3Sn + Cu6Sn5-h. Figure 3b displays the phase fractions of the phases in A3 alloy as a function of temperature during the solidification process. The calculations show that the microstructure of A3 alloy consists of Fcc(Ag), Cu3Sn and Cu41Sn11 phases. As shown in Figure 1c, the simulation results are inconsistent with the microstructure observations. The reason for this could be that the real solidification process of A3 alloy is between the equilibrium process and non-equilibrium process [41]. The simulated solidification process of A6 alloy in Figure 3c is obtained by the Scheil–Gulliver non-equilibrium model as follows: L → L + Fcc(Ag) → L + Fcc(Ag) + Fcc(Cu) + Bcc → L + Fcc(Ag) + Bcc + Cu3Sn → L + Fcc(Ag) + Cu3Sn + Cu6Sn5-h → L + Fcc(Ag) + Hcp + Cu6Sn5-h. Figure 3d displays the phase fractions of the phases in A6 alloy as a function of temperature during the solidification process. The calculations show that the microstructure of A6 alloy is composed of Fcc(Ag), Fcc(Cu) and Cu41Sn11 phases, which is in accordance with the microstructure observation as shown in Figure 1f. In Figure 3e, using the Scheil–Gulliver non-equilibrium model, the solidification sequence of A8 alloy is followed as: L → L + Fcc(Ag) → L + Fcc(Ag) + Fcc(Cu) + Bcc → L + Fcc(Ag) + Bcc + τ1-Cu11In2Sn → L + Fcc(Ag) + τ1-Cu11In2Sn + Cu6Sn5-h → L + Fcc(Ag) + Hcp + Cu6Sn5-h. Figure 3f displays the phase fractions of the A8 alloy as a function of temperature during the solidification process. The calculations show that the microstructure of A8 alloy is composed of Fcc(Ag), Fcc(Cu) and Cu41Sn11 phases, which is in accordance with the microstructure observation as shown in Figure 1h.



Figure 4 displays the calculated vertical section of Ag50.5Cu33.3Sn16.2-Ag50.5Cu33.3In16.2 in the Ag-Cu-Sn-In quaternary system with the experimental data measured in the present work. It can be observed that the calculated liquidus temperature and phase transition temperatures are in general agreement with the experimental data measured in the present work as the Ag50.5Cu33.3Sn16.2-xInx as-cast alloys were used to determine phase transition temperatures, resulting in the slight difference between the calculated vertical section and the experimental results.





5. Conclusions


In this work, the solidification microstructure, phase compositions and phase transition temperatures of Ag50.5Cu33.3Sn16.2-xInx (x = 5.0, 6.6, 8.2, 9.1, 9.9, 10.7, 11.5, 12.3; at.%) were examined using SEM-EDS and DTA. The experimental results show that the phase fraction of Fcc(Ag) phase increases gradually as the addition of In increases, while the phase fraction of Fcc(Cu) phase is reduced. In addition, the liquidus temperatures of Ag50.5Cu33.3Sn16.2 alloys decrease with increasing In content. Based on the thermodynamic parameters of the Ag-Cu-Sn-In quaternary system reported in the literature, the calculated vertical section of Ag50.5Cu33.3Sn16.2-Ag50.5Cu33.3In16.2 agrees generally with the experimental data measured by the present work. The solidification processes of some Ag50.5Cu33.3Sn16.2-xInx alloys were analyzed using Scheil–Gulliver simulation and were compared with the experimental solidification microstructure. The simulated results of some as-cast alloys are in general agreement with the experimental results in the present work. Experimental results of the solidification microstructure and phase transition of Ag50.5Cu33.3Sn16.2-xInx alloys will be useful for the design of Ag-Cu-Sn-In brazing alloys.
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Figure 1. Back-scattered electron (BSE) micrographs of Ag50.5Cu33.3Sn16.2-xInx as-cast alloys. (a) A1 (Ag50.5Cu33.3Sn11.2In5.0) alloy, (b) A2 (Ag50.5Cu33.3Sn9.6In6.6) alloy, (c) A3 (Ag50.5Cu33.3Sn8.0In8.2) alloy, (d) A4 (Ag50.5Cu33.3Sn7.1In9.1) alloy, (e) A5 (Ag50.5Cu33.3Sn6.3In9.9) alloy, (f) A6 (Ag50.5Cu33.3Sn5.5In10.7) alloy, (g) A7 (Ag50.5Cu33.3Sn4.7In11.5) alloy and (h) A8 (Ag50.5Cu33.3Sn3.9In12.3) alloy. 






Figure 1. Back-scattered electron (BSE) micrographs of Ag50.5Cu33.3Sn16.2-xInx as-cast alloys. (a) A1 (Ag50.5Cu33.3Sn11.2In5.0) alloy, (b) A2 (Ag50.5Cu33.3Sn9.6In6.6) alloy, (c) A3 (Ag50.5Cu33.3Sn8.0In8.2) alloy, (d) A4 (Ag50.5Cu33.3Sn7.1In9.1) alloy, (e) A5 (Ag50.5Cu33.3Sn6.3In9.9) alloy, (f) A6 (Ag50.5Cu33.3Sn5.5In10.7) alloy, (g) A7 (Ag50.5Cu33.3Sn4.7In11.5) alloy and (h) A8 (Ag50.5Cu33.3Sn3.9In12.3) alloy.
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Figure 2. Thermal analysis curves of Ag50.5Cu33.3Sn16.2-xInx alloys measured by DTA. (a) A1 (Ag50.5Cu33.3Sn11.2In5.0) alloy, (b) A2 (Ag50.5Cu33.3Sn9.6In6.6) alloy, (c) A3 (Ag50.5Cu33.3Sn8.0In8.2) alloy, (d) A4 (Ag50.5Cu33.3Sn7.1In9.1) alloy, (e) A5 (Ag50.5Cu33.3Sn6.3In9.9) alloy, (f) A6 (Ag50.5Cu33.3Sn5.5In10.7) alloy, (g) A7 (Ag50.5Cu33.3Sn4.7In11.5) alloy and (h) A8 (Ag50.5Cu33.3Sn3.9In12.3) alloy. 
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Figure 3. Calculated solidification curves and phase fractions of the formed phases in three Ag-Cu-Sn-In as-cast alloys. (a,b) A3 (Ag50.5Cu33.3Sn8.0In8.2) alloy, (c,d) A6 (Ag50.5Cu33.3Sn5.5In10.7) alloy and (e,f) A8 (Ag50.5Cu33.3Sn3.9In12.3) alloy. 
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Figure 4. Calculated vertical section of Ag50.5Cu33.3Sn16.2-Ag50.5Cu33.3In16.2 in the Ag-Cu-Sn-In quaternary system with the experimental data determined in this work. 
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Table 1. The formed phase, phase compositions of Ag-Cu-Sn-In alloys determined by EDS in this work.
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Alloy Composition

(at.%)

	
EDS Measurement (at.%)

	
Phase Identification




	
Ag

	
Cu

	
Sn

	
In






	
A1—Ag50.5Cu33.3Sn11.2In5.0

	
82.23

	
12.00

	
3.00

	
2.77

	
Fcc(Ag)




	
4.70

	
74.74

	
18.97

	
1.59

	
Cu41Sn11




	
6.12

	
85.96

	
7.52

	
0.40

	
Fcc(Cu)




	
A2—Ag50.5Cu33.3Sn9.6In6.6

	
79.89

	
11.78

	
2.75

	
5.58

	
Fcc(Ag)




	
2.84

	
76.50

	
17.40

	
2.26

	
Cu41Sn11




	
2.83

	
80.46

	
14.57

	
2.14

	
Fcc(Cu)




	
A3—Ag50.5Cu33.3Sn8.0In8.2

	
79.19

	
11.89

	
1.66

	
7.26

	
Fcc(Ag)




	
5.44

	
75.61

	
13.35

	
5.60

	
Cu41Sn11




	
7.92

	
84.29

	
5.84

	
1.95

	
Fcc(Cu)




	
A4—Ag50.5Cu33.3Sn7.1In9.1

	
79.16

	
11.54

	
2.16

	
7.14

	
Fcc(Ag)




	
2.75

	
75.74

	
16.09

	
5.42

	
Cu41Sn11




	
3.21

	
79.74

	
13.66

	
3.39

	
Fcc(Cu)




	
A5—Ag50.5Cu33.3Sn6.3In9.9

	
80.48

	
9.02

	
3.58

	
6.92

	
Fcc(Ag)




	
4.06

	
78.41

	
15.57

	
1.96

	
Cu41Sn11




	
6.68

	
85.43

	
6.95

	
0.94

	
Fcc(Cu)




	
A6—Ag50.5Cu33.3Sn5.5In10.7

	
79.76

	
12.44

	
0.79

	
7.01

	
Fcc(Ag)




	
4.11

	
74.80

	
13.99

	
7.10

	
Cu41Sn11




	
6.12

	
84.57

	
6.33

	
2.98

	
Fcc(Cu)




	
A7—Ag50.5Cu33.3Sn4.7In11.5

	
77.91

	
10.52

	
2.00

	
9.57

	
Fcc(Ag)




	
5.53

	
75.69

	
12.35

	
6.43

	
Cu41Sn11




	
5.73

	
79.40

	
10.46

	
4.41

	
Fcc(Cu)




	
A8—Ag50.5Cu33.3Sn3.9In12.3

	
79.14

	
9.98

	
0.85

	
10.03

	
Fcc(Ag)




	
5.31

	
75.96

	
9.37

	
9.36

	
Cu41Sn11




	
5.27

	
87.78

	
3.66

	
3.29

	
Fcc(Cu)
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Table 2. Phase transition temperatures of Ag-Cu-Sn-In alloys determined by DTA in this work.
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Alloy Composition (at.%)

	
Phase Transformation Temperatures (K)

	
Liquidus






	
A1—Ag50.5Cu33.3Sn11.2In5.0

	
763.9

	
—

	
—

	
—

	
873.4

	
904.2

	
969.2




	
A2—Ag50.5Cu33.3Sn9.6In6.6

	
764.4

	
783.4

	
—

	
854.6

	
869.2

	
901.4

	
956.2




	
A3—Ag50.3Cu33.3Sn8.0In8.2

	
764.3

	
—

	
—

	
854.9

	
876.3

	
903.4

	
959.3




	
A4—Ag50.5Cu33.3Sn7.1In9.1

	
764.3

	
783.4

	
—

	
—

	
873.2

	
902.2

	
971.3




	
A5—Ag50.5Cu33.3Sn6.3In9.9

	
762.0

	
784.2

	
—

	
854.2

	
872.3

	
903.4

	
957.3




	
A6—Ag50.5Cu33.3Sn5.5In10.7

	
766.3

	
784.6

	
—

	
—

	
860.1

	
908.5

	
955.7




	
A7—Ag50.5Cu33.3Sn4.7In11.5

	
766.1

	
—

	
817.2

	
842.2

	
869.2

	
903.4

	
947.1




	
A8—Ag50.5Cu33.3Sn3.9In12.3

	
764.6

	
786.5

	
833.8

	
851.1

	
858.1

	
885.7

	
945.5
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